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Avoiding Insect Resistance to Cry Toxins from Bacillus thuringiensis
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Transgenic plants as an alternative to insect control 
As the world faces a skyrocketing food shortage crisis, the agricultural community is challenged with the task of 

increasing food production to meet this demand. Because 35% of crops are lost from pest damage due to insects, fungus, 
bacteria, and viruses, an efýcient pest control program is an important component of any effort to increase crop yields.

Some of the chemical insecticides currently used to control insect pests are extremely toxic to non-target organisms 
and often deleterious to human and animal health. They pollute soils and water, since most are recalcitrant to breakdown. 
In addition, due to the high use of these compounds, many insects have developed resistance to different pesticides.

One alternative to chemical insecticides is the use of the Bt plants that express insecticidal proteins. In 2006, 
more than 32 million hectares were cultivated with Bt crops worldwide1. The insecticidal proteins in these transgenic 
crops originate from the cry genes of Bacillus thuringiensis (Bt) bacteria. Cry proteins have been classiýed into 54 
groups according to their amino acid sequence. They are highly speciýc; all show activity against a limited number of 
susceptible insects. Cry proteins are active against some lepidopteran, coleopteran, or dipteran insects, and a few are 
toxic to nematodes. Bt corn and Bt cotton produce the Cry1Ab and Cry1Ac proteins, respectively, active against the main 
lepidopteran insect pests in these crops.

Resistance to Cry toxins
The most important problem that threatens the effectiveness of Bt plants is the evolution of resistance to Bt toxins 

in susceptible insects. The high level and constitutive expression of Cry proteins in these plants presents a selection 
pressure on insect populations with increasing resistance to the toxins. Although ýeld-evolved resistance to Bt crops has 
not been documented yet, laboratory strains of many pests have been selected for resistance to Bt toxins, and two different 
lepidopteran insects (Plutella xylostella and Trichoplusia ni, Fig. 1) have evolved resistance to Cry1Ac in Bt sprays in the 
ýeld and in greenhouses, respectively2,3. 

In many countries the refuge strategy has been used to avoid development of Bt-resistant populations. This strategy 
proposes to use refuge zones, where non-Bt crops are cultivated adjacent to Bt plants. This procedure aims to maintain a 
population of susceptible insects to mate with resistant insects, resulting in progeny that are susceptible to the toxin, and 
thus delaying the appearance of resistance in the ýeld4. This practice is in part responsible for forestalling Bt resistance in 
insects, even after eleven years of extensive use of Bt crops4,5. 

However, insects with mutations linked to the resistance trait have been found in Bt ýelds. Since resistance is 
recessive, these insects are not resistant, but mating between heterozygous insects could result in the generation of 
homozygous resistant offspring. Therefore, the appearance of resistant insects seems to be imminent4. Laboratory 
studies on Bt resistance in selected insect lines have indicated that the most common mechanism involves mutations in 
the cadherin receptor of Bt toxins. In three different cotton insect pests, resistant populations resistant to Cry1Ac were 
isolated, and in all these cases the resistance was linked to mutations in the cadherin gene4.
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Mode of action of Cry toxins and mechanism of insect resistance 
An understanding of the mode of action of Cry toxins is crucial to devising strategies to prevent insect resistance. 

Our research group studied Cry toxins at the molecular level, particularly how Cry1Ab and Cry1Ac kill their targets. Cry 
toxins form pores in the apical membrane of larvae midgut cells, destroying the cells and hence killing the larvae. 

Cry toxins are synthesized as protoxins. When susceptible larvae ingest the protoxin, it is solubilized and activated 
by gut proteases, generating a toxic fragment. The activated toxin then binds to two different receptors in a sequential 
manner. Both receptors are localized in the microvilli membrane of cells that form the midgut epithelium. The ýrst contact 
of the toxin is with the cadherin receptor. This interaction induces a conformational change in the toxin, cleaving a small 
fragment from the amino-terminal regionðthe helix Ŭ-1. This cleavage exposes previously buried hydrophobic regions 
and triggers the formation of a tetrameric oligomer structure4,6. The oligomer then has an increased afýnity to the second 
receptor, aminopeptidaese N (APN). APN facilitates the insertion of the oligomer into the membrane, forming a lytic pore 
that leads to cell disruption and ultimately insect death6. The ýrst symptoms of intoxication are the immediate paralysis of 
intestinal movement and feeding cessation. Then the midgut cells are disrupted and the insect dies from destruction of the 
midgut tissue4,6. 

Resistance to Cry toxins could occur by blocking any one of the steps in this complex mechanism of action. 
However, as mentioned above, the most common mechanism of resistance reported until now involves mutations in the 
cadherin gene.

Genetically engineered Cry toxins with activity against resistant insects
In our model, the interaction of a Cry protein with the cadherin receptor facilitates cleavage of the helix Ŭ-1 region 

and the formation of an oligomeric structure composed of four subunits. Based in our data, we hypothesized that Cry1A 
toxins that lack a helix Ŭ-1 region would form the oligomeric structures without ýrst interacting with the cadherin 
receptor. Therefore the oligomer could contact the second APN receptor and kill the larvae, even if the cadherin protein 
is mutated or absent in the larvae gut. We proposed that genetically engineered Cry1A toxins lacking the helix Ŭ-1 region 
could be lethal to Cry1A-resistant insects whose resistance is linked to either mutations in or to dsRNA-induced silencing 
of the cadherin gene. 

Our data showed that genetically engineered Cry1Ab and Cry1Ac toxins (Cry1AbMod and Cry1AcMod) were able 
to form oligomeric structures in vitro in the absence of the cadherin receptor7. Most importantly, we demonstrated that two 
species of lepidopteran insects (Manduca sexta and Pectinophora gossypiella) that are resistant to Cry1Ab and Cry1Ac 
toxins due to lower production of cadherin protein by RNAi or to mutations in the cadherin gene, respectively, became 
susceptible to Cry1AbMod and Cry1AcMod toxins7. 

Figure 2 depicts a model of the mode of action of the Cry1A toxin and a comparison with the Cry1AMod toxin. 
The main difference is the formation of the oligomeric structure that in one case requires the interaction with the cadherin 
receptor and in the other is independent of this receptor.
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Figure 2.  Mode of action of Cry1A toxin compared to Cry1AMod toxin

One important consequence of this work is that we now have Cry1A toxins (the Cry1AMod toxins) that are able to 
kill insects resistant to the Cry1Ab and Cry1Ac toxins that are currently produced in transgenic Bt corn and Bt cotton. In 
order to use the Cry1AMod toxins in the ýeld in either transgenic crops or sprays, it is necessary to demonstrate that these 
proteins are non-toxic to other organisms. However, since Cry1AMod toxins are essentially equivalent to Cry1A toxins, 
and since they still require contact with the second APN receptor to be lethal, most probably these proteins would not be 
toxic to other insects unless they also harbor the APN receptor. 

We have already demonstrated that Cry1AMod toxins are selective, since they are not toxic to other lepidopteran 
insects such as Spodoptera frugiperda (another corn pest that is not susceptible to Cry1A toxins), and to other insect 
orders such as dipterans, since Cry1AMod toxins are not toxic against mosquito (unpublished data). We still need to 
demonstrate that these genetically engineered toxins are stably and efýciently produced when expressed in transgenic 
plants. If so, CryMod toxins are likely to assure the long-term use of insect resistant transgenic crops. Bt crops are 
considered a friendly environmental technology that may be used for a longer time than expected, since we now have 
genetically engineered toxins that could control resistant insects in the ýeld7.
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