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Abstract—Mixtures of insecticides have been proposed as one tool for the management of insecticide
resistance. The concept of mixtures reties on the hypothesis that organisms may be able to overcome a
single toxicant but are unlikely to be able to overcome several independently acting toxicants. Mixtures
have been successfully used to manage antibiotic resistance in medicine, and have been proposed to manage
insecticide resistance in arthropods. Insecticide mixtures have been tested in theoretical models as well as in
laboratory selection experiments, and the results are promising.

The bacterial toxins of Bacillus thuringiensis israelensis (Bti) are toxic to mosquitoes and blackflies. Bti
expresses four different toxin proteins: 1) CryIVA (125 kDa), 2) CrylVB (135 kDa), 3) CrylVD (65 kDa)
and 4) CytA (28 kDa). Because resistance has been slow to develop to Bti, both in the field and in
laboratory selection experiments, it has been hypothesized that the four toxins may act as a natural mixture,
delaying the development of resistance. We undertook a series of experiments, designed to test whether
resistance would develop more easily in response to selection pressure with a single Bti toxin, compared to
selection with mixtures of two, three and four toxins. These experiments demonstrated that resistance
developed more rapidly, and to a higher level, when mosquitoes were selected with a single Bti toxin.
Further, we observed that no resistance developed in response to selection with four toxins, whereas
resistance developed in lines selected with one, two and three toxins. The loss of a single toxin, the CytA
toxin, from the original four toxins in Bti, resulted in significant levels of resistance in mosquitoes under
selection pressure. The role of the CytA toxin was further investigated through bioassay tests, singly, and in
combination with the other CrylV toxins. The results indicate that the CytA toxin, which differs
significantly from the CrylV toxins in its gene sequence and mode of action, may play an important role in
delaying resistance to Bti.

INTRODUCTION

Insecticide mixtures have been discussed as one possible strategy for the management of insecticide
resistance (Curtis, 1985; Georghiou, 1983, 1994; Tabashnik, 1989; McGaughey and Whalon, 1992).
In order for this approach to be effective the mechanisms of resistance to each component in the
mixture must be different. The mixture must be used when the frequency of each resistance
mechanism is sufficiently low that both mechanisms do not occur in the same individual. Under
these conditions, an insect which survives one insecticide will be killed by the other insecticide.

Computer simulations have been used to evaluate some of the factors influencing the success of
insecticide mixtures (Curtis et a/., 1978; Taylor and Georghiou, 1979; Curtis, 1985; Mani, 1985).
These models demonstrated that if resistance is a fully recessive trait, mixtures can delay resistance
considerably. Only the rare, double homozygotes can survive. But any deviation from recessive
inheritance would adversely affect a mixture strategy. For example, when inheritance is
intermediate in dominance, resistance develops rapidly under selection with a mixture due to the
development of linkage disequilibrium between the resistance mechanisms. But intermediate
expression of dominance can be rendered functionally recessive by the choice of an appropriate
dose of insecticide which kills heterozygotes as well as susceptibles (Curtis et al., 1978; Curtis, 1981;
Taylor and Georghiou, 1979).

Additional factors are critical to the success of insecticide mixtures. The rate of decay of each of
the chemicals in a mixture must be equal in order to avoid exposure to one chemical in the absence
of the other (Curtis, 1985). The mixture strategy also depends on moderate numbers of insects
escaping exposure (Curtis, 1985). Curtis e al. (1993) have shown that insecticide mixtures have a
decided advantage in the case of malaria vectors which are exposed to impregnated bednets. Under
these conditions, treatment affects only half of the population, the host seeking females. Synergistic
interactions between the components of a mixture would increase the toxicity of each component
and enhance the utility of a mixture (Georghiou, 1983), but such fortuitous interactions between
chemicals are rare.
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Unfortunately, practical and economic considerations limit the situations in which a mixture
strategy may be appropriate. Many populations of pest insects already possess genes for resistance
to a variety of insecticides (Georghiou and Lagunes-Tejeda, 1991), reducing the available options
for mixtures. The cost-effectiveness of mixtures is a further difficulty since a mixture can require
twice the amount of insecticide per treatment compared to conventional treatments. However
nature may have fortuitously provided us with a natural mixture in the insecticidal crystal proteins
produced during sporulation by the bacterium Bacillus thuringiensis (Bt). Different strains of Bt
have been shown to be insecticidal to different insect groups. For example, Bt kurstaki, Bt aizawai,
and Bt entomocidus are insecticidal to Lepidoptera, Bt tenebrionis is insecticidal to Coleoptera, and
Bt israelensis is insecticidal to Diptera (Hofte and Whitely, 1989). Each isolate produces a variety of
different insecticidal proteins (Hofte and Whitely, 1989).

Bt israelensis (Bti) expresses a mixture of four major proteins in a parasporal body during
sporulation. These proteins have approximate molecular weights of 125, 135, 72 and 27 kDa and
have been classified as CrylVA, CrylVB, CrylVD and CytA (Hofte and Whitely, 1989). Three of
the proteins are classified as Cry-type proteins on the basis of their nucleotide sequence and their
similarity to other Cry-type proteins produced by Br isolates. CryIVA and CrylVB share
considerable sequence homology, but CryIVD has only limited sequence homology with these two
proteins (Ho6fte and Whitely, 1989). The Cry proteins are believed to bind to specific receptors on
the brushborder membrane of epithelial cells in a sensitive insect’s midgut. After binding, the toxins
insert into the cell membrane, disrupting osmotic balance (Knowles and Ellar, 1988). The CytA
protein has no sequence homology with the CrylV proteins, as well as a more general mode of
action. The CytA protein is more broadly cytolytic to a variety of invertebrate and vertebrate cells
(Hofte and Whitely, 1989). Thus it appears that Bt is composed of a heterogeneous mixture of
insecticidal proteins.

A project was undertaken to determine whether the development of resistance to Bti in the
mosquito Culex quinquefasciatus was affected by the number of Bt/ toxins present in the selection
mixture. The possible role of the CytA protein in suppressing resistance was also investigated.
Based on this information, rational resistance management strategies for Bti-based insecticides may
be developed.

MATERIALS AND METHODS
Bti toxins used

Toxin powders from batch cultures were used for both bioassay and selection. Each powder
consisted of a sporulated, lyophilized powder. CytA (Wu er al., 1994) and CrylVD (Chang et al,,
1992) were provided by B. A. Federici and S. S. Gill, respectively, University of California, Riverside.
The following three toxin combinations were provided by A. Delécluse from strains maintained
at the Pasteur Institute, Paris: CryIVA+CryIVB (Delécluse et al., 1993), CryIVA+CrylVB+CryIVD
(Delécluse et al., 1991) and CryIVA+CrylVB+CrylVD+CytA, known as the [PS80 formulation.

Strains used

A “synthetic” population (BT-SYN) of C. quinquefasciatus was produced by combining larvae
from 19 different collections of Culex pipiens quinquefasciatus using approximately 500 first instar
larvae from each collection. A population of several thousand adults was established from these
larvae and maintained at this level for seven months before the selection experiments were initiated.
The following selection series were conducted:

Selection series Selecting toxins Generations selected
I CrylVD 28
11 CrylVA+CryIVB 24
111 CryIVA+CryIVB+CrylVD 28
Iv CrylVA+CrylIVB+CryIVD+CytA 28
\ Unselected Control (BT-SYN 0
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Stock suspensions of the toxins were prepared with distilled water in 125 ml flasks in which 25
glass beads were placed to facilitate homogenization. Suspensions containing both CytA and one
or more CrylV toxin were prepared by combining powders in a 1:3 ratio of CytA to CrylIV on the
basis of weight. Suspensions were agitated for 5 min. by shaking and vortexing. Ten fold dilutions
were made from stock suspensions and these, as well as the remainder of the stocks, were kept
frozen at —20°C when not in use.

Bioassay Method

Bioassays were conducted in 8 oz. plastic cups in 100 ml of distilled water using 20 early-fourth
instar larvae per cup. A minimum of 5 concentrations giving mortality within the range of 2% and
98% were used. Tests were replicated on 5 different days. Adjustments to control and test cups were
made with distilled water. Mortality was determined after 24 hours. Data were subjected to probit
analysis (Finney, 1971) using the program of Raymond (1985).

Bioassays on each-selected line were performed on every third generation concurrently with
bioassays on the unselected (BT-SYN) colony, using the same stock solutions in order to provide
more accurate comparisons of changes in susceptibility (Generations 1 - 28). Tests with the CytA
protein were conducted at a later stage. Therefore the relative resistance ratios reported for some of
the selected lines differ from those reported for generation 28.

Selection Method

Selections were done in enameled pans with 1000 early-fourth instar larvae in 1000 ml distilled
water. A minimum of 5000 larvae were selected for each strain in each generation. The desired
concentration of Bt/ toxin was added and the surviving larvae were recovered after 24 hours.
Generations were maintained separately.

RESULTS

After 28 generations of selection pressure, high levels of resistance were observed in the one toxin
(CrylVD), two toxin (CryIVA+CryIVB) and three toxin (CrylVA+CrylVB+CrylVD) selected
lines, but not in the four toxin (CryIVA+CryIVB+CryIVD+CytA) selected line (Figure 1). The
resistance ratio was highest in the CryIVD-selected line, greater than 913-fold at the LC95. Lower
resistance was detected in the two-toxin and three-toxin selected lines, 122-fold and 91-fold at the
LC95, respectively. Resistance was only 3-fold in the four-toxin selected line.

When each of the selected lines was bioassayed with a 1:3 ratio of CytA and the CrylV toxin(s)
used for selection, resistance was suppressed to less than 5-fold in all cases (Figure 2).

DISCUSSION

The level of resistance achieved in the different selected lines was inversely related to the number of
toxins in the selection mixture. Resistance was highest in the single-toxin selected line and
progressively lower as additional toxins were present in the selection mixture. These results suggest
that a combination of differing Bti toxins is preferable to selection with a single toxin. However,
because significant levels of resistance were observed in the one, two and three toxin-selected lines,
these mixtures of CrylV toxins were ineffective in preventing resistance. In contrast, no significant
resistance was observed in the four-toxin selected line. Because the three and four-toxin selected
lines differed in the presence of the CytA protein, this observation further suggests that CytA may
have played a role in the lack of resistance in this line. However it is not possible to know from
these data whether the absence of any one of the other four toxins would have produced a similar
result.

When the CytA protein was artificially recombined with the CryIV proteins, resistance to CrylV
toxins was suppressed.These results provide direct evidence that the CytA protein has a significant
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Figure 1. Relative resistance ratios (at the LC 95) of the one, two, three and four Bt toxin selected lines of
Culex quinquefasciatus, after 28 generations of selection pressure.
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Figure 2. Relative resistance ratios (at the LC 95) in the one, two and three Bti toxin selected lines of Culex
quinquefasciatus in the presence or absence of the CytA toxin.
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effect on resistance to CrylV toxins and further indirect evidence that it may be responsible for the
lack of resistance in the four toxin selected line.

This research did not directly addressed the question of whether the combination of CytA with
one or more CryIV toxins would be effective in either preventing or delaying resistance. Additional
experimentation is underway to test this hypothesis. But the results from other attempts to select for
resistance with Bt/ are consistent with our observation that resistance is slow to develop to the
CrylV + CytA toxin mixture that naturally occurs in Bti. For example, laboratory selection with
Bti resulted in only low levels of resistance in Culex quinquefasciatus (Georghiou, 1983), and no
resistance in Aedes aegypti (Goldman et al., 1986). Field control of Aedes vexans with Bti for more
than 10 years (Becker and Ludwig, 1993) has failed to change the population’s sensitivity to Bi.

The results of selection with Bii are in contrast to those with other isolates of Br. Field resistance
to Bt kurstaki has been reported in Plutella xylostella from the Philippines, Hawaii, Japan, Florida
and Malaysia (Tabashnik ez al., 1991; Hama et al. 1992; Shelton et al., 1993). Laboratory selection
of Plodia interpunctella collected from the field, indicates that this species can also develop
resistance to Btk (Kinsinger and McGaughey, 1979). Although Bt kurstaki contains a mixture of
several different Cryl and Cryll toxins (Tabashnik, 1994), the detection of field and laboratory
resistance demonstrates that this mixture of Cry toxins was not effective in avoiding resistance. In
contrast, mixtures of unrelated Bt toxins, that differ in nucleotide sequence and mode of action,
such as the CryIV and CytA proteins in Bti, may provide a means of managing resistance to this
important insecticide.
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