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Prior to the development of plants genetically engineered to express insecticidal crystal proteins (ICP) from Bacillus thuringiensis (Bt), Bt had been a 
relatively minor insecticide, with total sales <2% in the annual $8 billion global market.  However by 2004, 22.5 million hectares of Bt crops (maize 
and cotton) were grown worldwide, making Bt one of the most widely used insecticides.  Bt plants were first commercialized in 1996 amid concern from 
some scientists, regulators and environmentalists that the widespread use of Bt crops would inevitably lead to resistance and the loss of a highly valued, 
safe insecticide.  Ten years later, there has been no evidence of any insect species having developed resistance to Bt plants.  The absence of resistance to 
Bt plants is remarkable and greatly exceeds the typical period of time before resistance first occurs to most conventional insecticides.  However, caution 
is warranted since the ability of some species of agriculturally important insects to develop resistance to an ICP has been documented in the field with 
the diamondback moth and in the greenhouse with the cabbage looper.  

Bacillus thuringiensis (Bt) is the most successfully 
used pathogen for the biological control of both 
agriculturally and medically important insects in the 
orders of Lepidoptera, Diptera and Coleoptera (38). Bt 
formulations have been widely applied in agriculture 
for insect pest management. Since 1996, transgenic 
plants expressing Bt toxins have been commercialized 
and increasingly incorporated into integrated pest 
management programs (43). In 2004, the acreage of 
Bt crops worldwide reached 22.4 million hectares (17). 
However, the widespread and prolonged application of 
Bt formulations and planting of Bt transgenic plants have 
created the threat of evolution of Bt resistance in field 
insect populations (5,11,45). Although no insects have 
developed resistance in the field to Bt plants (50), it is 
clear that some insect species can develop resistance 
to some Bt proteins.  Thus, it is fair to ask whether the 
lack of widespread resistance, especially to Bt plants, is 
due to being lucky or smart.

Occurrence of resistance to Bt

To date, Bt resistant populations of two agriculturally 
important insect pests, diamondback moth, Plutella 
xylostella, and the cabbage looper, Trichoplusia ni, have 
been identified in the fields or commercial vegetable 
greenhouses where sprayable Bt formulations were 
applied (2,18,37,42,45,46). In the case of P. xylostella, Bt 
products became widely used in large scale commercial 
crucifer vegetable production when resistance to many 
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other insecticides had rendered them useless (40,42).  
It is likely that resistance to Bt in T. ni occurred because 
it was used extensively in greenhouses where human 
safety is stressed. The evolution of Bt-resistant insect 
populations has prompted an urgent need to understand 
the mechanisms and the genetic basis for Bt resistance in 
various insect species of agricultural importance in order 
to provide the fundamental knowledge needed for the 
development of strategies for Bt resistance management.

Mechanism(s) of resistance to Bt

The mechanism of Bt-resistance has been an important 
focus of study since the discovery of Bt-resistance in 
insects (5). In lepidopteran larvae, the most common 
type of resistance to Cry1A toxins is known as “Mode 
1” resistance, which is characterized by a high level 
of resistance to one or more Cry1A toxins, recessive 
inheritance, reduced binding of one or more Cry1A 
toxins to the midgut brush border membrane and little 
or no cross-resistance to Cry1C toxin (48). This “Mode 
1” resistance has been identified in Bt-resistant strains 
of P. xylostella, P. interpunctella, H. virescens and P. 
gossypiella (45,47,48). Observations made from the 
resistant strains suggested that “Mode 1” resistance 
results from an alteration of the midgut target sites, 
which leads to reduced binding of Cry1A toxins to the 
brush border membranes in homozygous resistant 
individuals, but has little or no effect on the binding in 
heterozygous individuals (5,45).
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The pathogenesis of Bt toxins in insects involves multiple 
steps and alteration of any of the steps may affect the 
toxicity of Bt toxins in insects and can be potentially 
involved in Bt resistance. Therefore, various mechanisms 
have been suggested in laboratory selected Bt-resistant 
insects (5). Solubilization of Cry protein crystals in the 
midgut is a factor determining the toxicity in insects (1). 
Therefore, reduced solubilization could be a potential 
mechanism for Bt-resistance in insects (38). Midgut 
digestive proteinases are critically involved in both 
activation and inactivation (degradation) of Bt toxins in 
the midgut (7,30,31,32,39). Excessive degradation of Bt 
toxin by the midgut proteinases could contribute to low 
toxicity of Bt toxins in insensitive or Bt-resistant insect 
hosts (7,39). Similarly, insufficient activation of Bt toxins 
by midgut serine proteinases can also be a mechanism 
for Bt resistance (31). The alteration of midgut trypsin 
activities has been observed in Bt-resistant strains of P. 
interpunctella and O. nubilalis (24,25,31).

After activation of the protoxin, the active toxin must 
penetrate through the midgut peritrophic membrane 
(PM) to reach its target site, the midgut epithelium. The 
PM plays a role in the toxicity of Bt toxins in insects and 
can be an important factor for the toxicity of Bt (35). It has 
been shown that disruption of the PM with a PM protein- 
specific metalloprotease could increase the toxicity of 
Bt in insects (12). Recently, trapping of Bt toxin Cry1Ac 
in the PM was discovered in a Cry1Ac-resistant strain 
of Bombyx mori (15). These observations suggest that 
the PM may be involved in Bt resistance. 

Upon contact with the midgut epithelium, the Bt toxin 
binds to the receptors on the midgut brush border. The 
specific binding of Bt toxins to the midgut receptors 
is a critical event for the toxicity of Bt toxins. Studies 
on interactions of Bt toxins with several Lepidoptera 
species demonstrated that reduced binding of Bt toxins 
to the midgut brush border membranes could result in 
reduced toxin activities in insects (23) and is a primary 
mechanism for Bt resistance (6,45,51). Identified midgut 
receptors for Bt toxins include midgut aminopeptidases 
N (APNs), cadherin-like proteins, membrane-bound 
alkaline phosphatase, an uncharacterized 252 kDa 
midgut glycoprotein and glycolipids (8,9,10,13,16,19
,20,21,22,36,53,54). Recently, the functional role of 
APN as the receptor for Cry1Ac was demonstrated by 
transformation of Drosophila, which was not susceptible 
to Cry1Ac, with the gene for an APN from Manduca 
sexta. The resulting transgenic Drosophila with the M. 

sexta APN transgene became susceptible to Cry1Ac, 
indicating the functional role of the APN in Bt toxicity.  In 
addition, the role of APN as the receptor for Bt toxins has 
been functionally demonstrated in Spodoptera litura by 
suppressing the APN gene expression using the RNAi 
technique (34). RNAi suppressed the APN expression 
and the larvae with APN expression suppressed 
showed a lower susceptibility to Cry1C. Moreover, 
Cry1Ac-induced pore formation in the midgut brush 
border membranes in T. ni larvae was found to depend 
on the APN activity on the brush border membranes 
(26). Clearly, alteration of APNs could be a mechanism 
of Bt resistance in insects.

Midgut cadherins are known Bt toxin receptor proteins in 
insects (8,21). Importantly, mutations of the cadherin gene 
in two insect species have been identified to be linked with 
resistance to the Bt toxin Cry1Ac. In a laboratory-selected 
Bt resistant H. virescens strain, the resistance was found to 
be associated with the disruption of the cadherin gene by 
insertion of a retrotransposon (9). More recently, cadherin 
mutations have also been identified in Bt resistant P. 
gossypiella strains (29). In these resistant strains, three 
mutant alleles (deletion mutants) were identified to be 
linked with the resistance to Cry1Ac.

Very recently, the midgut membrane-bound alkaline 
phosphatase from H. virescens has been identified as a 
receptor for Bt toxin Cry1Ac (20). Similar to the midgut 
APNs, the alkaline phosphatase is also GPI-anchored 
to the midgut brush border membranes and the terminal 
GalNAc on the alkaline phosphatase is the binding site 
for the toxin. More importantly, the decreased level of the 
alkaline phosphatase in the midgut directly correlated 
with resistance in H. virescens to Bt.

The interaction of midgut receptors with Bt toxins is 
complex and further investigations are desirable. In 
addition to the midgut APNs, the cadherin and alkaline 
phosphatase, other midgut proteins have been identified 
to bind to Bt toxins in vitro. In M. sexta midgut brush 
border, the actin was found to bind to the toxin Cry1Ac, 
although its role in the Bt toxicity is currently not clear 
(28). In B. mori midgut, a 252 kD protein was recently 
identified as a novel Bt toxin binding protein (16). A 
comparative proteomic study of the midgut proteins 
from Bt-resistant and susceptible P. interpunctella 
showed that the proteomic changes in the resistant 
strain could be very complex (4). It was suggested that 
the proteomic alterations in the resistant larvae might 
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result in increased utilization of glutathione, elevated 
metabolism of oxidants and differential maintenance 
of energy balance within the midgut cells in the Bt-
resistant larvae (4). In addition, other mechanisms 
involved in Bt-resistance have been reported to include 
aggregation of Bt toxin proteins by over-production of 
midgut esterase (14), and elevated immune response 
of resistant insects (27,33). Clearly, mechanisms for 
Bt-resistance in insects are multifaceted. These results 
indicate that insect resistance to Bt can be multifaceted 
and mechanisms for Bt resistance may be diverse. 

Resistance to Bt plants

While a considerable amount is known about resistance 
mechanisms to Bt, there is far less empirical evidence 
about the ability of insects to develop resistance to Bt 
plants.  Much of this is due to the lack of ability of all but 
two insects (P. xylostella and T. ni) to survive well on 
high expressing Bt plants.  Prior to the introduction of 
commercial Bt plants, several strategies were proposed 
for the construction and deployment of Bt plants to 
reduce the likelihood of resistance development.  
These included regulating the expression level of the 
Bt protein, using one or more Bt genes in the same 
plant, having the plant express the Bt protein only at 
specific times or in specific tissues, and using non-Bt 
plants as a refuge for susceptible alleles in the insect 
population.  Because of the lack of field-developed 
resistance to the commercially available Bt plants (corn 
and cotton), however, it has been difficult to test some 
of the theoretical models used to evaluate these various 
management options.  

Our laboratory has tested some of the theoretical models 
using a unique system of P. xylostella populations with 
resistance to specific Bt proteins and broccoli plants 
expressing those same proteins.  Studies to data 
have indicated the value of refuges (41,51) used in 
conjunction with high expression of the toxin within the 
plant, i.e. the “high dose/refuge” strategy”.  Additional 
studies with this system indicate that plants containing 
two dissimilar Bt toxin genes (‘pyramided’) have the 
potential to significantly delay the evolution of insect 
resistance compared with single-gene Bt crops (55).    
This is particularly relevant since pyramided cotton 
plants (“Bollgard II”) with two genes derived from Bt 
(Cry1Ac and Cry2Ab2) were approved for commercial 
use in Australia and the U.S. in 2002, and several 
companies are developing new cotton and corn varieties 
with pyramided Bt genes. 

The absence of field resistance could be due to one 
or more of the following factors: large fitness costs or 
other disadvantages suffered by resistant individuals; 
an initial low frequency of resistant alleles; dilution of 
resistant alleles with susceptible individuals from non-Bt 
plants or “refuges”, and; a high-dose of toxin delivered 
by plants (3). An analysis to date of the available data 
suggest that the lack of resistance is likely due to an 
initial low frequency of resistance alleles and that 
resistance behaves as completely to partially recessive 
(5).  In a recent analysis of the situation of pink bollworm, 
Pectinophora gossypiella, over an 8-year period on Bt 
cotton in Arizona, the authors suggest their experimental 
and modeling data indicate that a delay in the evolution 
of resistance could be explained by the use of refuges 
and the recessive inheritance of resistance.  However, 
to these factors they also add that fitness costs were 
associated with resistance and that resistance was 
incomplete resistance (49).  

Conclusions

So the question about whether we were lucky or smart 
remains. It is clear that some species of insects can 
develop resistance to some Bt proteins when subjected 
to high selection pressure.  Foliar sprays of Bt generally 
have not been used widely or intensively enough to 
generate such resistance in the field, except in the case 
of P. xylostella and, to a far lesser extent, T. ni.  The wide 
use of Bt plants may generate such selection pressure 
for resistance, but this has not yet occurred…so we 
have been lucky.  On the other hand, we have likely 
been smart because when Bt plants were created and 
deployed they were done so using a high dose/refuge 
strategy for the main target pests and now there is a shift 
to pyramided Bt plants which have a demonstrated effect 
in delaying resistance even more.  We must continue to 
be smart by developing other strategies, such as the 
use of tissue-specific or temporal promoters, that will 
further delay resistance evolution (3).  
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