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The long-term benefit of insecticidal products based on Cry toxins, either in sprays or as transgenic crops,
is threatened by the development of resistance by target pests. The models used to predict evolution of
resistance to Cry toxins most often are monogenic models in which two alleles are used. Moreover, the
high-dose/refuge strategy recommended for implementation with transgenic crops relies on the assumption
that the resistance allele is recessive. Using selection experiments, we demonstrated the occurrence in a
laboratory colony of diamondback moth of two different genes (either allelic or nonallelic) that confer
resistance to Cry1Ab. At the concentration tested, resistance was dominant in one selection line and partially
recessive in the other. Resistant insects from the two selection lines also differed in their cross-resistance
patterns. The diamondback moth colony was derived from a field population from the Philippines, which
originally showed a different resistance phenotype. This is the first time that an insect population has been
directly shown to carry more than one gene conferring resistance to the same Cry toxin.

Resistance to insecticides is a key issue in agriculture and in
public health (with respect to control of insect-transmitted
diseases) because of the capacity of insects to develop resis-
tance to any pesticide to which they are exposed. More than
500 species of insects and mites have been reported to have
developed resistance to one or more pesticides (12), and cases
of resistance to pesticides, including biological insecticides
such as those based on the bacterium Bacillus thuringiensis,
continue to appear (11, 29).

At the onset of the sporulation phase, B. thuringiensis pro-
duces proteinaceous crystalline parasporal bodies (1). Some
proteins in the crystals are active against insects, and for this
reason they are generically called insecticidal crystal proteins,
�-endotoxins, Cry proteins, or Cry toxins. There are many
formulations based on a mixture of spores and crystals from
different B. thuringiensis strains. These formulations have been
used for many years as alternatives to chemical insecticides
when resistance to other insecticides is severe, when natural
enemies need to be preserved, when application just before
harvest is necessary, or when organic farming methods are
used. Since 1987 some B. thuringiensis genes coding for Cry
proteins have been transferred to the genomes of plants, which
have become resistant to insects (for reviews see references 16
and 19). Despite the high number of plant species transformed
to date with B. thuringiensis genes, only two transformed crops
(corn and cotton) are planted widely in the United States and,
on a smaller scale, in other parts of the world. In 2000, a total
of 11.5 million hectares was dedicated to these crops (including
plants with both B. thuringiensis and herbicide tolerance); this
represents 26% of total transgenic area (15).

Sooner or later, extensive use of B. thuringiensis-based in-
secticide sprays and particularly the high selection pressure

exerted by B. thuringiensis cultivars will lead to insect popula-
tions that develop resistance to Cry toxins. In fact, there are a
number of insect species that have already developed resis-
tance to single Cry toxins or mixtures of toxins in laboratory
selection experiments (11, 29). So far, the diamondback moth,
Plutella xylostella, is the only pest that has developed resistance
to B. thuringiensis in the field. Genetic and biochemical studies
with resistant insects belonging to different species have al-
lowed workers to draw the following general conclusions con-
cerning B. thuringiensis resistance: (i) in all cases this resistance
is autosomally inherited; (ii) in most cases resistance is due to
a recessive allele; and (iii) high levels of resistance and cross-
resistance are generally related to a lack of toxin binding to
midgut receptors. Resistance due to dominant (14, 22, 28)
alleles and high levels of resistance not explained by receptor
binding alteration (31) have been reported in a few cases.

A strategy that has been widely recommended to delay re-
sistance to B. thuringiensis in insect populations in the field is to
combine the high-dose strategy (expression by plants of a level
of toxin sufficient to kill all heterozygous insects) with the use
of refuges (plots containing non-B. thuringiensis-treated plants)
(21; http://www.epa.gov/pesticides/biopesticides). However, for
this strategy to be effective, resistance has to be recessive,
random mating must occur between susceptible and resistant
individuals, and the frequency of resistance alleles must be low
(23). Models used to predict evolution of resistance to a given
Cry toxin most often assume that resistance is due to one gene
with two alleles, one susceptible allele and one resistant allele.
A few studies have suggested that more than one gene confer-
ring resistance to a given Cry toxin is present in the same
population (13, 24, 27, 28), but direct evidence of this is not yet
available.

In this study we used the PHI colony, which was derived
from insects that were collected in the Philippines from B.
thuringiensis-treated fields and originally showed high levels of
resistance to Cry1Ab (3, 4). After selection in the laboratory,
this colony was shown to have independent genetic control of

* Corresponding author. Mailing address: Departament de Ge-
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Cry1Aa and Cry1Ab resistance (28). By selecting two sample
lines of the PHI colony with different selective agents and with
different larval instars, we obtained evidence that there are two
different genes (either allelic or nonallelic) that confer resis-
tance to Cry1Ab (we use the term gene in this paper to indicate
genetic variants, regardless of whether they occur at the same
locus or at different loci). Resistant insects obtained from the
two selection lines differed in their patterns of cross-resistance
and in their inheritance of resistance. Along with the findings
of previous studies showing that the PHI colony contains other
genes for resistance to Cry1A toxins, our findings indicate the
high degree of variability in B. thuringiensis resistance genes
that can be present in field populations.

MATERIALS AND METHODS

Insects. The PHI colony was derived from 130 pupae collected in the Philip-
pines in 1993 (4). During the 7 years that this colony has been maintained in the
laboratory, insects were subjected to selection with Cry1Ab and then with MYX
03604, a product containing chimeric Cry1Ab-Cry1Ac protoxin (domain I and
almost all domain II from Cry1Ac plus a small part of domain II, domain III, and
the C-terminal half of the protein from Cry1Ab) expressed in recombinant
Pseudomonas fluorescens (Mycogen Corporation, San Diego, Calif.) (3). After
selection was discontinued, the resistance values reverted to values close to those
of the control strain. The LAB-V strain, which originated from The Netherlands,
was used as the susceptible control and had never been exposed to B. thurin-
giensis (10). All insects were reared on fresh cabbage leaves at 25°C with 60%
relative humidity and a photoperiod consisting of 16 h of light and 8 h of
darkness.

Cry toxins. Cry1Aa, Cry1Ab, Cry1Ac, Cry1F, and Cry1J were obtained from
recombinant B. thuringiensis strains EG1273, EG7077, EG11070, EG11069, and
EG7279, respectively (Ecogen Inc.). Bacteria were grown for 48 h in CCY
medium (25) supplemented with the appropriate antibiotic. Spores and crystals
were collected by centrifugation at 9,700 � g for 10 min at 4°C. Each pellet was
washed four times with a 1 M NaCl–10 mM EDTA solution, and then it was
thoroughly suspended in 10 mM KCl. Purification and activation of toxins were
carried out by alkaline solubilization and trypsin activation as previously de-
scribed (24).

Toxins used for labeling and binding experiments were chromatographically
purified by using a MonoQ HR 5/5 anion-exchange column (fast protein liquid
chromatography system; Pharmacia, Uppsala, Sweden) (24).

Protein concentrations in solutions of activated toxins were determined by the
method of Bradford (8). The concentrations of spore-crystal suspensions were
expressed in units of optical density at 600 nm (OD600 units).

Bioassays. Mortality was scored after 48 h. Groups of 10 third-instar larvae
were placed on cabbage leaf discs that previously had been dipped in a test
solution containing the surfactant 0.2% Triton AG-98. Dilutions of toxins were
prepared with 50 mM carbonate buffer (pH 10.5). Dilutions of spore-crystal
mixtures were prepared with distilled water. Control leaves were dipped in
distilled water containing 0.2% Triton AG-98. Five dilutions of toxins were used
to estimate the concentrations that killed 50% of the larvae tested (LC50) with
the Polo-PC program (17). The LC50s reported below are means based on two
independent experiments. Single-point mortality tests with Cry1F and Cry1J
were performed with 50 larvae for each concentration of toxin. These tests were
performed twice.

Selection. Selection experiments were performed with two samples of the PHI
colony. For the first sample, approximately 1,000 eggs were transferred to cab-
bage leaves that previously had been dipped in a mixture of spores and crystals
of Cry1Aa (0.074 OD600 unit). Two days after hatching, additional treated leaves
were added, and larvae were allowed to feed for two more days. Then, fresh
untreated leaves were added until pupation. The emerged adults were pooled to
produce progeny for the next generation. The selection process was continued
until generation 13, although selective pressure was applied only in 10 genera-
tions (selective pressure was not applied in generations 8, 9, and 12). The
resulting selection line was called Sel-A.

The other sample was selected with activated Cry1Ab. Close to 300 third-instar
larvae were placed on leaf discs that previously had been dipped in a solution
containing 50 mg of Cry1Ab per liter. After 2 days, the survivors were transferred
to fresh untreated leaves until pupation. The emerged adults were pooled to

produce progeny for the next generation. Selection was applied for three gen-
erations, and the resulting selection line was called Sel-B.

Evaluation of dominance. Bioassays to determine the type of inheritance were
carried out with a solution containing 50 mg of Cry1Ab per liter by crossing
resistant individuals (Sel-A or Sel-B) with susceptible LAB-V individuals. For
single-pair crosses, one virgin male was caged together with one virgin female for
mating and egg production. The sexes of the parents were selected randomly.
Only single pairs that produced enough progeny were used in Cry1Ab bioassays.
Before genetic analysis, Sel-A individuals went through one generation without
selection, and then they were treated with a solution containing 50 mg of Cry1Ab
per liter to eliminate individuals susceptible to this concentration of toxin.

Effective dominance (DML) was calculated from mortality values at a single
concentration (6), as follows: DML � (MLRS � MLSS)/(MLRR � MLSS), where
MLRR, MLRS, and MLSS are the mortality values at a particular toxin concen-
tration for the resistant line, the F1 progeny, and the susceptible strain, respec-
tively. The DML values range from 0 (completely recessive resistance) to 1
(completely dominant resistance).

Binding assays. Binding assays were performed with brush border membrane
vesicles (BBMV) prepared from whole fourth-instar Sel-A, Sel-B, and LAB-V
larvae (9). Total protein concentrations of BBMV preparations were determined
by the method of Bradford (8). Activated Cry1Ab and Cry1Ac toxins were
labeled with 125I by the chloramine-T method (30). Binding experiments were
conducted as described previously (31), except that BBMV were incubated with
labeled toxin for 30 min. At the highest concentration of BBMV used, the levels
of total binding of 125I-labeled Cry1Ab were 9.5% for LAB-V, 1.9% for Sel-A,
and 1.7% for Sel-B, and the levels of total binding of 125I-labeled Cry1Ac were
35% for LAB-V and 2.4% for Sel-B.

RESULTS

Response to selection and cross-resistance. Two samples of
the PHI colony were selected with different B. thuringiensis
products. Selection line Sel-A was derived from a PHI sample
selected with a mixture of spores and crystals containing only
Cry1Aa protoxin. Before selection, the LC50 for the spore-
crystal mixture was 0.074 OD600 unit (95% fiducial limits
[FL95], 0.006 to 0.176 OD600 unit) (Table 1). After 10 gener-
ations of selection, Sel-A did not show any significant response
to the selective agent (LC50, 0.23 OD600 unit; FL95, 0.08 to 0.50
OD600 unit). The other selection line, Sel-B, was derived from
a second PHI sample and was selected with solubilized and
trypsin-activated Cry1Ab toxin. In this case, we observed a

TABLE 1. Toxicities of activated Cry1A toxins and spores
and crystals of Cry1Aa

Insects Toxin LC50 (FL95)a Resistance ratiob

Sel-A Cry1Aa (S�C) 0.23 (0.08–0.50) 6.4
Cry1Aa 4.47 (2.66–6.18) 1.3
Cry1Ab 36.2 (23.14–55.17) 60.3
Cry1Ac 26.1 (14.7–43.45) 118.6

Sel-B Cry1Aa (S�C) 0.15 (0.06–0.38) 4.2
Cry1Aa 2.70 (1.16–4.53) 0.8
Cry1Ab 143 (119–186) 238
Cry1Ac 22.7 (12.0–62.1) 103.2

PHI Cry1Aa (S�C) 0.074 (0.006–0.176) 2.1
Cry1Aa 11.73 (5.54–24.69) 3.5
Cry1Ab 2.08 (1.44–3.20) 3.5
Cry1Ac 0.93 (0.56–1.40) 4.2

LAB-V Cry1Aa (S�C) 0.036 (0.019–0.056)
Cry1Aa 3.32 (1.53–6.98)
Cry1Ab 0.60 (0.40–0.86)
Cry1Ac 0.22 (0.14–0.31)

a Values for spores and crystals (S�C) of Cry1Aa are expressed in OD600
units. Other values are expressed in milligrams per liter.

b Resistance ratio � LC50 of resistant strain/LC50 of LAB-V.
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strong response to the selective agent. The LC50 of Cry1Ab
changed from 2.08 mg/liter (FL95, 1.44 to 3.20 mg/liter) to 143
mg/liter (FL95, 119 to 186 mg/liter) in just three generations of
selection (Table 1).

Despite the differences in the responses to the selective
agents described above, both selection lines showed very sim-
ilar patterns of cross-resistance to the Cry1A toxins (Table 1).
In both cases there was a significant increase in resistance to
Cry1Ab and Cry1Ac and no increase in resistance to Cry1Aa
in either form (solubilized activated toxin or crystallized pro-
toxin with spores). However, it is important to note that the
responses to Cry1Ab were significantly different in the two se-
lection lines.

Bioassays performed with Cry1F and Cry1J also revealed
differences between the two selection lines (Table 2). Sel-B
developed cross-resistance to Cry1F, whereas Sel-A was even
more susceptible than the control LAB-V strain. For Cry1J,
the susceptibilities of LAB-V and Sel-B were essentially the
same, but Sel-A had significantly higher mortality at the two
concentrations tested.

Inheritance of resistance to Cry1Ab. Analysis of the F1 prog-
eny from single-pair crosses between resistant insects and sus-
ceptible strain LAB-V insects clearly showed that there were
differences in the mode of inheritance of Cry1Ab resistance in
the two selection lines at the test concentration used (50 mg/
liter). Bioassays of the progeny from the cross between Sel-A
and LAB-V suggested that resistance to Cry1Ab was due to
an autosomal dominant gene (A) at a single locus (Fig. 1A).
Cry1Ab produced around 50% mortality in six of nine F1

families (families 2, 3, 4, 5, 7, and 8), around 10% mortality in
two families (families 1 and 6), and 23% mortality in one
family (family 9). The sex of the parental insects did not have
any effect on the results. The results obtained for the six fam-
ilies with mortality values around 50% corresponded to the
segregation expected if the Sel-A parents were heterozygous
(AS). The results obtained for the two families with mortality
values around 10% are consistent with crosses with homozy-
gous Sel-A parents (AA). If this occurred, the F1 progeny from
these two families should have been heterozygous (AS) and,
when crossed with LAB-V insects (SS), should produce 50%
resistant offspring and 50% susceptible offspring. To test this
hypothesis, we crossed the family 1 and 6 survivors with
LAB-V insects in single-pair mating experiments. Five crosses

for each family produced enough offspring, and in all cases
mortality was close to 60% (the expected level of mortality,
since the resistant parents had 10% mortality at the test
concentration) when the insects were exposed to Cry1Ab
(Fig. 2). Because mortality in the presence of Cry1Ab was
not determined with the Sel-A parents used in the initial
crosses, we could not tell whether this was a case of partial
dominance or a case of complete dominance. Finally, the
23% mortality for family 9 seemed to have been strongly
affected by environmental conditions, and therefore this
result is not informative.

The pattern of resistance to Cry1Ab in the Sel-B line was
different. Analysis of the F1 progeny from the cross between
Sel-B and LAB-V insects suggested that resistance was due to
an autosomal partially recessive gene (b) at a single locus (Fig.
1B). Cry1Ab produced mortalities ranging from 80 to 97%
(mean, 86%) in 8 of the 10 families tested and of around 45%
(43 and 47%) in the other two families. No effect of the sex of
the parents on the progeny was detected. The results obtained
for the eight families with a mean mortality value of 86%
corresponded to results expected for progeny of homozy-
gous Sel-B parents (bb) crossed with homozygous suscepti-
ble LAB-V insects (ss). Since at the test concentration the
resistant parents had a mortality of 4% and the susceptible

TABLE 2. Toxicities of activated Cry1F and Cry1J toxins

Insects Toxin Concn (mg/liter) % Mortality (FL95)a

Sel-A Cry1F 1 46 (33–60)
10 88 (76–95)

Cry1J 1 73 (59–83)
10 98 (88–100)

Sel-B Cry1F 1 0 (0–9)
10 0 (0–9)

Cry1J 1 2 (0–12)
10 38 (26–52)

LAB-V Cry1F 1 8 (3–20)
10 47 (34–61)

Cry1J 1 8 (3–20)
10 44 (31–58)

a FL95 were estimated by the modified exact Wald method (2).

FIG. 1. Mortalities of F1 progeny from single-pair crosses between
insects from selected lines and LAB-V insects in the presence of 50 mg
of Cry1Ab per liter. (A) Sel-A � LAB-V; (B) Sel-B � LAB-V. Assays
were performed with an average of 38 larvae.

FIG. 2. Mortalities of the offspring from two test crosses of F1
insects (families 1 and 6 in Fig. 1A) with LAB-V insects in the presence
of 50 mg of Cry1Ab per liter.
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parents had a mortality of 100% (Fig. 3), we calculated that the
effective dominance of resistance (DML) was 0.15, which cor-
responded to partially recessive inheritance. The simplest ex-
planation for the two families with mortalities around 45% is
that the LAB-V insects used in these crosses were heterozy-
gous (bs) for the resistance gene. The progeny of a homozy-
gous Sel-B insect with a heterozygous LAB-V insect would be
50% bb and 50% bs, which would give a global mortality of
[(0.5 � 0.04) � (0.5 � 0.86)] � 100% or 45%. To test this
hypothesis, survivors in these two F1 families were allowed to
mate among themselves (within each family), and the F2 prog-
eny were exposed to Cry1Ab and Cry1F. If our hypothesis was
correct, the contributions to the F2 offspring of the different
parental genotypes would be f(bb) � (0.5 � 0.96/0.55) � 0.873
and f(bs) � (0.5 � 0.14/0.55) � 0.127. The allele frequencies in
the parental F1 generation would then be f(b) � 0.873 � (0.5 �
0.127) � 0.9365 and f(s) � 0.5 � 0.127 � 0.0635. Assuming
that random mating occurred, Hardy-Weinberg equilibrium
can be applied, and the expected frequencies of genotypes in
the F2 generation would be f(bb) � 0.877, f(bs) � 0.119, and
f(ss) � 0.004. If the empirical mortality data for these three
genotypes at the Cry1Ab concentration tested (4% for bb, 86%
for bs, and 100% for ss) were used, the overall expected mor-
tality with this toxin would be 14%. The actual mortality ob-
served in the F2 generation was 20% (n � 41 or 49, depending

on the family), which is not significantly different from the
calculated value (P � 0.05). In the case of the Cry1F toxin, the
mortalities for the bb and ss genotypes were 0 and 47%, re-
spectively (Table 2). If it was assumed that the mortality for the
bs genotype at the concentration tested (10 mg/liter) was 47%,
the overall expected mortality would be 5.8%. Our actual re-
sults with Cry1F gave a mortality for the F2 generation of 10%
(n � 50 for each family), which again was close to the calcu-
lated value and consistent with the hypothesis that two indi-
viduals of the LAB-V strain were heterozygous for the resis-
tant gene.

Binding assays. BBMV from LAB-V, used as a control
susceptible strain, exhibited specific binding of 125I-labeled
Cry1Ab and 125I-labeled Cry1Ac (Fig. 4). In contrast, BBMV
from Sel-B exhibited no specific binding at all with either
labeled toxin. BBMV from Sel-A were tested only with 125I-
labeled Cry1Ab and exhibited highly reduced binding.

DISCUSSION

The analysis of susceptibility to Cry1Ab, Cry1F, and Cry1J
and the genetic analysis showed that the types of resistance
obtained in the two selection experiments were substantially
different. Since at the concentration of Cry1Ab used (50 mg/
liter), resistance in the Sel-A line is dominant, we could not
perform complementation tests to determine whether the mu-
tations that confer resistance are alleles of the same locus. At
this concentration the two selection lines clearly differed in
terms of the type of inheritance of Cry1Ab resistance, which is
dominant in Sel-A and partially recessive in Sel-B.

In the selection experiments described here, similar patterns
of resistance to Cry1A toxins were obtained when Cry1Aa
protoxin plus spores and activated Cry1Ab were used as selec-
tive agents. It seems that the initial frequency of genes confer-
ring resistance to Cry1Ab and Cry1Ac in the PHI colony must
have been much higher than the initial frequency of genes
conferring resistance to Cry1Aa, and thus the former were
selected even when Cry1Aa was used as the selective agent.
Previously, Tabashnik et al. (28) showed that in the PHI col-
ony, there is evidence of independent genetic control of resis-
tance to Cry1Aa and Cry1Ab. The fact that Cry1Ab selected
for Cry1Ac resistance indicates that there are mechanisms of
resistance which are shared by these toxins and can be ex-
plained by alteration of a common binding site in the midgut
receptor, as shown by the binding analysis. Why selection with

FIG. 3. Concentration-mortality responses of LAB-V (F) and
Sel-B (f) insects when they were tested with activated Cry1Ab. The
dashed line indicates the expected response of the F1 generation (Sel-
B � LAB-V) based on the mortality observed in the presence of 50
mg/liter (}), assuming that the slope was the same as that of the
regression line for Sel-B.

FIG. 4. Specific binding of 125I-labeled Cry1Ab (A) and 125I-labeled Cry1Ac (B) as a function of BBMV protein concentration in the resistant
lines and the susceptible control strain. Symbols: Œ, Sel-A; f, Sel-B; F, LAB-V.
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Cry1Aa selected for Cry1Ab and Cry1Ac resistance but not for
Cry1Aa resistance is more difficult to explain. Any mechanism
related to crystal solubilization or protoxin processing would
be irrelevant when the insects are tested with activated Cry1A
toxins. Moreover, any mechanism related to the activated toxin
should have selected for Cry1Aa as well. It is possible that
because the selection procedure was performed with neonate
larvae and the bioassays were performed with third-instar lar-
vae, a Cry1Aa-resistant phenotype in neonates was missed. In
addition, because Sel-A went through important bottlenecks
during the selection process (in generation 11 the number of
parents was limited to 10 individuals), genetic drift might have
influenced the final resistance phenotype of Sel-A.

The PHI colony was derived from a field population from
the Philippines. The first time that bioassays were carried out,
insects showed high resistance to Cry1Ab but not to Cry1Aa or
Cry1Ac (4), indicating that there was a gene that conferred
resistance to Cry1Ab but did not provide protection against the
other Cry1A toxins. This was in agreement with the finding
that BBMV from the resistant insects did not bind Cry1Ab,
whereas they bound Cry1Aa and Cry1Ac (5, 28). To maintain
or even increase the level of resistance, this colony was sub-
jected to selection with pure Cry1Ab for several generations,
and the resistance pattern did not change. However, resistance
to Cry1Aa and Cry1Ac started to build up when the colony was
exposed to MYX 03604, a product containing a chimeric
Cry1Ac-Cry1Ab protoxin (3). After selection with this product,
the PHI colony became resistant to Cry1Aa, Cry1Ab, and
Cry1Ac but not to Cry1F (28). In the present study we ob-
tained a new phenotype (Sel-B) with resistance to Cry1Ab,
Cry1Ac, and Cry1F, most likely caused by alteration of the
common Cry1Ab/Cry1Ac/Cry1F receptor (5). Therefore, the
PHI population has been shown to carry genes conferring
resistance to (i) just Cry1Ab (4); (ii) Cry1Aa (28); (iii) Cry1Ab
and Cry1Ac but not Cry1F, with a loss of Cry1Ab binding but
not of Cry1Ac binding (28); and (iv) Cry1Ab, Cry1Ac, and
Cry1F, with a loss of Cry1Ab and Cry1Ac binding (Sel-B in this
study). We cannot completely eliminate the possibility that the
resistance gene in the Sel-A line is the same gene that was
previously reported for the PHI colony (28). In both cases the
insects were resistant to Cry1Ab and Cry1Ac but not to Cry1F.
Although PHI insects were found to be resistant to Cry1Aa as
well, resistance to this toxin was shown to be independent of
resistance to Cry1Ab and Cry1Ac. Finally, the finding that
resistance to Cry1Ab in Sel-A is dominant whereas it was
previously found to be recessive in the PHI colony might have
been due to differences in the concentration or the toxin form
used (7). In summary, the PHI population must have carried at
least one gene for resistance to Cry1Aa, one gene for resis-
tance to Cry1Ab, one gene for resistance to Cry1Ac (not af-
fecting receptor binding), and one gene conferring resistance
to Cry1Ab, Cry1Ac, and Cry1F that altered binding. In the
latter case, if binding of Cry1F was not affected, at least one
additional mutation would be required for resistance to Cry1F.
The PHI population is not unique, because other populations
have been shown to exhibit substantial genetic variation in
resistance to Cry1A toxins (20, 26, 27).

The presence of heterozygous individuals in the LAB-V
strain is not completely surprising, since the presence of resis-
tance genes has been reported in other susceptible control

strains (18, 27). Furthermore, we cannot eliminate the possi-
bility that there was contamination of the susceptible colony by
resistant PHI insects. An alternative explanation for the two
families with 45% mortality in the F1 generation resulting from
the cross between Sel-B and LAB-V is that the selection that
led to the Sel-B line also selected for dominant A genes. These
two families would be the result of the cross of two AS insects
from the Sel-B line with susceptible homozygotes from the
LAB-V line. However, in this case we would expect most mem-
bers of the F2 generation to be susceptible to Cry1F, which
does not agree with the actual results.

Binding of Cry1Ab was strongly reduced in the two selection
lines. Since the Sel-A line is not homozygous for the resistance
gene, it is expected to produce susceptible homozygotes once
selection is discontinued. Because this was the case when the
binding analysis was performed, the residual binding observed
with BBMV from Sel-A insects must have been due to the
contribution of susceptible individuals. Therefore, absence of
Cry1Ab binding seems to have been the cause of resistance to
this toxin in both selection lines. In addition, resistance to
Cry1Ac, at least in Sel-B insects, seemed to be also due to an
absence of binding. Since Sel-B insects are also resistant to
Cry1F, it is likely that the resistance mechanism is an alteration
in the common receptor affecting binding of Cry1Ab, Cry1Ac,
and Cry1F (5).

The two selection procedures applied to insects from the
PHI colony in the present study had important differences.
With regard to the selective agents used, besides the presence
of spores, the differences were restricted not only to the pri-
mary structure of the toxin but also to the level of processing
(protoxin versus activated toxin) and its physical state (crystal
versus solubilized). Moreover, in Sel-A the selective pressure
was exerted on neonate larvae, whereas in Sel-B it was exerted
on third-instar larvae. It is worth bearing in mind that under
field conditions insects can encounter either soluble Cry toxins
in transgenic plants or B. thuringiensis spores and crystalline
inclusions in sprayed plants or both and that different instars
may be exposed to the selective agent. All these variables have
an influence on the final resistance outcome.

Another result of our work is that, based on different cross-
resistance patterns and types of inheritance, we found evidence
of at least two distinct genes conferring resistance to the same
Cry toxin (Cry1Ab) in the same insect population. Although
the presence of more than one gene conferring resistance to
the same Cry toxin has been suggested in other studies, the
evidence reported here is more direct than the evidence pro-
vided previously (13, 24, 27, 28). Our results indicate that
insect populations may carry, more frequently than has been
assumed, more than one gene involved in resistance to a given
Cry toxin or even to a set of toxins if cross-resistance appears.
Our results have important implications for resistance man-
agement strategies, since they show the high variability of B.
thuringiensis resistance genes present in field populations and
since they stress the effect of the selective agent and/or larval
instar on the final resistance outcome. Models to predict the
evolution of resistance in hypothetical scenarios and especially
when management strategies are designed should consider
high genetic variability to be not a rare phenomenon but a very
common phenomenon in field populations.
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genetic and biochemical basis of diamondback moth resistance to Bacillus
thuringiensis. Proc. Natl. Acad. Sci. USA 94:12780–12785.
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