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Abstract

Insect resistance to Bacillus thuringiensis (Bt) has been a recognised problem for only about 6 years. It now
seriously threatens both conventional and gene transfer uses for this environmentally safe biological insecticide.
Since 1985, the potential for resistance has been demonstrated in at least five insect species, and high levels of
resistance among field populations have been reported in one species. In two moth species, Plodia interpunctella
and Plutella xylostella, the potential for resistance is widespread among diverse populations and laboratory studies
suggest that it can progress to high levels within only a few generations. The mechanism of resistance in these
species involves a change in binding affinity of the insects’ midgut membrane that is specific for the particular
toxin type used in selecting the resistant population.

Recognition of the inevitability of Bt resistance in insects has led to increased research on deployment strategies
that might delay or prevent its evolution. Although resistance to Bt toxins expressed in genetically engineered
plants has not been reported yet, it is imperative that resistance management tactics be developed before resistance
reduces the pest control value of Bt. Currently, the focus of strategies for managing resistance is on techniques that
minimise selection pressure, such as providing untreated refuges, and on the use of multiple toxins in various
mixture, mosaic, rotational, or sequential patterns. Experimental data are needed to support the value of these

approaches in different pest and cropping systems.

1. Introduction

The possibility of insects developing resis-
tance to the d-endotoxins of Bacillus thuringien-
sis (Bt) has been considered a serious threat to
the use of these toxins in insect control pro-
grammes for only about 6 years. Before 1985, all
efforts to select strains of insects resistant to the
d-endotoxins had failed, although Harvey and
Howell (1965) had succeeded in selecting house
fly colonies for significant levels of resistance to
the f-exotoxin of Bt. The reasons are unclear.
Because Bt had been used in control pro-
grammes for many years without any resistance
being reported, many scientists concluded that
resistance was unlikely to occur in practice even
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though it might be theoretically possible (Burges,
1971; Boman, 1981; Briese, 1981, 1986). It was
suggested that multiple effects on the host in-
sects or evolutionary advantages of the pathogen
might preclude or greatly reduce the likelihood
of insects becoming resistant to Bt. However, as
the last few years have shown, resistance to Bt &
endotoxins develops readily in many species of
pest insects, both in the field and in the labora-
tory. Although the mechanism of toxin activity
is not yet fully understood, studies on mecha-
nisms of resistance in two insect species, Plodia
interpunctella and Plutella xylostella, provide
convincing evidence that, however complex the
mode of action, this apparently is not a signifi-
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cant impediment to the development of resis-
tance in insects.

2. Implications of resistance

The implications of insect resistance to Bt are
far-reaching. Bt is the most widely used and best
understood of all microbial products that have
been proposed for insect control. It is widely used
in mosquito control and in forestry, home gar-
dens, and the production of a wide array of food
and fibre crops for protection primarily against
lepidopteran pests. Its use provides a safe and
environmentally friendly alternative to exten-
sive use of chemical insecticides to combat many
serious pests. Widespread development of insect
resistance would seriously set back efforts to re-
duce chemical insecticide use. Insect resistance
also threatens to diminish seriously the value of
gene transfer technology. This technology, which
relies heavily upon the use of the d-endotoxin
genes from Bt, promises the unprecedented pest
control option of planting crops that have been
genetically transformed to produce their own in-
secticidal toxin (Gasser and Fraley, 1989; Boul-
ter et al., 1990). At the same time, however, it
creates a situation in which pest populations may
be exposed continuously, or at least for much
longer periods than when conventional chemical
applications are used. The continuous exposure
of pests is widely presumed to lead to resistance
more quickly than does intermittent exposure
(Roush, 1989). Thus, one of the characteristics
that makes the gene transfer approach so appeal-
ing may turn out to be one of its primary
weaknesses.

3. Resistance discovered to date

Although insect resistance to transgenic plants
has not yet been reported, within the last 6 years
there have been several reports of insects being
selected for significant levels of resistance to na-
tive and cloned d-endotoxins under both labora-
tory and field conditions. In each case, the pest
species apparently had the capacity to develop

resistance within only a few generations. The au-
thor’s laboratory has found high levels of resis-
tance to subspecies kurstaki in Plodia interpunc-
tella and Cadra cautella (McGaughey, 1985;
McGaughey and Beeman, 1988). In other labo-
ratories, a strain of Heliothis virescens has been
selected for resistance to toxins from subspecies
kurstaki produced by genetically transformed

" Pseudomonas fluorescens (Stone et al., 1989).

Perhaps more significantly, within the last 2
years resistance to subspecies kurstaki has been
reported from field populations of Plutella xylos-
tella from Hawaii (Tabashnik et al., 1990). This
represents the first well documented instance of
resistance occurring in the field, although earlier
reports had suggested the possibility of Bt resis-
tance in populations of this pest species in the
Philippines (Kirsch and Schmutterer, 1988) and
in populations of Plodia interpunctella in grain
bins in the USA (McGaughey, 1985; Mc-
Gaughey and Beeman, 1988).

Apparently, at least one strain of Leptinotarsa
decemlineata has been selected for resistance to
a Coleoptera-active strain of Bt (Miller et al,,
1990). Statistically significant resistance to Bt
subspecies israelensis has been reported in the
mosquitoes Culex quinquefasciatus and Aedes
aegypti (Georghiou et al., 1983; Goldman et al.,
1986).

4. Genetics and characteristics of resistance

The genetics, mechanisms, and practical sig-
nificance of Bt resistance are not completely
understood, but are under investigation in sev-
eral insect species. Most of the information so far
has come from studies on Plodia interpunctella,
H. virescens, and Plutella xylostella.

The capacity for resistance is widespread in
some species. In Plodia interpunctella, resistance
has been selected in six colonies obtained from
six different grain storage sites in the midwest-
ern US (McGaughey and Beeman, 1988). In fact,
selection efforts in the author’s laboratory on re-
cently colonised strains of Plodia interpunctella
have never failed. Similarly widespread capacity
for resistance apparently occurs in Plutella xylos-
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tella, with reports of resistance from Hawaii
(Tabashnik et al., 1990, 1991), the Philippines
(Kirsch and Schmutterer, 1988), and the conti-
nental US (Shelton and Wyman, 1992). Other
species have been studied less intensively, but it
will not be surprising if widespread capacity for
resistance is eventually found in many species.

In Plodia interpunctella and Plutella xylos-
tella, resistance appears to be partially recessive
and probably because of a single factor (Mc-
Gaughey, 1985; McGaughey and Beeman, 1988;
Tabashnik et al., 1992). However, Sims and
Stone (1991) have characterised Bt resistance in
H. virescens as being incompletely dominant and
controlled by several genetic factors. A signifi-
cant obstacle in conducting definitive genetic
studies thus far has been that most of the resist-
ant insect colonies have been selected using
DiPel, a commercial Bt formulation that report-
edly contains a mixture of toxins (Héfte and
Whiteley, 1989). The study on H. virescens is a
notable exception in that a single gene protein
expressed in a genetically engineered Pseudo-
monas fluorescens strain was used in that work.
When toxin mixtures are used, results may be
complicated by different gene frequencies and
rates of resistance progression or modes of inher-
itance of resistance to the various components of
the mixture.

Indeed, the results with Plodia interpunctella
provide evidence for this possibility. Resistance
progressed at different rates and the degree of re-
cessiveness differed among the colonies that were
compared (McGaughey and Beeman, 1988).
Until studies can be done using purified, single-
gene toxins, it will not be possible to determine
whether the variable responses were a result of
the mixture of toxins or the involvement of sev-
eral genes or alleles in resistance to one toxin. In
some cases, resistance is very stable once selec-
tion is discontinued. This seems to be true par-
ticularly when resistance has progressed to higher
levels. At lower levels, there appears to be grad-
ual reversion back to a more sensitive level. In
Plodia interpunctella, there was a decline in field-
selected resistance when colonies were first being
reared in the laboratory, but in highly resistant
laboratory colonies, resistance declined slowly or

not at all when selection pressure was discontin-
ued (McGaughey, 1985; McGaughey and Bee-
man, 1988). Similar gradual declines in resis-
tance of populations of H. virescens and Plutella
xylostella that were only moderately resistant
have been reported (Sims and Stone, 1991; Ta-
bashnik et al.,, 1991). However, data are not
available from field situations where immigra-
tion of susceptible insects or fitness of resistant
individuals may be much more important in de-
termining the stability of resistance.

5. Mechanism of reéistance

The mechanism of resistance in Plodia inter-
punctella and Plutella xylostella apparently in-
volves a change in binding affinity of receptors
or binding sites on the brush border membrane
of the insect midgut (Van Rie et al., 1990b; Ferre
et al., 1991). This appears to be the same mech-
anism that is involved in the host specificity of
Bt d-endotoxins. Other possible mechanisms of
specificity have been proposed, including bio-
chemical differences in the activation of the tox-
ins in the insect gut (Haider et al., 1986; John-
son et al., 1990). However, increasing evidence
indicates that specificity and resistance involve
differences in binding affinity of the toxin pro-
teins to receptor sites on the midgut membrane
that presumably are of a glycoprotein nature
(Knowles and Ellar, 1986; Hofmann et al.,
1988a,b; Van Rie et al., 1989, 1990a,b; Ferre et
al., 1991).

Hofmann et al. (1988b) were the first to es-
tablish a relationship between binding affinity
and differential toxicity in studies on the speci-
ficity of two d-endotoxins toward Pieris brassi-
cae and Manduca sexta. Their approach in-
volved studies with !?°I-]abelled J-endotoxins
and brush border membrane vesicles prepared
from the midguts of the larvae. Subsequently, the
same technique was used to demonstrate that a
similar phenomenon was involved in Bt-resist-
ant Plodia interpunctella (Van Rie et al., 1990b).
In the Bt-resistant larvae, there was a change in
binding affinity and a parallel change in suscep-
tibility that was specific for a Bt subspecies kur-
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staki type toxin that had been used in selecting
for resistance. This work demonstrated that, in
the normally Bt-sensitive Plodia interpunctella
larvae, there were at least two kinds of binding
sites. In the process of acquiring resistance, the
binding sites for the ssp. kurstaki-type toxin
somehow became defective and failed to bind the
toxin. Binding sites for another type of toxin,
however, remained functional and the insects
were still susceptible to this other type of J-
endotoxin.

Very recently, the same kinds of binding ex-
periments have been done on resistant and sus-
ceptible Plutella xylostella (Ferre et al., 1991).
- In that work, researchers found a change in bind-
ing affinity that was very specific for the ssp. kur-
staki-type toxin that had been used to select the
resistant insects, whereas the insects remained
sensitive and midgut membrane vesicles still
bound two other types of d-endotoxins. Similar
binding experiments have been done on resist-
ant and susceptible colonies of H. virescens and
the results were not as conclusive, possibly be-
cause of the choice of toxins used in the experi-
ments (MacIntosh et al., 1991).

The only evidence against involvement of the
binding step in the mechanism of both resistance
and specificity has been presented by Wolfers-
berger (1990). He found that, in Lymantria dis-
par, there was a negative relationship between
binding affinity and toxicity of two different 4-
endotoxins toward a single strain of insect. That
is, the more toxic protein bound with less affin-
ity than the less toxic one. However, Wolfersber-
ger’s results are consistent with the idea that there
could be differences in toxicity as well as differ-
ences in binding affinity.

One of the most important points to emerge
from these studies on strains of insects resistant
to Bt is that in each case the resistance appears
to be very specific for the toxin or toxins used in
selection. The insects are not resistant to all J-
endotoxins. This is shown most clearly in studies
on Plodia interpunctella that were selected for re-
sistance to DiPel, a commercial formulation of
the HD-1 isolate of $sp. kurstaki (McGaughey
and Johnson, 1987). The insects were also resist-
ant to d-endotoxins of 32 isolates of ssp. thurin-

giensis, kurstaki, and galleriae. However, they
remained susceptible to some degree to at least
15 isolates of ssp. kenyae, entomocidus, aizawai,
tolworthi, and darmstadiensis. Apparently, the
insects recognised something different about the
structure and/or function of the J-endotoxins
from the latter group.

Insight into Bt toxin specificity and resistance
is provided by the classification and nomencla-
ture system presented by Hofte and Whiteley
(1989) for the various insecticidal crystal pro-
tein genes of Bt. In general, they proposed a clas-
sification system in which the toxins produced
by various strains of Bt were divided into four
major groups that are distinguishable based upon
structural and insecticidal spectra differences.
The proteins they designated Cryl are toxic to-
ward Lepidoptera, the Cryll proteins are toxic
toward Lepidoptera and Diptera, the CryIII to-
ward Coleoptera, and the CryIV toward Diptera.
Groups L, II, and IV have been subdivided fur-
ther based upon structural and spectral
differences.

Production of these different proteins by Bt
strains corresponds only very generally to the
conventional taxonomic nomenclature that is
commonly used. The nomenclature is based upon
the serology of the vegetative cells. The type IV
proteins are the ssp. israelensis toxins used in
controlling certain aquatic Diptera. The type III
proteins are produced by ssp. tenebrionis and san
diego and are toxic to Leptinotarsa decemli-
neata. The type II proteins are produced by sev-
eral subspecies, including kurstaki, thuringien-
sis, tolworthi and kenyae. Some are specific for
Lepidoptera, but others also affect Aedes ae-
gypti. The type I Lepidoptera-specific proteins
are the most intensively studied and probably
because of this are the largest and most hetero-
geneous group.

Héfte and Whiteley divided the type I proteins
into six subgroups: CrylA(a), CryIA(b),
CryIA(c), CrylIB, CryIC, and CryID. A CryIE
type has subsequently been added (Van Rie et
al., 1990a). These type I proteins are produced
by many different subspecies of Bt including
kurstaki, aizawai, berliner, thuringiensis, ento-
mocidus and sotto. Also, a particular isolate of
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these subspecies often produces more than one
of these subgroups of proteins. For example, ssp.
kurstaki isolate HD-1 produces CrylA(a),
CrylA(b) and CryIA(c) proteins.

In Plodia interpunctella and Plutella xylos-
tella, resistance as indicated by both toxicity and
midgut membrane binding assays has been shown
to be specific for the CrylA type proteins that oc-
cur in the commercial formulation (DiPel, ssp.
kurstaki HD-1) used in selecting the resistant in-
sects (Van Rie et al., 1990b; Ferre et al., 1991).
Although the response of CrylA-resistant larvae
of these species toward all types of Cryl proteins
has not been determined, HD-1 resistant Plodia
interpunctella remain sensitive to CryIC pro-
teins and resistant Plutella xylostella remain sen-
sitive to CryIB and CryIC proteins. These results
indicate that different midgut receptors or bind-
ing sites might be involved with the major
subgroups of Cryl proteins and that resistance to
one does not confer cross-resistance to the oth-
ers. However, this has been studied only with
CrylA-resistant insects. Until recently, strains of
insects resistant to other protein types have not
been available, but studies are now in progress
on colonies of Plodia interpunctella that we have
selected for resistance to several different pro-
tein types (McGaughey and Johnson, 1992).

Related studies by Van Rie et al. (1989, 1990a)
suggest that this binding site specificity system
may be highly complex. In studies of the speci-
ficity of CrylA(a), CryIA(b), CrylA(c), CryIC
and CryIE toxin types toward Spodoptera littor-
alis, M. sexta and H. virescens, they observed a
high degree of heterogeneity among binding sites.
They suggested that different toxins may com-
pete for the same binding sites in some cases, but
not in others. Thus, a change at a site which binds
more than one type of toxin would result in a de-
gree of cross-resistance, while a change at a site
which is specific for only one type of toxin would
not. More recent studies have confirmed broad-
spectrum resistance to Bt toxins in H. virescens
selected for resistance to CryIA(c) (Gould et al.,
1992). Obviously, additional research is needed
in order to understand fully this system.

Based on the information now available, it can
only be concluded that this binding site recogni-

tion or specificity system is relatively specific, but
without certainty of the exact degree of specific-
ity. The degree of specificity is, of course, of crit-
ical importance in designing deployment strate-
gies which aim to prevent or delay the onset of
resistance by using multiple toxins, either in
mixtures or in a rotational system. Nothing
would be gained if the toxins employed used the
same midgut binding sites and thus posed cross-
resistance problems. Rapid advances are likely
in the immediate future from research in many
laboratories to sort out the cross-resistance pat-
terns among the various proteins.

6. Management of insect resistance to Bt

Now that the seriousness of insect resistance
to Bt has been recognised and the mechanisms at
least partially elucidated, attention is at last be-
ginning to focus on developing deployment
strategies that might delay or prevent its evolu-
tion. At present, most of the available guidance
on strategies for managing insect resistance to Bt
toxins is theoretical and lacking supporting ex-
perimental data. However, some workers (e.g.
Roush, 1989) have suggested that such data may
not be essential, as reasonably effective resis-
tance management programmes can be devel-
oped based upon only a general knowledge of pest
population biology and conservative assump-
tions about cross-resistance.

The problem of insect resistance to genetically
engineered crop plants may present a somewhat
unique situation, although there is an extensive
body of literature on the durability of classical
host plant resistance. Gould (1988) has dis-
cussed at length some of the theoretical aspects
of genetically engineering crops for durable re-
sistance. Gould (1986a,b) has also used simula-
tion models to evaluate the durability of multi-
ple host-plant resistance factors when deployed
sequentially or as a mixture combined in a pyra-
mided resistant cultivar, Gould (1986a,b),
Roush (1989), and others have discussed the
potential for delaying resistance by interplanting
susceptible plants to provide untreated refuges
for susceptible insects. Limiting the expression




100 W.H. McGaughey / Agriculture, Ecosystems and Environment 49 (1994) 95-102

of toxins to particular plant tissues or develop-
mental stages has also been suggested as a means
for reducing selection pressure (Van Rie, 1991).

At present, much of the effort toward resis-
tance management or avoidance seems to focus
on the presumption that there is an almost un-
limited number of different Bt toxins available
in nature and that resistance can be managed by
using these in various mixture, mosaic, rota-
tional, or sequential systems (Hofte and White-
ley, 1989; Georghiou, 1990). The theoretical as-
pects of various multiple toxin approaches have
been examined by Curtis (1985), Mani (1985),
Gould (1986a,b), Roush (1989) and Tabashnik
(1989), among others. In general, these studies
have tended to favour mixtures over other tac-
tics, although no single approach has been con-
sistently best in all pest—crop systems. Provision
of untreated refuges to ensure the survival of sus-
ceptible genotypes tended to improve the dura-
bility of mixtures.

Experimental data to support the value of these
resistance management tactics are sparse. Re-
grettably, the available, albeit preliminary, ex-
perimental evidence suggests that the benefits of
some of these approaches may be relatively small.
In Plutella xylostella, the only pest in which field
resistance to Bt has been studied, concerns have
been raised by Tabashnik et al. (1991 ) regarding
the effectiveness of rotational strategies for man-
aging resistance. They found that resistance lev-
els declined rather slowly if at all when treatment
was discontinued. Because of this, they sug-
gested that alternating or rotational strategies that
rely upon rapid restoration of sensitivity in the
population when treatments are discontinued or
changed might not be very effective for manag-
ing Bt resistance in Pluteila xylostella. The stud-
ies on Plodia interpunctella support a similar
conclusion (McGaughey, 1985; McGaughey and
Beeman, 1988). Resistance in Plodia interpunc-
tella tends to be very stable once it reaches high
levels. In both species, however, it appears that
low levels of resistance, as might occur after only
a few generations of selection, might be suffi-
ciently unstable that susceptibility could be re-
stored using a rotational or alternating approach.

Further studies are being conducted on Plodia

interpunctella in order to answer some impor-
tant questions regarding the multiple toxin ap-
proach to resistance management (McGaughey
and Johnson, 1992).

(1) All extreme cases of resistance reported to
date in Lepidoptera are toward Bt ssp. kurstaki.
Is that subspecies of Bt unique in eliciting insect
resistance, or will resistance develop toward other
strains just as readily?

(2) Once resistance has developed to one
strain of Bt, will resistance develop as quickly to
a second strain?

(3) Will simultaneous use of two toxins signif-
icantly delay the development of resistance?

In general, these authors have found that resis-
tance develops quickly to other strains including
ssp. aizawai and entomocidus that are toxic to-
ward HD-1 resistant Plodia interpunctella colo-
nies. Furthermore, resistance develops quite
readily to a second strain of Bt. A colony that was
already resistant to isolate HD-1 of ssp. kurstaki
quickly evolved resistance to a second strain,
isolate HD-133 of ssp. aizawai. Thus, the fact that
an insect population was already highly resistant
to one type of Bt toxin was no obstacle to the de-
velopment of resistance to another type.

Simultaneous selection for resistance to a mix-
ture of isolates HD-1 of ssp. kurstaki and HD-
133 of ssp. aizawai also resulted in the rapid evo-
lution of resistance toward both strains of Bt. The
rate of resistance progression was generally the
same toward the two components of the mixture,
but somewhat slower toward the mixture. Super-
ficially at least, it appears as one might expect
that the rate of progression of resistance to a
mixture could be related to some product of the
frequency of genes for resistance to the individ-
ual Bt strains.

Studies are currently in progress to determine
whether individual isolates of Bt that produce
complex mixtures of toxins are more durable
than those producing single toxins or less com-
plex mixtures.

7. Conclusions

Based upon the evidence available to date, the
likelihood of insects evolving resistance to Bt
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toxins is very high. It is not yet known how the
rate of resistance progression toward genetically
engineered crops will compare with conven-
tional deployment, but it could very possibly be
much faster. Clearly, care must be taken over the
use of these toxins. They are a valuable pest con-
trol resource that cannot be wasted by using them
in ways that disregard or encourage the devel-
opment of insect resistance. It is not yet clear how
much information on the ecology and popula-
tion genetics will be needed to effectively man-
age resistance. Much good may be accomplished
using the information currently available. As a
minimum, however, for the use of straightfor-
ward sequential or pyramided deployment strat-
egies such as many are now advocating, a full un-
derstanding of cross-resistance patterns among
the available Bt toxins for each pest insect spe-
cies will be needed. Acquiring these data may de-
pend upon progress in cloning each of the toxins
and developing laboratory colonies of the var-
ious species of pest insects that are resistant to
several if not all of the toxins. However, it is likely
that studies on one or two model systems will es-
tablish general cross-resistance patterns that will
be applicable to several if not most pest insect
species.

Experimental data are needed to support the
value of multiple toxin approaches to resistance
management as well as management strategies
which attempt to reduce selection pressure or en-
sure the survival of susceptible insects in the pest
population.

References

Boman, H.G., 1981. Insect responses to microbial infection.
In: H.D. Burges (Editor), Microbial Control of Pests and
Plant Diseases 1970-1980. Academic Press, New York,
pp. 769-784,

Boulter, D., Gatehouse, J.A., Gatehouse, A.M.R. and Hilder,
V.A., 1990. Genetic engineering of plants for insect resis-
tance. Endeavour, New Ser., 14: 185-190.

Briese, D.T., 1981. Resistance of insect species to microbial
pathogens. In: E.W. Davidson (Editor), Pathogenesis of
Invertebrate Microbial Diseases. Allanheld-Osmun, To-
towa, NJ, pp. 511-545.

Briese, D.T., 1986. Host resistance to microbial control agents.
In: Franz (Editor), Fortschritte der Zoologie, Vol. 32: Bi-

ological Plant and Health Protection. G. Fischer, New
York, pp. 233-256.

Burges, H.D., 1971. Possibilities for pest resistance to micro-
bial control agents. In: H.D. Burges and N.W. Hussey
(Editors), Microbial Control of Insects and Mites. Aca-
demic Press, New York, pp. 445-457.

Curtis, C.F., 1985. Theoretical models of the use of insecti-
cide mixtures for the management of resistance. Bull. En-
tomol. Res., 75: 259-265.

Ferre, J., Real, M.D., van Rie, J., Jansens, S. and Peferoen,
M., 1991, Resistance to the Bacillus thuringiensis bioin-
secticide in a field population of Plutella xylostella is due
to a change in a midgut membrane receptor. Proc. Natl.
Acad. Sci. USA, 88: 5119-5123.

Gasser, C.S. and Fraley, R.T., 1989. Genetically engineering
plants for crop improvement. Science, 244: 1293-1299.

Georghiou, G.P., 1990. Resistance potential to biopesticides
and consideration of countermeasures. In: J.E. Casida
(Editor), Pesticides and Alternatives. Elsevier, New York,
pp. 409-420.

Georghiou, G.P., Baker, J., Al-Khatib, Z., Mellon, R., Mur-
ray, C., Tran, H., Vasquez, M., Pelsue, F. and Hazelrigg,
J., 1983. Insecticide resistance in mosquitoes: research on
new chemicals and techniques for management. In: Mos-
quito Control Research Annual Report, University of
California, Riverside, pp. 86-91.

Goldman, LF., Arnold, J. and Carlton, B.C., 1986. Selection
for resistance to Bacillus thuringiensis subspecies israe-
lensis in field and laboratory populations of the mosquito
Aedes aegypti. J. Invertebr. Pathol., 47: 317-324.

Gould, F., 1986a. Simulation models for predicting durabil-
ity of insect-resistant germ plasm: a deterministic diploid,
two-locus model. Environ. Entomol., 15: 1-10.

Gould, F., 1986b. Simulation models for predicting durabil-
ity of insect-resistant germ plasm: Hessian fly (Diptera:
Cecidomyiidae)-resistant winter. wheat. Environ. Ento-
mol., 15: 11-23.

Gould, F., 1988. Evolutionary biology and genetically engi-
neered crops. Bioscience, 38: 26-33.

Gould, F., Martinez-Ramirez, A., Anderson, A., Ferre, J.,
Silva, F.J. and Moar, W.J., 1992, Broad-spectrum resis-
tance to Bacillus thuringiensis toxins in Heliothis vires-
cens. Proc. Natl. Acad. Sci. USA, 89: 7986-7990.

Haider, M.Z., Knowles, B.H. and Ellar, D.J., 1986. Specific-
ity of Bacillus thuringiensis var. colmeri insecticidal &
endotoxin is determined by differential processing of the
protoxin by larval gut proteases. Eur. J. Biochem., 156:
531-540.

Harvey, T.L. and Howell, D.E., 1965. Resistance of the house
fly to Bacillus thuringiensis Berliner. J. Invertebr. Pathol.,
7:92-100.

Hofmann, C., Liithy, P., Hutter, R. and Pliska, V., 1988a.
Binding of the delta endotoxin from Bacillus thuringien-
sis to brush-border membrane vesicles of the cabbage but-
terfly (Pieris brassicae). Eur. J. Biochem., 173: 85-91.

"Hofmann, C., Vanderbruggen, H., Hofte, H., van Rie, J., Jan-

sens, S. and van Mellaert, H., 1988b. Specificity of Bacil-




102 W.H. McGaughey / Agriculture, Ecosystems and Environment 49 (1994) 95-1 02

lus thuringiensis S-endotoxins is correlated with the pres-
ence of high affinity binding sites in the brush border
membrane of target insect midguts. Proc. Natl. Acad. Sci.
USA, 85: 7844-7848.

Hofte, H. and Whiteley, H.R., 1989. Insecticidal crystal pro-
teins of Bacillus thuringiensis. Microbiol. Rev., 53: 242~
255.

Johnson, D.E., Brookhart, G.L., Kramer, K.J., Barnett, B.D.
and McGaughey, W.H., 1990. Resistance to Bacillus thu-
ringiensis by the Indianmeal moth, Plodia interpunctella:
comparison of midgut proteinases from susceptible and
resistant larvae. J. Invertebr, Pathol., 55: 235-243.

Kirsch, K. and Schmutterer, H., 1988. Low efficacy of a Ba-
cillus thuringiensis (Berl.) formulation in controlling the
diamondback moth, Plutella xylostella (L.), in the Phil-
ippines. J. Appl. Entomol., 105: 249-255.

Knowles, B.H. and Ellar, D.J., 1986. Characterization and
partial purification of a plasma membrane receptor for
Bacillus thuringiensis var. kurstaki lepidopteran-specific
J-endotoxin. J. Cell Sci., 83: 89-101.

Maclntosh, S.C., Stone, T.B., Jokerst, R.S. and Fuchs, R.L.,
1991. Binding of Bacillus thuringiensis proteins to a lab-
oratory-selected line of Heliothis virescens. Proc. Natl.
Acad. Sci. USA, 88: 8930-8933.

Mani, G.S., 1985. Evolution of resistance in the presence of
two insecticides. Genetics, 109:761-783.

McGaughey, W.H., 1985. Insect resistance to the biological
insecticide Bacillus thuringiensis. Science, 229: 193-195.

McGaughey, W.H. and Beeman, R.W., 1988, Resistance to
Bacillus thuringiensis in colonies of Indianmeal moth and
almond moth (Lepidoptera: Pyralidae). J. Econ. Ento-
mol., 81: 28-33.

McGaughey, W.H. and Johnson, D.E., 1987. Toxicity of dif-
ferent serotypes and toxins of Bacillus thuringiensis to re-
-sistant and susceptible Indianmeal moths (Lepidoptera:
Pyralidae). J. Econ. Entomol., 80: 1122-1126.

McGaughey, W.H. and Johnson, D.E., 1992. Indianmeal
moth (Lepidoptera: Pyralidae) resistance to different
strains and mixtures of Bacillus thuringiensis. J. Econ.
Entomol., 85: 1594-1600.

Miller, D.L., Rahardja, U. and Whalon, M.E., 1990. Devel-
opment of a strain of Colorado potato beetle resistant to
the delta-endotoxin of Bt. Pest Resistance Manage., 2(2):
25.

Roush, R.T., 1989. Designing resistance management pro-
grams: how can you choose? Pestic. Sci., 26: 423-441.
Shelton, A.M. and Wyman, J.A., 1992. Insecticide resistance
of diamondback moth in North America. In: N.S. Talekar
(Editor), Management of Diamondback Moth and other

Crucifer Pests, Proc. 2nd Int. Workshop, Asian Vegetable
Research and Development Center, Shanhua, Taiwan, pp.
447-454,

Sims, S.R. and Stone, T.B., 1991. Genetic basis of tobacco
budworm resistance to an engineered Pseudomonas fluo-
rescens expressing the &-endotoxin of Bacillus thuringien-
sis kurstaki. J. Invertebr. Pathol., 57: 206-210.

Stone, T.B., Sims, S.R. and Marrone, P.G., 1989. Selection
of tobacco budworm for resistance to a genetically engi-
neered Pseudomonas fluorescens containing the d-endo-
toxin of Bacillus thuringiensis subsp. kurstaki. J. Inver-
tebr. Pathol., 53: 228-234.

Tabashnik, B.E., 1989. Managing resistance with multiple
pesticide tactics: theory, evidence, and recommenda-
tions. J. Econ. Entomol., 82: 1263-1269.

Tabashnik, B.E., Cushing, N.L., Finson, N. and Johnson,
M.W., 1990. Field development of resistance to Bacillus
thuringiensis in diamondback moth (Lepidoptera: Plutel-
lidae). J. Econ. Entomol., 83: 1671-1676.

Tabashnik, B.E., Finson, N, and Johnson, M.W., 1991. Man-
aging resistance to Bacillus thuringiensis: lessons from the
diamondback moth (Lepidoptera: Plutellidae). J. Econ.
Entomol., 84: 49-55.

Tabashnik, B.E., Schwartz, J.M., Finson, N. and Johnson,
M.W., 1992, Inheritance of resistance to Bacillus thurin-
giensis in diamondback moth (Lepidoptera: Plutellidac).
J. Econ. Entomol., 85: 1046-1055.

Van Rie, J., 1991. Insect control with transgenic plants: resis-
tance proof? Tibtech, 9: 177-179.

Van Rie, J., Jansens, S., Héfte, H., Degheele, D. and van Mel-
laert, H., 1989. Specificity of Bacillus thuringiensis &
endotoxins: importance of specific receptors on the brush
border membrane of the mid-gut of target insects. Eur. J.
Biochem., 186: 239-247.

Van Rie, J., Jansens, S., Hofte, H., Degheele, D. and van Mel-
laert, H., 1990a. Receptors on the brush border mem-
brane of the insect midgut as determinants of the specific-
ity of Bacillus thuringiensis delta-endotoxins. Appl.
Environ. Microbiol., 56: 1378-1385.

Van Rie, J., McGaughey, W.H., Johnson, D.E., Barnett, B.D.
and van Mellaert, H., 1990b. Mechanism of insect resis-
tance to the microbial insecticide Bacillus thuringiensis.
Science, 247: 72-74.

Wolfersberger, M.G., 1990. The toxicity of two Bacillus thu-
ringiensis d-endotoxins to gypsy moth larvae is inversely
related to the affinity of binding sites on midgut brush
border membranes for the toxins. Experientia, 46: 475-
477.




