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No significant difference in larval mortality was
observed when a sublethal dose of Bacillus thurin-
giensis (Bt) var. kurstaki HD-1 crystal was supple-
mented with soybean trypsin inhibitor (STI) in the
artificial diet fed to Helicoverpa armigera in the lab-
oratory, but supplementing a nonlethal dose of crys-
tal with STI in the diet led to a pronounced reduc-
tion of larval growth. This concentration of crystal
and two lower concentrations of STI alone had no
significant effects on larval growth. The results of
substrate-gel electrophoresis demonstrated that the
proteases in the H. armigera midgut fluid responsi-
ble for the degradation of protoxin consisted of at
least four proteases with molecular weights of 71, 49,
36, and 30 kDa. All four proteases could utilize ca-
sein also as the substrate. When larvae were fed with
STl or Bt + STI, the proteolytic activities of the
49-kDa enzyme disappeared, and the activities of the
other three enzymes were reduced. Enzyme assays
also indicated that feeding larvae with diets con-
taining Bt, STI, or Bt + STI significantly decreased
the specific activities of larval general proteases and
the trypsin-like enzyme. The protein concentration
of midgut fluid was elevated, especially in the larvae
fed on the diets containing STl and Bt + STI. Both in
vitro and in vivo studies showed that the degrada-
tion of protoxin and toxin could be inhibited by soy-
bean trypsin inhibitors, but when the incubation
time was prolonged, the protoxin could be degraded
completely, while the degradation of toxin was in-
hibited further. This suggested that the retention
time of toxins in the larval midgut was extended and
synergism between insecticidal crystal protein and
soybean trypsin inhibitor occurred, which showed
as the inhibition of H. armigera larval growth.
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INTRODUCTION

Helicoverpa armigera is an important pest in China.
It has developed resistance to many chemical insecti-
cides, greatly reducing the number of control options
(Guo, 1995; Armes et al., 1996). Biological control plays
an increasingly significant role in the management of
this pest.

Bacillus thuringiensis (Bt), the most effective bioin-
secticide, is a gram-positive bacterium that produces
crystalline parasporal inclusions containing insecti-
cidal crystal proteins (ICPs), called é-endotoxins, dur-
ing sporulation. The crystals themselves have no insec-
ticidal activity. Upon ingestion by susceptible insects,
the crystals are solubilized into protoxins with molec-
ular weight around 130 kDa in the alkaline midgut.
The protoxins are cleaved to 60 kDa around active
insecticidal toxins by the proteolysis of midgut pro-
teases. The toxins have some resistance to the midgut
enzymes but can also be further degraded to smaller
molecules and thus lose toxicity (Gill et al., 1992).
Insect midgut proteases are essential to the production
of Bt toxins.

Plant proteinase inhibitors are antinutriental
against herbivores (Felton and Gatehouse, 1996). Bio-
assay tests indicate that proteinase inhibitors reduce
insect growth and development and decrease insect
survival and biomass (Green and Ryan, 1972; Steffens
et al., 1978; Johnston et al., 1993; Burgess et al., 1994;
Seldal et al., 1994; Wang et al., 1995). In enzyme assay
in vitro, the activities of insect midgut proteases were
depressed by proteinase inhibitors, while in vivo, sim-
ple inhibition could not explain the results (Broadway
and Duffy, 1986; Larocque and Houseman, 1990; Dy-
mock et al., 1992; Johnston et al., 1993; Wang et al.,
1995).

It has been suggested that important interactions
can occur among plant chemicals, herbivores, and mi-
crobes (Berenbaum, 1988; Reichelderfer, 1991). Pro-
teinase inhibitors are widely distributed in plants
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(Houseman et al., 1991) and have been successfully
transformed and expressed in plants (Felton and Gate-
house, 1996). If proteinase inhibitors influence the ac-
tivities of insect midgut proteases, they may affect the
degradation of ICPs and consequently interfere with
the toxicity of Bt insecticides. Evaluating the interac-
tions among plant proteinase inhibitors, herbivores,
and ICPs could improve the efficacy of Bt used on the
plants containing proteinase inhibitor.

Maclntosh et al. (1990) reported that several serine
proteinase inhibitors enhanced the toxicity of ICPs
from Bt var. kurstaki, var. tenebrionis, and var. is-
raelensis against their target insects Heliothis vire-
scens, Leptinotarsa decemlineata, and Aedes aegypti,
respectively. They provided additional evidence of po-
tentiation by in planta expression of a fused protein,
proteinase inhibitor, and ICP, but, they did not deter-
mine the mechanism of the potentiation.

In the present work, we used H. armigera as the
target insect and assessed the effects of supplementing
Bt var. kurstaki HD-1 crystals with soybean trypsin
inhibitor on the mortality and growth of H. armigera.
In addition, we tested the in vitro and in vivo effects of
soybean trypsin inhibitor on the larval midgut pro-
teases and the proteolysis of ICPs. The role of multiple
proteases present in the midgut of H. armigera on the
degradation of ICPs was also investigated.

MATERIALS AND METHODS

Materials

Dithiothreitol and Coomassie bright blue R-250 were
B.D.H products. Acrylamide, n,n’-methylene-bis-acryl-
amide, sodium dodecyl sulfate, bovine trypsin, trypsin
inhibitor (Type I1-S: soybean) (STI), soybean Bowman—
Birk inhibitor (SBBI), BApNA, and azocasein were
from Sigma. Urografin (76%) was made in XinYi phar-
maceutical factory. Other reagents were of analytical
grades.

H. armigera were collected from cotton fields in He
bei Province and reared on artificial diets at 27°C, 75%
R.H., with photoperiod 15L:9D h. The formulation of
artificial diet was according to Bot (1966), except that
casein and wheat embryo powder were substituted by
milk powder and wheat sprout powder, respectively.
Adults were fed with 10% honey solution.

B. thuringiensis var. kurstaki HD-1 was cultured on
a solid medium containing peptone 1%, beef extract
0.5%, and NaCl 0.5% at 30°C.

Preparation of Crystals and Protoxins

Crystals were purified by a biphasic separation in
anhydrous sodium sulfate (Na,SO,) and carbon tetra-
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chloride (CCl,). Further purification was performed by
isopycnic centrifugation in Urografin gradients as de-
scribed by Zhang et al. (1997).

Crystals were incubated in 0.1 M glycine—-NaOH
buffer, pH 10.2, and supplemented with 10 mM dithio-
threitol at 30°C for 1 h. After centrifugation at 11,200g
for 15 min, the supernatants were collected as protox-
ins.

Preparation of Midgut Fluids of H. armigera

Fifth-instar larvae were rapidly dissected at 0—4°C,
hemolymph was washed away by precooled 0.15 M
NaCl solution, and the midguts and their contents
were collected and homogenized in 0.15 M NaCl (3.5
ml/g) in an ice bath. After centrifugation at 11,2009 for
15 min at 4°C, the midgut supernatant was collected
and stored at —20°C.

Protein Quantification

Protein concentrations were determined by the
method of Bradford (1976), using bovine serum albu-
min as the standard.

The Effect of Supplementing Bt Crystals with STI
on the Mortality of H. armigera

STI was more effective on the inhibition of larval
growth and larval midgut protease activities than
SBBI (Johnston et al., 1993); so, it was chosen for the
bioassay and in vivo tests. Different concentrations of
crystals were tested to determine their effects on larval
mortality. A sublethal dose of crystals (0.0004%, w/w)
was used to mix with different concentrations of STI
(0.004, 0.04, and 0.4%, w/w) and uniformly added into
artificial diets around 40°C. The untreated artificial
diets were used as controls. Each diet fed 50 neonates,
and each neonate was placed singly in individual
tubes. Three repetitions were performed. The mortal-
ity of H. armigera was assessed on the 5th day. The
corrected mortality was determined by the method of
Abbott (1925).

The Effect of Supplementing Bt Crystals with STI
on the Growth of H. armigera

The 3-day-old H. armigera larvae of similar size (lar-
val weight <0.001 g) were fed with untreated artificial
diets or treated diets containing Bt crystals alone, STI
alone at 0.0004, 0.004, or 0.04% (w/w), or Bt crystals
supplemented with STI at 0.0004, 0.004, or 0.04%
(w/w). The concentration of Bt crystals in all diets was
8 X 10 "% (w/w). Each treatment contained 15 larvae.
The larvae were weighed after 7 days.
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The in Vitro Effect of Soybean Trypsin Inhibitor
on the Degradation of ICP

Trypsin-like enzymes are important proteases in the
midgut of H. armigera larvae (Wang and Qin, 1996). To
test the role of trypsin-like enzymes on the degradation
of protoxins, bovine trypsin was used for comparison.
Larval midgut fluid containing 4 ng proteins or bovine
trypsin was incubated with 4 ug STI or SBBI at 30°C
for 15 min. This dosage of STI and SBBI could inhibit
80% of trypsin-like enzyme activity of H. armigera
midgut fluid. The bovine trypsin was adjusted to hy-
drolyze the same amount of BApNA as that of larval
midgut fluid. Protoxin (40 ng) was added separately
into the mixture. The incubations were carried out at
30°C for 30 min and 6 h. At the end of the incubation
time, an equal volume of sample buffer was added, and
samples were heated at 100°C for 3 min to stop the
reaction. Protoxins and their proteolytic products with-
out inhibitors were used as controls. Digested and con-
trol samples were analyzed by discontinuous SDS—
PAGE according to Laemmli (1970). After electro-
phoresis, the gels were stained with Coomassie blue
R-250 (0.001 g/L) for visualization.

To test the effect of soybean trypsin inhibitor on the
further degradation of toxin, we prepared toxin by in-
cubating protoxin with H. armigera larval midgut flu-
ids in a ratio of 25:1 (w/w of protein) at 30°C for 17 h.
H. armigera midgut fluid containing 8 ug protein was
incubated with 8 ug STI or SBBI at 30°C for 15 min
prior to the addition of 40 ug toxin. The incubations
were carried out at 30°C for 1 and 24 h. Toxins and
their proteolytic products without inhibitors were used
as controls.

The Effect of Bt Crystals and STI on H. armigera
Midgut Proteases and Their Proteolysis of the ICP

Reagents were prepared in 20% fructose solution to
stimulate larva feeding as follows: Bt crystals (1.5 mg/
ml), STI (86.4 mg/ml), or Bt crystals (1.5 mg/ml) + STI
(86.4 mg/ml). Each reagent (5 ul) was applied to the
surface of a little cube of artificial diet (1.5 X 1.5 X 1.5
mm?® in size). The fructose solution alone was used as
control. A 2-day-old fifth-instar larvae deprived of food
for 6 h was tested with the diet. The growth and de-
velopment of larvae fed on differently treated diets was
variable. To guarantee the comparability of midgut
protease activities of larvae with different treatments,
we tested the activities of larval midgut proteases after
larvae consumed a relatively high dose of Bt or STI for
1 and 3 h. The dosage of Bt was that which could kill
around 50% of the larvae at 2 days, and the dosage of
STl was the 2nd-day diet consumption with STI
(0.04%, wiw) by fifth-instar larvae. After consuming
the diets completely in 1 to 3 h, larvae were placed at
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—20°C and were dissected to obtain the midgut fluids
the next day. Each treatment contained three groups
and each group contained five larvae.

The protein concentration of each midgut fluid sam-
ple was determined, and each sample was diluted with
distilled water to 1 mg/ml to test the activities of gen-
eral protease and trypsin-like enzyme with the meth-
ods of Wang and Qin (1996). The buffer pH used was
the optimum pH of the enzyme with the specialized
substrate.

General protease activity was assayed using azoca-
sein as the substrate, at a concentration of 20 mg/ml in
0.15 M NaCl. The incubation medium consisted of 0.3
ml substrate and 0.3 ml 0.2 M Gly—NaOH buffer, pH
10.5, containing larval midgut fluids. The reaction was
carried out at 30°C for 2 h and stopped by the addition
of 0.6 ml trichloroacetic acid (20%, w/v). The mixture
was centrifuged at 11,200g, 4°C for 15 min, and the
absorbance of the supernatant was measured at 366
nm.

Trypsin-like enzyme activity was assayed with
BApPNA at a concentration of 20 mg/ml in dimethyl
sulfoxide. The incubation medium consisted of sub-
strate in 40 ul and 1.5 ml 0.1 M Gly—-NaOH buffer, pH
10.5, containing larval midgut fluids. The reaction was
carried out at 30°C for 20 min and stopped by the
addition of 0.5 ml acetic acid (30%, v/v). The absor-
bance was measured at 405 nm.

The degradation patterns of protoxin and toxin by
larval midgut fluid were demonstrated by SDS-PAGE.
After feeding for 3 h, the specific activities of larval
midgut protease were lower than those after feeding
1 h, so 3 h was chosen for the following tests. Protoxin
(40 ng) was incubated with each diluted larval midgut
fluid (4 wl) at 30°C for 8 min and 6 h and analyzed by
SDS-PAGE. Toxins were obtained by incubating pro-
toxins with H. armigera midgut fluids in a ratio of 10:1
(w/w of protein) at 30°C for 17 h. More larval midgut
fluid than in the in vitro test was used to ensure that
all higher molecular intermediates degraded into tox-
ins. Each group of diluted larval midgut fluid (7 wl) was
incubated with toxin (40 ng) at 30°C for 6 h. Then,
another quantity of diluted midgut fluid (5 ul) was
added to the mixture and the mixture was incubated
for another 18 h to maintain high enzyme activities
prior to SDS-PAGE analysis.

Substrate—gel electrophoresis was carried out by the
method of Garcia-Carrero (1993) to test the proteases
responsible for protoxin degradation. Each group of
larval midgut fluid (60 ug protein) was loaded onto
SDS-PAGE directly. After electrophoresis, gels were
soaked in 2.5% Triton X-100 for 30 min at 4°C and then
immersed in 1% protoxin or 2% casein simultaneously
for 40 min at 4°C.
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Larval mortality (%)

FIG. 1. The effect of supplementing Btk HD-1 crystals with STI
on the mortality of Helicoverpa armigera larvae. The concentrations
of Bt crystals in the treatments combined with STI were all 0.0004%
(w/w). Each treatment contained 50 neonates. The treatments with
error bars were repeated three times, and the error bars represent
SE.

Statistical Analysis

Data from the bioassay tests were analyzed with
one-way ANOVA using SPSS to determine the signifi-
cance of differences.

RESULTS

The Effect of Supplementing Bt Crystals with STI
on the Mortality of H. armigera

No significant difference was observed in the mortal-
ity of H. armigera when three different concentrations
of STI were added to diets containing a sublethal dose
of HD-1 crystals (P > 0.05; Fig. 1).

The Effect of Supplementing Bt Crystals with STI
on the Growth of H. armigera

Diets containing Bt crystals (8 X 10 "%, w/w) or STI
(0.0004 and 0.004%, w/w) alone caused no significant
differences in the growth of H. armigera, while diets
containing either STI 0.04% (w/w) alone or Bt crystal
diets supplemented with concentrations of STI signif-
icantly inhibited the growth of H. armigera (P < 0.05;
Fig. 2).

The in Vitro Effect of Soybean Trypsin Inhibitor
on the Degradation of ICP

STI and SBBI caused nearly complete inhibition of
the degradation of protoxins with H. armigera midgut
fluid and complete inhibition with bovine trypsin for 30
min. When the incubation time was prolonged to 6 h,
the degradation of protoxin by larval midgut fluids
approached that of the control without inhibitor, and
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FIG. 2. The effect of supplementing Btk HD-1 crystals with STI
on the growth of Helicoverpa armigera larvae. The concentrations of
Bt crystals in all the treatments were 8 X 10 "% (w/w). Each treat-
ment contained 3-day-old larvae, 15 and larvae were weighed after 7
days. Error bars represent SE.

the degradation of protoxin by bovine trypsin was still
greatly inhibited. Furthermore, the rate of degradation
of protoxin by bovine trypsin was somewhat slower
than that of larval midgut fluid (Fig. 3). These results
suggested that other proteases in addition to the tryp-
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FIG. 3. The in vitro effect of soybean proteinase inhibitor on the
degradation of Btk HD-1 protoxin. Helicoverpa armigera midgut
fluids containing 4 ug protein or bovine trypsin were incubated with
4 ug STI or SBBI at 30°C for 15 min. The level of bovine trypsin was
equivalent, in terms of the hydrolysis of BApNA, to that of the larval
midgut fluids. Then, 40 ug protoxin was added into the mixture
separately. The incubations were carried out for 30 min and 6 h.
Lane 1, standard protein marker; lane 2, protoxin; lane 3, midgut
fluid + protoxin, 30 min; lane 4, midgut fluid + STI + protoxin, 30
min; lane 5, midgut fluid + SBBI + protoxin, 30 min; lane 6, midgut
fluid + STI + protoxin, 6 h; lane 7, midgut fluid + SBBI + protoxin,
6 h; lane 8, bovine trypsin + protoxin, 30 min; lane 9, bovine tryp-
sin + STI + protoxin, 30 min; lane 10, bovine trypsin + SBBI +
protoxin, 30 min; lane 11, bovine trypsin + STI + protoxin, 6 h; lane
12, bovine trypsin + SBBI + protoxin, 6 h.
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FIG. 4. The in vitro effect of proteinase inhibitor on the further
degradation of toxin. Helicoverpa armigera midgut fluids containing
8 g protein were incubated with 8 ug STI and SBBI at 30°C for 15
min. Then, 40 ng toxin was added into the mixture separately. The
incubations were carried out for 1 and 24 h. Lane 1, standard protein
markers; lane 2, toxin; lane 3, midgut fluid + toxin, 1 h; lane 4,
midgut fluid + toxin, 24 h; lane 5, midgut fluid + STI + toxin, 1 h;
lane 6, midgut fluid + SBBI + toxin, 1 h; lane 7, midgut fluid +
STI + toxin, 24 h; lane 8, midgut fluid + SBBI + toxin, 24 h.

sin-like enzyme in H. armigera midgut fluid could also
participate in the degradation of protoxin. Thus, larval
midgut fluid displayed higher efficacy of proteolysis
and more resistance to soybean trypsin inhibitors.

Toxin was much more difficult to degrade than pro-
toxin. With the action of larval midgut fluids, no obvi-
ous degradation of toxin was observed in 1 h. When the
incubation time was prolonged to 24 h, the amount of
toxin was reduced slightly, and soybean trypsin inhib-
itors could inhibit the further degradation of toxin
(Fig. 4).

The Effect of Bt Crystals and STI on H. armigera
Midgut Proteases and Their Proteolysis of the ICP

The midgut fluid protein concentrations of larvae fed
on the Bt and control diets were significantly lower
than those of larvae fed on the STI and Bt + STI diets
(P < 0.05; Fig. 5).

The specific activities of general proteases and tryp-
sin-like enzyme of larvae fed on the Bt and control
diets were significantly higher than those of larvae fed
on the STI and Bt + STI diets after feeding periods of
1 and 3 h (P < 0.05). Furthermore, when larvae had
consumed the diets for 3 h, the specific activities of
general proteases and trypsin-like enzyme of larvae fed
on the Bt diets were significantly lower than those of
larvae fed on the control diets (P < 0.05; Figs. 6 and 7).

Incubating protoxins with larval midgut fluids for 8
min, the degradations of protoxins by the midgut fluids
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FIG.5. The protein concentration of midgut fluids of Helicoverpa
armigara fed on the control diets and the diets containing Bt crys-
tals, Bt + STI, or STI. Larval consumption of Bt crystals or STI was
7.5 ng or 0.432 mg separately. Each treatment contained three
groups and each group contained five 2-day-old fifth-instar larvae.
After consuming the diets completely in 1 to 3 h, larvae were placed
at —20°C and were dissected to obtain the midgut fluids the next
day. Error bars represent SE. All the midgut fluids used in the
following figures were made in the same way.

of larvae fed on the Bt, Bt + STI, and STI diets were
slower than that of larvae fed on the control diets,
especially for the larvae fed on the Bt + STI and STI
diets. When the incubation time was prolonged to 6 h,
the toxin production by midgut fluids of larvae fed on
the Bt diets was the same as that of larvae fed on the
control diets; all protoxins had been completely de-
graded. As for larvae fed on the Bt + ST1 and STI diets,
just slightly higher molecular weight intermediates
were observed (Fig. 8).

When toxins were incubated with larval midgut flu-
ids for 6 h, no obvious degradation of toxins occurred.
When more midgut fluids were added and the incuba-
tion time was prolonged to 24 h, significant degrada-
tion of toxins could be seen. The toxin degradation
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FIG. 6. The specific activities of general proteases of Helicoverpa
armigera fed on the control diets and the diets containing Bt crystals,
Bt + STI, or STI.
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FIG. 7. The specific activities of trypsin-like enzyme of Helicov-
erpa armigera fed on the control diets and the diets containing Bt
crystals, Bt + STI, or STI.

rates of larvae fed on the Bt, Bt + STI, and STI diets
were slower than that of larvae fed on the control diets,
especially for the larvae fed on the Bt + STI and STI
diets (Fig. 9).

Substrate—gel electrophoresis indicated that the pro-
teases responsible for the degradation of protoxin and
casein were the same, with molecular weights of 71, 49,
36, and 30 kDa. The proteolytic activities of midgut
fluid of larvae fed on the Bt diets showed no difference
from those of larvae fed on the control diets, but for
larvae fed on the Bt + STI and STI diets, the proteo-
lytic activity of the 49-kDa enzyme disappeared, and
the other three enzyme activities were depressed
(Fig. 10).
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FIG. 8. The degradation of protoxin by midgut fluids of Helicov-
erpa armigera fed on control, Bt, Bt + STI, and STI diets. The larval
midgut fluids used in Figs. 8—10 were made when larvae consumed
the diets completely in 3 h. Protoxin (40 ng) was incubated with each
diluted larval midgut fluid (4 nl) at 30°C for 8 min and 6 h. Lane 1,
standard protein markers; lane 2, protoxins; lanes 3—6, protoxins
were degraded for 8 min; lanes 7-10, protoxins were degraded for
6 h; lanes 3 and 7, larvae fed on control diet; lanes 4 and 8, larvae fed
on Bt diet; lanes 5 and 9, larvae fed on Bt + STI diet; lanes 6 and 10,
larvae fed on STI diet.
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FIG. 9. The further degradation of toxins by midgut fluids of
Helicoverpa armigera fed on control, Bt, Bt + STI, and STI diets.
Each group of diluted larval midgut fluid (7 wl) was incubated with
toxin (40 ng) at 30°C for 6 h. Then, another quantity of diluted
midgut fluid (5 ul) was added to the mixture and the mixture was
incubated for another 18 h. Lane 1, standard protein markers; lane
2, toxins; lanes 3—-6, toxins were degraded for 6 h; lanes 7-10, toxins
were degraded for 24 h; lanes 3 and 7, larvae fed on control diet;
lanes 4 and 8, larvae fed on Bt diet; lanes 5 and 9, larvae fed on Bt +
STI diet; lanes 6 and 10, larvae fed on STI diet.

DISCUSSION

Bioassay results showed that a sublethal dose of Btk
HD-1 crystals supplemented with STI caused no sig-
nificant changes in the mortality of larval H. armigera.
When a nonlethal dose of crystals was added with STI,
the growth of larvae was inhibited significantly,
though this concentration of crystals and the two lower
concentrations of STI alone had no influence on larval
growth. The study of Maclntosh et al. (1990) indicated

FIG. 10. Substrate—gel electrophoresis showing the proteases
responsible for the degradation of protoxin and casein in Helicoverpa
armigera midgut fluids. Lanes 1-4, substrates were caseins; lanes
5-8, substrates were protoxins; lanes 1 and 5, midgut fluids of larvae
fed on control diet; lanes 2 and 6, midgut fluids of larvae fed on Bt
diet; lanes 3 and 7, midgut fluids of larvae fed on Bt + STI diet; lanes
4 and 8, midgut fluids of larvae fed on STI diet.
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that potentiation occurred in both larval mortality and
larval growth inhibition when ICP and serine protein-
ase inhibitors were combined. H. armigera was not
tested in their research.

Neither susceptibility nor response of insects to
plant proteinase inhibitors were the same (Broadway,
1995). Broadway and Duffy (1986) studied the effects of
soybean trypsin inhibitor and potato proteinase inhib-
itor on the digestive physiology of larval Heliothis zea
and Spodoptera exiqua. They found that the proteinase
inhibitors had no effects on the in vivo digestion of
protein, and the tryptic activity was significantly ele-
vated. Thus, they concluded that the mode of action of
proteinase inhibitors is to cause the hyperproduction of
trypsin, which results in the large depletion of the
sulfur-containing amino acids required for the synthe-
sis of proteolytic enzymes and causes the antinutrition
effects. Broadway and Duffy (1986) tested only the
trypsin-like enzyme activity. Larocque (1990) reported
that soybean proteinase inhibitors incorporated into
the diets of Ostrinia nubilalis significantly increased
larval trypsin-like enzyme activity, but the chymotryp-
sin-like enzyme activity declined. A study on Costelytra
zealandica showed that soybean Kunitze trypsin inhib-
itor initially depressed larval serine protease activity
and then a marked increase occurred after 14 days
(Dymock et al., 1992). As for H. armigera, Johnston et
al. (1993) reported that soybean Kunitz trypsin inhib-
itor caused continual suppression in the activity of
trypsin-like enzyme in vivo. Wang et al. (1995) also
suggested that feeding larvae of H. armigera on STI
reduced protease activities. Our results showed that
after ingesting STI or Bt + STI, the specific activities of
larval H. armigera general proteases and trypsin-like
enzyme were inhibited significantly. The reduced pro-
tease activities would affect the digestion of dietary
proteins and cause the protein concentration of the
midgut to be significantly elevated.

The present studies both in vitro and in vivo showed
that the initial degradation of protoxin was inhibited
by soybean trypsin inhibitors. When incubation time
was extended, the protoxins could be degraded com-
pletely, while toxins were more resistant to the prote-
olysis of larval midgut proteases, and no obvious deg-
radation occurred within 6 h of incubation. When in-
cubation time was prolonged to 24 h, the degraded
toxins of treated groups were less than that of the
control. This extended the retention time of toxins in
the larval midgut, thus increasing the toxicity of Bt.
Although it was not sufficient to elevate larval mortal-
ity, larval growth inhibition was enhanced.

The results of protoxin and casein—gel electrophore-
sis indicated that at least four proteases in H. armigera
midgut fluids were involved in the process of degrada-
tion of the protoxin and that the proteases responsible
for the proteolysis of protoxin and casein were the
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same. When the larvae were fed either STI1 or Bt + STI,
the proteolytic activity of the enzyme with the molec-
ular weight of 49 kDa disappeared, and the activities of
the other enzymes were depressed. Maybe this is the
reason that the midgut fluids of larvae fed on Bt or STI
diets could degrade the protoxins to toxins completely
with more time, although the initial degradation was
inhibited.

The insect midgut is the target organ of Bt §-endo-
toxin, but there are a few reports about the effects of
d-endotoxins on the activities of larval midgut pro-
teases. Qiu and Lei (1986) and Wu (1986) studied the
effects of Bt var. israelensis 8-endotoxins on the activ-
ities of mosquito larval midgut proteases and sug-
gested that the protease activities of larvae in the
treated group were lower than that of the control
group. Our results indicated the same tendency. The
proteolytic activity of midgut proteases of H. armigera
larvae fed on the diets containing Bt for 3 h were
significantly lower than those of the larvae fed on con-
trol diets. The in vivo inhibitory effects of STI, either
alone or with Bt, on the proteolytic activities of larval
midgut proteases were significantly larger than that of
Bt.

Bt é-endotoxin, a most promising biocontrol agent,
and soybean trypsin inhibitor, a potential phytoprotec-
tive element, synergized or potentiated the growth in-
hibition of H. armigera, although no additive effect on
larval mortality was observed.
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