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Mechanism of Insect Resistance to the Microbial
Insecticide Bacillus thuringiensis

J. VAN R1e,* W. H. MCGAUGHEY, D. E. JOHNSON, B. D. BARNETT,

H. VAN MELLAERT

Receptor binding studies show that resistance of a laboratory-selected Plodia interpunc-
tella strain to a Bacillus thuringiensis insecticidal crystal protein (ICP) is correlated with
a 50-fold reduction in affinity of the membrane receptor for this protein. The strain is
sensitive to a second type of ICP that apparently recognizes a different receptor.
Understanding the mechanism of resistance will provide strategies to prevent or delay
resistance and hence prolong the usefulness of B. thuringiensis ICPs as environmental-

ly safe insecticides.

ROSPECTS FOR THE FUTURE OF MI-
crobial insecticides are bright. In ad-
dition to conventional applications,
recent advances in plant transformation with
ICP genes from the entomopathogenic bac-
terium Bacillus thuringiensis (1) provide an
exciting new approach to insect control in
which transgenic plants produce their own
protective proteins. Moreover, increasing

J. Van Rie, Plant Genetic Systems, ]. Plateaustraat 22, B
9000 Gent, Belgium and Laboratorium voor Agrozoolo-
gie, Rijksuniversiteit, Gent, Belgium.

W. H. McGaughey, D. E. Johnson, B. D. Barnett, U.S.
Grain Marketing Research Laboratory, Agricultural Re-
search Service, U.S. Department of Agriculture, Manhat-
tan, KS 66502.

H. Van Mellaert, Plant Genetic Systems, J. Plateaustraat
22, B 9000 Gent, Belgium.

*To whom correspondence should be addressed.

72

limitations on the use of chemical pesticides
stimulate interest in alternative strategies in
pest control. Obviously, the extent to which
insects are able to develop resistance to B.
thuringiensis ICPs will be an essential deter-
minant for the continued success of these
insecticides. Significant resistance to B. thu-
ringiensis has not been observed during its
use over more than three decades. However,
in laboratory selection experiments, high
levels of resistance were obtained in the
Indian meal moth (Plodia interpunctella) (2).
In strains selected by rearing on a B. thurin-
giensis—treated diet, the median lethal dose
(LDsp) increased to as much as 250 times
those of the sensitive parent strains (3).
Subsequently, lower levels of resistance have
been selected in the almond moth (Cadra

cautella) (3) and the tobacco budworm (He-
liothis virescens) (4). Conventional applica-
tions of B. thuringiensis are currently increas-
ing and commercialization of transgenic
crops expressing ICPs is envisaged within a
few years. Thus, the challenge is to develop
deployment strategies that will minimize the
potential for development of field resistance
(5). Therefore, it is critical to understand the

.mechanism involved in pest resistance to

these toxins.

We investigated the mechanism of resist-
ance to B. thuringiensis ICPs in a P. interpunc-
tella strain (strain 343) selected for a high
level of resistance against Dipel, a commer-
cial formulation of a crystal-spore mixture of
B. thuringiensis var. kurstaki (2). It has been
shown that this P. interpunctella strain did not
exhibit similar levels of resistance to certain
other B. thuringiensis strains (6). In this con-
text, it should be noted that crystals of most
B. thuringiensis strains contain more than one
type of ICP. Different classes of ICPs exhib-
it striking differences in their insecticidal
spectrum (7, 8) and may bind to distinct
receptor sites (9), presumably of glycopro-
tein nature (10, 11). We have taken into
account this substantial heterogeneity in B.
thuringiensis ICPs by studying two distinct
ICPs. Two essential factors in the pathway
of toxic action of B. thuringiensis ICPs are
proteolytic activation of the protoxin
(around 130,000 daltons) to the active toxin
(around 66,000 daltons) (12) and binding
of the toxin to receptors on the brush border
membrane of the midgut epithelium (9-11).
The contribution of receptor binding and
protease activity in the mechanism of resist-
ance has been studied.

Crystals of Dipel preparations consist of a
mixture of ICPs belonging to the CryIA and
to the CrylII family (7). We compared resist-
ance levels to Dipel and cloned ICPs of the
CryIA(b) type [Bt2, from B. thuringiensis
var. berliner 1715 (13)] and the CryIC type
[Btl5, from B. thuringiensis var. entomocidus
HD110 (14)]. Resistance levels to both the
protoxin and the activated toxin were deter-
mined. Resistance to Dipel was confirmed
by the toxicity data for the sensitive strain (S
strain) and for the strain selected for Dipel
resistance (R strain) (Table 1). High levels
of resistance are also observed for CryIA(b)
protoxin and CryIA(b) toxin. Since similar
resistance levels were obtained with
CryIA(b) protoxin and in vitro—activated
CryIA(b) toxin, resistance is apparently not
due to lack of proteolytic activation of pro-
toxin in the midgut of the R strain. In
contrast to the ICP of the CryIA(b) type,
there is no resistance to CryIC protoxin and
CryIC toxin. This ICP is not present in
Dipel crystals. Moreover, we observed a
marked increase in sensitivity to CryIC pro-
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toxin and CryIC toxin in the R strain.

Autoradiography of labeled toxin incu-
bated with brush border membrane vesicles
revealed unaltered protein profiles and
showed that resistance is not correlated with
toxin degradation by membrane-associated
proteases (15). Also, evidence is available
that soluble midgut proteases are not in-
volved (16). Consequently, we concluded
that proteolytic activity does not contribute
to resistance.

To investigate whether a change in toxin-
membrane binding was responsible for
resistance, we performed receptor binding
studies with '*I-labeled CryIA(b) toxin and
CryIC toxin with brush border membrane
vesicles derived from larval midguts of the R
and § strains (Table 2). High-affinity, satu-
rable binding of CryIA(b) toxin to mem-
branes of the S strain was observed. A
dissociation constant (Kq) of 0.72 %= 0.26
nM and a binding site concentration (R,) of
1.44 = 0.35 pmol per milligram of mem-
brane protein was calculated (n = 6). LI-
GAND analysis (17) indicated that the best
fit to the data was obtained with a single-site
model. When similar experiments were done
with the R strain, increased concentrations
of labeled toxin and of vesicles were required
in the binding assay in order to obtain
measurable levels of toxin binding. Compe-
tition experiments revealed a 50-fold reduc-
tion in binding affinity (Kyq = 36.3 + 22.7
nM) whereas R; remained virtually un-
changed (1.77 = 0.58 pmol per milligram
of membrane protein) (n = 6).

Binding studies were also performed with
CryIC toxin. In the S strain, two popula-
tions of binding sites were demonstrated
with the following characteristics: Kg;
=031=%=0.12 nM, Ry=0.38=0.07
pmol per milligram of membrane protein,
Kg =154 =108 nM, R, =6.17 =3.8
pmol per milligram of membrane protein (n
= 7) (where the subscripts 1 and 2 refer to
the first and second binding sites, respective-
ly). For all seven experiments, a two-site

Table 2. Binding characteristics of B. thuringiensis ICPs to brush border membrane vesicles from

sensitive and resistant P. interpunctella (19, 20).

. K Rtl K, Rt2
ICP Strain di (pmol/ Ny, (pmol/
(nM) mg protein) (nM) mg protein)
CryIA(b) toxin Sensitive 0.72 1.44
(£0.26) (%=0.35)
Resistant 36.3 1.77
(£22.7) (+0.58)
CryIC toxin Sensitive 0.31 0.38 154 6.17
(£0.12) (£0.07) (=108) (£3.79)
Resistant 0.18 1.15
(£0.077) (%£0.20)

model gave a significantly better fit than a
one-sitc model (P < 0.05 for two experi-
ments, P <0.005 for five experiments).
High-affinity binding of CryIC toxin was
also shown in the R strain. Calculated values
are K4 =0.18 = 0.07nMand R, = 1.15 *
0.20 pmol per milligram of membrane pro-
tein (n = 7). Best fits were obtained with a
single-site model. Thus, in parallel with the
higher sensitivity of the R strain to CryIC
toxin as compared to the § strain, the bind-
ing of this toxin is increased in the R strain.
The increase in R, is statistically significant
at P < 0.001 (¢ test). The difference in Ky
for the high-affinity site in the two strains is
only marginally significant (P = 0.029).
Mutual competition experiments (Fig. 1)
demonstrated that CryIC toxin could dis-
place all saturably bound '*I-labeled
CryIA(b) toxin in the S strain with an
affinity of 237 + 145 nM (n = 2). This
value is not significantly different from the
mean Ky, of CryIC toxin, which suggests
that the low-affinity site for CryIC toxin in
the S strain represents the CryIA(b) toxin
binding site. We assume that this site, which
in the R strain exhibits a 50-fold reduction
in affinity for CryIA(b) toxin, would also
display a reduced affinity for the CryIC
toxin. This would result in a very low affini-
ty, explaining why a second site for CryIC
toxin is not detected in the R strain. We did

Table 1. Toxicity of B. thuringiensis ICPs to sensitive and resistant P. interpunctella (18). Values given are
the LDsy (the dose required to kill 50% of the insects tested) and the 95% confidence intervals (Clys)

(in parentheses).

LDs, (microgram per larva) of
P. interpunctella strain*

ICP
Sensitive Resistant
Dipel 1.21 (0.88-1.84) >301
CryIA(b) protoxin 0.12 (0.08-0.18) >12.8%
CryIA(b) toxin 0.03 (0.02-0.05) 26.3§ (11.8)

CryIC protoxin
CryIC toxin

0.20 (0.14-0.30)
0.11 (0.08-0.15)

0.02 (0.00-0.04)
0.03 (0.00-0.07)

*Resistance was induced by rearing colony 343 on a diet treated with Dipel at 500 mg
after nine generations of selection at 62.5 mg per kilogram of diet (2, 3).

10% response at maximum dose (30 pg per larva) tested.
at maximum dose (12.8 ug per larva) tested.
larva) tested.

5§ JANUARY 1990

r kilogram of body weight
TLDsg could not be estimated: less than
$LDsp could not be estimated: less than 16.7% response

SEstimated value: 45% response at maximum dose (12.3 pg per
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Fig. 1. Binding of '*I-labeled CryIA(b) toxin to
membranes of the sensitive P. interpunctella strain
as a function of increasing concentrations of
competitor: CryIA(b) toxin (circles), CryIC toxin
(squares). Procedures for the binding assay were
as in Table 2 (19). Data points represent the mean
of duplicate measurements. Error bars represent-
ing the range are given when larger than data

points.

not observe any significant displacement of
bound '*I-labeled CryIC toxin by unla-
beled CryIA(b) toxin. Indeed, only very low
displacement would be expected as '*I-
labeled CryIC toxin binding to the low-
affinity site represents only a minor fraction
of total binding (less than 10%).

Our data provide evidence that resistance
in this P. interpunctella strain is due to an
alteration in toxin-membrane binding.
Resistance to CryIA(b) toxin is correlated
with a reduction in affinity of CryIA(b)
toxin binding, whereas increased sensitivity
to CryIC toxin is reflected in an apparent
increase of the CryIC binding site concen-
tration. It remains to be seen whether simi-
lar mechanisms will occur in other insects
exhibiting resistance to B. thuringiensis ICPs.

It is surprising that apparently two dis-
tinct molecular changes have occurred in P.
interpunctella in parallel with resistance to B.
thuringiensis. The increase in CryIC toxin
sensitivity was not observed in a strain that
was less resistant to Dipel. Assuming that
the toxin receptor is a physiologically impor-
tant molecule in the midgut, a possible
explanation could be that the CryIA(b) tox-
in receptor not only has reduced affinity for
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the toxin, but is also functionally affected.
This loss is compensated for by an increase

in the concentration of the CryIC receptor.

after several generations of selection.
Strategies for resistance management are
needed to extend the lifetime of chemical
insecticides. It is equally important to imple-
ment such strategies with B. thuringiensis to
maintain its usefulness as a safe and environ-
mentally sound insect control agent. Our
results provide a basis on which to build
such strategies. When different ICPs are
available with activity against the same in-
sect species, resistance to one ICP does not
always imply resistance against other ICPs.
ICPs with different binding properties could
be used in combination or sequentially for
greater effectiveness or to delay resistance.
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Derepression of Ferritin Messenger RNA
Translation by Hemin in Vitro

JiH-JING LIN, SUSAN DANIELS-MCQUEEN, MARIA M. PATINO,
Livia GAFFIELD, WILLIAM E. WALDEN, ROBERT E. THACH*

Incubation of a 90-kilodalton ferritin repressor protein (FRP), either free or com-
plexed with an L-ferritin transcript, with hemin or Co**-protoporphyrin IX prevented
subsequent repression of ferritin synthesis in a wheat germ extract. Neither FeCl; in
combinations with H,O,, nor Fe’* or Fe?* chelated with EDTA, nor Zn?**-protopor-
phyrin IX, nor protoporphyrin IX caused significant inactivation of FRP. FRP that
had been inactivated by hemin remained chemically intact, as revealed by SDS—
polyacrylamide gel electrophoresis. Inclusion of chelators of iron or free radical
scavengers did not alter the inactivation produced by hemin. These and other results
indicate that hemin derepresses ferritin synthesis in vitro.

ERRITINS ARE IRON STORAGE PRO-

teins that are found in virtually all

cells (1). Their synthesis in verte-
brates is regulated in response to the extra-
cellular iron supply at the translational level
(2). Kinetic evidence suggests that a signifi-
cant number of other vertebrate mRNAs are
similarly regulated (3). The ferritin transla-
tional regulatory machinery consists of a
conserved sequence of 28 nucleotides [the
iron-responsive element (IRE)] in the
mRNA 5’ untranslated region (5' UTR),
which makes translation responsive to iron
(4), and a 90-kD ferritin repressor protein
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(FRP) that binds to the IRE in the paucity
of iron (5-9).

We now describe properties of a third
regulatory component, the “ferritin induc-
er.” The ferritin inducer should be a metab-
olite whose concentration rises and falls in
response to the rate of iron uptake, and
which interacts with the FRP, either directly
or indirectly, in such a way as to relieve the
repression of ferritin mRNA translation.
Evidence is presented in this report that
hemin fulfills these criteria, and therefore
may be a ferritin inducer.

To study the effect of iron compounds on
ferritin synthesis, FRP was ordinarily incu-
bated with hemin, or analogs thereof, in a
redox buffer made up of glutathione plus
oxidized glutathione (termed GSB) for vari-
ous times and temperatures. Wheat germ
lysate, L-ferritin and apolipoprotein A-1
transcripts, [*°S]methionine, and other
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