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Transgenic crops producing Bacillus thuringiensis (Bt) toxins kill
some key insect pests and thus can reduce reliance on insecticides.
Widespread planting of such Bt crops increased concerns that their
usefulness would be cut short by rapid evolution of resistance to
Bt toxins by pests. Pink bollworm (Pectinophora gossypiella) is a
major pest that has experienced intense selection for resistance to
Bt cotton in Arizona since 1997. We monitored pink bollworm
resistance to Bt toxin for 8 years with laboratory bioassays of
strains derived annually from 10-17 cotton fields statewide. Bio-
assay results show no net increase from 1997 to 2004 in the mean
frequency of pink bollworm resistance to Bt toxin. A synthesis of
experimental and modeling results suggests that this delay in
resistance can be explained by refuges of cotton without Bt toxin,
recessive inheritance of resistance, incomplete resistance, and
fitness costs associated with resistance.

Bacillus thuringiensis | resistance management | transgenic crops

To reduce reliance on insecticides, cotton and corn have been
genetically engineered to produce proteins from Bacillus
thuringiensis (Bt) that kill some key insect pests. First grown on
a large scale in 1996, transgenic Bt crops covered >20 million
hectares worldwide in 2004 (1). Rapid evolution of resistance by
target pests is considered the primary threat to their continued
success (2-9). In particular, worst-case scenarios yielded predic-
tions that pests would evolve resistance to Bt crops in as little as
3 years (7-9). Although field-evolved resistance to Bt crops has
not yet been documented, resistance to Bt toxins has evolved in
laboratory-selected strains of many insects (2, 5, 6). Further-
more, resistance to Bt sprays has evolved in greenhouse popu-
lations of cabbage looper (Trichoplusia ni) and in field popula-
tions of diamondback moth (Plutella xylostella) (2, 5, 6, 10).
Although several approaches have been proposed for delaying
pest resistance to Bt crops, the refuge strategy has been the
primary tactic used in the field (3, 4, 11-13). In the United States
and elsewhere, farmers must grow refuges of crop plants that do
not make Bt toxins to promote the survival of susceptible insects.
Ideally, most of the rare resistant pests emerging from Bt crops
mate with the relatively abundant susceptible pests emerging
from refuges. In principle, if resistance is recessive, the heterozy-
gous progeny produced by such matings are killed by the Bt crop,
and resistance evolution is greatly delayed. Results from models
and short-term, small-scale experiments suggest that refuges can
delay resistance substantially (3, 14-16), but long-term, large-
scale field tests of the refuge strategy have proved problematic.
Here, we report results of a long-term study of resistance to Bt
cotton in field populations of pink bollworm (Pectinophora
gossypiella) across the state of Arizona. Pink bollworm is a major
lepidopteran pest (17) that has experienced particularly intense
selection for resistance. In Arizona, pink bollworm larvae feed
almost exclusively on cotton. Transgenic cotton producing Bt
toxin CrylAc has accounted for more than half of cotton planted
statewide since 1997 (18). Unselected populations of pink boll-
worm are highly susceptible to CrylAc, and Bt cotton Kkills
nearly100% of pink bollworm larvae that eat it (19).
Laboratory selection of pink bollworm strains derived from
Arizona cotton fields in 1997 quickly increased their resistance
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to CrylAc and survival on Bt cotton (19, 20). This rapid response
to laboratory selection confirmed the unexpectedly high fre-
quency of resistance detected in 1997 from field populations of
pink bollworm (19). Pink bollworm resistance to Bt cotton in at
least four laboratory-selected strains is a recessive trait associ-
ated with mutations in a gene encoding a cadherin protein that
binds CrylAc (21-24).

In light of extensive use of Bt cotton in Arizona and pink
bollworm’s quick response to laboratory selection, rapid field-
evolved resistance might have occurred. However, bioassay data
reported here show no net increase from 1997 to 2004 in pink
bollworm resistance to Bt toxin CrylAc in Arizona. We elucidate
this outcome using a synthesis of experimental and modeling
results. The lack of field-evolved resistance despite extensive use
of Bt cotton and rapid resistance evolution in the laboratory
suggests that the refuge strategy has helped to delay pink
bollworm resistance to Bt cotton.

Materials and Methods

Bioassays. To monitor pink bollworm resistance to CrylAc, we
used previously described field sampling procedures and labo-
ratory bioassays (19). We tested an average of 2,680 larvae per
year from 10-17 cotton fields in Arizona per year. The progeny
of field-collected individuals from each site were reared and
tested separately (i.e., 10—17 strains tested per year). Neonates
were tested individually for 21 days on artificial diet without
toxin (control) or on diet with 10 wg of CrylAc per ml of diet,
which kills susceptible homozygotes and heterozygotes but not
resistant homozygotes (19, 24). Based on recessive inheritance of
resistance, the resistance allele frequency for each site was
estimated as the square root of the frequency of survivors after
adjustment for control mortality. Although resistance allele
frequency calculations were based on Hardy—Weinberg equilib-
rium, the observed pattern in the frequency of resistant survivors
does not depend on this assumption. We used the bootstrap
method with 10,000 repetitions to calculate the 95% confidence
interval for each yearly statewide mean resistance allele fre-
quency. Whereas Bayesian inference is preferred for estimating
credibility intervals for a single population (25), the confidence
intervals reported here reflect the variation in estimated resis-
tance allele frequency among the 10-17 populations sampled
each year. Bioassay data from 1997 to 2001 were reported
previously (6, 19).

Population Genetic Model. We analyzed a single-locus population
genetic model (26, 27) with R and § alleles conferring resistance
and susceptibility, respectively. This is a simplified, but reason-
able representation of pink bollworm resistance to Bt toxin
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CrylAc, which is tightly linked to a single cadherin locus at which
three mutant alleles associated with resistance have been iden-
tified (20-23). Larvae with any combination of two resistance
alleles are resistant to CrylAc, whereas those with one or none
are susceptible. We assumed that mating occurred randomly
among adults of all genotypes and eggs were distributed ran-
domly between refuges and Bt cotton (28) according to the
proportion of the habitat they each occupied.

We used the model to determine combinations of values for
key parameters that cause increases, decreases, or stability in
resistance allele frequency. The three key parameters are refuge
percentage, fitness costs, and incomplete resistance. Refuge
percentage is the percentage of cotton acreage planted with
non-Bt cotton. Fitness costs occur when the fitness in refuges is
lower for insects with resistance alleles than insects without
resistance alleles. Fitness costs select against resistance in ref-
uges. Based on experimental data from pink bollworm (29-31),
we assumed that fitness costs are recessive. Incomplete resis-
tance occurs when resistant insects suffer a disadvantage on Bt
crop plants relative to non-Bt crop plants, reducing selection for
resistance on Bt crop plants (6).

The direction of evolution is determined by the net effect of
selection for resistance in Bt crop fields and selection against
resistance in refuges. The change in the frequency of the R allele
is given by

Ap = pqlp(Wgr — Wgs) + q(Wrs — W)/ W, [1]

where, respectively, p and g are the frequencies of the R and §
alleles; and Wgg, Wgs, Wss, and Wy are the fitnesses of RR, RS,
SS, and the mean of all three genotypes. Thus, resistance allele
frequency is stable when

PWrg — Wgs) + q(Wrs — Wss) = 0. [2]

Because pink bollworm resistance to Bt cotton and fitness costs
of resistance are recessive, Wgrs = Wss and Eq. 2 simplifies to

p(Wrr — Wss) = 0. [3]

The fitnesses of resistant and susceptible homozygotes are
Wgr = ref(Wrgret) + Bt(Wgr/Bt) [4]
Ws = ref(Wss/ret) + Bt(Wss/pi)s [5]

where, respectively, ref and Bt (= 1 — ref) are the proportions of
the cotton acreage planted to refuges and Bt cotton; Wgg/rer and
Whrrys: are the fitnesses of RR in refuges and in Bt cotton fields;
and Wggjrer and Wig g, are the fitnesses of §§ in refuges and in Bt
cotton fields. Note that Wggp: = 0 and p > 0. Thus, substitution
for Wrr and Wss in Eq. 3 and rearrangement indicates that
resistance is unchanged when

Bt(Wgrgr/s) — ref(Wsseet = Wrryret) = 0. [6]

Therefore, resistance is stable when the net effect of selection for
resistance in Bt cotton fields favoring RR balances the net effect
of fitness costs selecting against RR in refuges. Resistance
increases if selection favoring resistance [Bt(Wgr/st)] is greater
than selection against resistance [ref(Wsspet — Wrrper)] and
decreases if the opposite occurs. To evaluate potential outcomes
in the field, we defined W er as 1 and estimated ranges of the
three other parameters in Eq. 6 (ref, Wrrs,, and Wrgyret), as
described below.

Empirical Estimates of Refuge Percentage, Fitness Costs, and Incom-
plete Resistance. We used data from nine previously published
field and greenhouse studies of pink bollworm to estimate refuge
percentage, fitness costs, and incomplete resistance. Because
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empirical estimates show considerable variation in each of these
parameters, we emphasize the ranges rather than single esti-
mates for each factor.

Refuge percentage for six cotton-growing counties of Arizona
was estimated for 1998-2003 by using reports from growers that
were mapped and analyzed with methods of Geographical
Information Systems (18). Leaves from cotton plants from a
subset of fields were checked for Bt toxin with ELISA to verify
the accuracy of the maps (18).

We calculated fitness costs and incomplete resistance from
previously reported experimental data using units that could be
incorporated readily in the model described above. To estimate
fitness costs, we used results from previous studies comparing
the performance of resistant and susceptible strains in field and
greenhouse experiments. To reduce the influence of differences
between strains unrelated to resistance, we focused here on
comparisons between resistant and susceptible strains that
shared a common genetic background (i.e., the resistant strain
was derived from the susceptible strain via laboratory selection).
We did not include data from comparisons between unrelated
resistant and susceptible strains or comparisons of larval survival
on artificial diet. Fitness cost (%) was calculated as

100% — [(survival of resistant strain/
survival of susceptible strain) X 100%].

For example, with larval survival on non-Bt cotton of 0.15 for a
resistant strain (APHIS-98R) and 0.29 for its susceptible parent
strain (APHIS-S), the survival of RR relative to SS is estimated
to be 0.52 (0.15/0.29), and the fitness cost is 48% (29).

To estimate the combined fitness cost per generation of the
larval survival and overwintering costs, we assumed that they act
independently. For simplicity, we distributed the effect of the
overwintering cost equally among generations, assuming five
generations of pink bollworm per year (17). In field experiments,
the mean overwintering cost was 71% (30). This cost reflects an
overwintering survival ratio of 0.29 for the resistant strain
relative to the susceptible strain. Distributing this overwintering
survival cost equally over five generations yields a ratio per
generation of 0.78 (= 0.29'°) and an overwintering cost per
generation of 22% (100% — 78%). The combined fitness cost
per generation affecting larval survival on non-Bt cotton plants
and overwintering (OW) survival was calculated as

100% — [(100% — larval survival cost)
X (100% — OW cost per generation)].

For example, a larval survival fitness cost of 41% and an overwin-
tering survival cost per generation of 22% yields a combined fitness
cost per generation of 54% (100% — [0.59 X 0.78]). Assuming that
no other differences in fitness occur between resistant (RR) and
susceptible (SS) insects, Wrriret = [100% — fitness cost(%)]. In this
example, Wrriret = 0.46 (100% — 54%).

Results from greenhouse experiments in which a resistant
strain was compared on Bt versus non-Bt cotton plants were used
to calculate the larval survival component of incomplete resis-
tance as

[survival of resistant strain on Bt cotton/
survival of resistant strain on non-Bt cotton].

For example, survival of the resistant strain AZP-R was 3.1% on Bt
cotton and 7.8% on non-Bt cotton (19), yielding a larval survival
component of 0.40. One study also measured effects of incomplete
resistance on adult sex ratio (proportion female), fecundity, and egg
hatch rate (32). Measurement of these life history traits enabled an

Tabashnik et al.
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Fig. 1. The mean resistance allele frequency (with 95% confidence intervals)
for pink bollworm in Arizona from 1997 to 2004. The frequency of resistance
to Cry1Ac, the toxin in Bt cotton, was estimated with laboratory diet bioassays
testing an average of 2,680 pink bollworm larvae per year from 10-17 sites per
year (see Materials and Methods). In 1999 and 2000, no larvae survived on diet
treated with a diagnostic concentration of Cry1Ac (10 ng of toxin per ml diet).
Data from 1997 to 2001 were reported previously (6, 19).

estimate of effects of incomplete resistance on net reproductive rate
(i.e., population growth per generation) as (32)

larval survival X proportion female X fecundity
X egg hatch rate.

To estimate the mean and range for net reproductive rate, we
used the mean and range for the larval survival component of
incomplete resistance and multiplied them by the ratios for Bt vs.
non-Bt cotton for proportion female (0.75), fecundity (0.56), and
egg hatch rate (1.06) (32). By using a single estimate for each of
the latter three traits, this approach underestimates variation in
incomplete resistance.

In estimating fitness costs and incomplete resistance, we
assumed fixed genotypes for resistant strains (RR) and suscep-
tible strains (SS). Although resistant strains were fixed or nearly
fixed for RR, some susceptible strains used in fitness cost
comparisons were heterogeneous, which could cause underes-
timation of fitness costs (30, 31, 33). The presence of RS or S§
individuals in resistant strains could cause overestimation of
effects of incomplete resistance because RS and SS perform
better on non-Bt cotton than on Bt cotton. However, this effect

was probably minimal because of the high proportion of RR
individuals in resistant strains.

Results

Resistance Allele Frequency in Field Populations. Bioassay results
show that the highest mean resistance allele frequency for pink
bollworm in Arizona occurred in 1997, the first year of the study
(Fig. 1). The seven means for resistance allele frequency from
1998 to 2004 are lower than the mean for 1997 (sign test, P =
0.016). The mean resistance allele frequency (95% confidence
limits) decreased from 0.16 (0.05-0.26) in 1997 to 0.007 (0-0.02)
in 1998. Although some variation occurred from 1999 to 2003,
the mean resistance allele frequency did not differ significantly
between 1998 and 2004 (0.004, 95% confidence limits = 0-0.01).

Empirical Estimates of Refuge Percentage, Fitness Costs, and Incom-
plete Resistance. Ficld and greenhouse data show substantial
variation in refuge percentage, fitness costs, and incomplete
resistance (Table 1). In the six major cotton-growing counties of
Arizona, non-Bt cotton refuges accounted for 14-78% of the
cotton acreage per county from 1998 to 2003 (Table 1). The
combined effects of fitness costs affecting larval and overwin-
tering survival of resistant relative to susceptible pink bollworm
averaged 54% per generation with a range from 19% to 68%
(Table 1). The mean for incomplete resistance, reflecting a
disadvantage for resistant pink bollworm on Bt cotton relative to
non-Bt cotton, was 0.35 (range of 0.18-0.67; Table 1).

Variation in refuge percentage occurs because the perceived
advantage of Bt cotton to growers varies as a function of
expected pink bollworm damage and economic factors such as
the price of cotton, the extra cost of seed for Bt cotton versus
non-Bt cotton, and the cost of insecticides. Factors contributing
to variation in estimated fitness costs and incomplete resistance
include environmental variation, genetic background, and ex-
perimental error.

Synthesis of Experimental and Modeling Results. To understand the
pattern observed in field populations of pink bollworm, we
incorporated the aforementioned empirical estimates of key
parameters into a population genetic model. This enabled
analysis of thresholds for conditions that can cause increases,
decreases, or stability in resistance. The modeling results show
that resistance is more likely to decrease with increases in refuge
percentage, fitness costs, and the disadvantage for resistant
insects on Bt cotton relative to non-Bt cotton (i.e., incomplete
resistance) (Fig. 2).

Table 1. Empirical estimates of refuge percentage, fitness costs, and incomplete resistance

Parameter Values* Reference

Refuge, % 14-78 18

Fitness costs, %, per generation (resistant relative to susceptible)
Larval survival on non-Bt cotton plants 41 (0-55)* 20, 29, 31
Overwintering survival 22 (19-29) 30, see Materials and Methods
Larval/overwintering survival 54 (19-68) See Materials and Methods

Incomplete resistance (resistant on Bt cotton relative to non-Bt cotton)

Larval survival

Proportion female
Fecundity (eggs per female)
Egg hatch rate

Net reproductive rate

0.78 (0.40-1.5) 19-21, 32, 48
0.75 32
0.56 32
1.06 32

0.35 (0.18-0.67) See Materials and Methods

*For estimates of fitness cost and incomplete resistance, values are means with ranges in parentheses. For traits estimated in more than
one study (survival of resistant larvae relative to susceptible larvae on non-Bt cotton and survival of resistant larvae on Bt vs. non-Bt
cotton), the means are the average of the means from all studies, and the ranges are the lowest and highest individual estimates from

all studies.

fIncludes one estimate with anomalously low survival on non-Bt cotton of a susceptible strain (20). Excluding this estimate, the mean

is 48%, and the range is 37-55%.
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Fig.2. Thresholds for conditions causing increases or decreases in resistance
based on a population genetic model. Table 1 gives empirical estimates of
refuge percentage, fitness cost, and incomplete resistance for pink bollworm
in Arizona. Incomplete resistance (/) indicates the fitness of homozygous
resistant insects on Bt cotton relative to non-Bt cotton. For each of the four
values of /examined (0.2, 0.4, 0.6, and 1.0), combinations of refuge percentage
and fitness cost above each threshold line cause decreases in resistance, and
those below each line cause increases in resistance. For example, with 50%
refuges (close to the statewide mean) and / = 0.6, fitness costs of >37.5%
cause decreased resistance, whereas fitness costs <37.5% cause increased
resistance.

Because pink bollworm resistance to Bt cotton is recessive,
modeling results indicate no increases in resistance across a wide
range of combinations of realistic values for refuges, fitness costs,
and incomplete resistance (Table 1 and Fig. 2). For example, with
the mean empirical values for fitness costs (54%) and incomplete
resistance (0.35), the model predicts decreases in resistance with
>23% refuges. With 50% refuges (close to the statewide mean) and
incomplete resistance of 0.40, the model predicts decreased resis-
tance with fitness costs >29% (Fig. 2). However, with only 14%
refuges, resistance is expected to increase unless the combined
effect of fitness cost and incomplete resistance is strong (e.g., fitness
cost of 60% and incomplete resistance of <(0.24). Thus, some
realistic parameter combinations yield predicted increases in
resistance.

Discussion

Contrary to expectations of rapid evolution of pest resistance to
Bt crops under worst-case scenarios (7-9), bioassay data (Fig. 1)
indicate no net increase from 1997 to 2004 in pink bollworm
resistance to Bt toxin CrylAc in Arizona. The observed delay in
resistance occurred despite widespread use of CrylAc-
producing Bt cotton during this period. In addition to the
bioassay data, this conclusion is supported by results from
laboratory selection experiments and field efficacy tests. The
relatively high frequency of resistance alleles in pink bollworm
field populations in 1997 was confirmed by rapid responses to
laboratory selection with CrylAc in three Arizona strains de-
rived from the field in 1997 (19, 20). In contrast, similar selection
in subsequent years did not yield any resistant strains from
Arizona. Field tests comparing pink bollworm infestations in
paired fields of Bt and non-Bt cotton indicate that the efficacy
of Bt cotton has remained >99% (34). Also, despite a widely
publicized, grower-sponsored hotline and rapid response team
for addressing potential resistance problems (35), no cases of
reduced efficacy related to resistance have been documented.
Consistent with the lack of field-evolved resistance, long-term
suppression of pink bollworm has occurred in regions of Arizona
with high adoption of Bt cotton (36).

The modeling results incorporating empirical estimates of key
parameters for pink bollworm show that resistance is not expected
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to increase across a wide range of realistic values for refuges, fitness
costs, and incomplete resistance (Fig. 2). However, the modeling
results also suggest that resistance could increase with some realistic
parameter combinations (i.e., small refuges and moderate to weak
effects of fitness costs and incomplete resistance). Thus, with spatial
and temporal variation in refuge percentage, fitness costs, and
incomplete resistance, the direction of resistance evolution may also
vary in space and time. The observed pattern in the field shows that
the combined effects of all factors did not cause net, statewide
increases in resistance from 1997 to 2004.

The model used here, rather than a complete description, is a
simplified representation intended to give a theoretical frame-
work for interpreting field observations. For example, the model
assumes discrete generations, random movement between Bt
cotton and refuges, and random mating among adults. Results
from a more complex model of pink bollworm and Bt cotton that
includes age structure and spatial structure also show that
increases in resistance may be delayed or prevented with realistic
values for fitness costs and other factors (37).

We did not attempt to incorporate potential fitness costs affect-
ing development time and reproductive success. In most cases, tests
on non-Bt cotton plants showed no fitness costs affecting develop-
ment time or pupal weight (29, 31). In no-choice laboratory cage
experiments, resistant males were not at a disadvantage relative to
susceptible males when mating with susceptible, virgin females (38).
However, in choice experiments, males from one of the two
resistant strains tested mated less often than susceptible males.
Moreover, compared with susceptible males, resistant males mating
first with susceptible, virgin females sired a lower proportion of
progeny, which indicates a fitness cost affecting paternity (38).

We also did not incorporate an observed developmental delay
of resistant pink bollworm on Bt cotton relative to non-Bt cotton,
which is a component of incomplete resistance (32, 39). The
tendency of this developmental delay to slow resistance by
lowering the reproductive rate of resistant pink bollworm on Bt
cotton may be countered by assortative mating associated with
developmental asynchrony between resistant adults from Bt
cotton and susceptible adults from refuges (32, 39, 40).

Perhaps the most intriguing observation in this long-term
study of pink bollworm is the relatively high frequency of
resistance seen in 1997, which was the second year of widespread
use of Bt cotton in Arizona. Five of the 10 Arizona cotton field
populations sampled in 1997 yielded survivors of exposure to
diet with 10 pg of CrylAc per ml of diet, which kills susceptible
homozygotes and heterozygotes but not resistant homozygotes
(19, 24). Two rounds of laboratory selection with survivors
pooled from statewide samples yielded a resistant strain (AZP-
R), with larvae capable of survival on Bt cotton (19).

Subsequently, laboratory selection was conducted with two of
the strains derived from the field in 1997 that contributed
individuals to AZP-R. This selection produced a resistant strain
from a single site in western Arizona (MOV97-R) and another
resistant strain from a single site in eastern Arizona (SAF97-R)
(20). Although recessive mutations in a cadherin gene are
associated with resistance in all three strains, each strain has a
distinctive frequency of the three identified resistance alleles (r/,
r2, and r3). AZP-R has all three alleles (21, 23), which is
consistent with the multiple origins of individuals pooled to
create this strain. MOV97-R has only alleles r/ and r3, and
SAF97-R has only r/ and r2 (20). Although the possibility of
mutations in the laboratory cannot be excluded, the quick
response to selection and distinctive resistance allele frequencies
of each strain support the conclusion that the resistance alleles
were present in individuals sampled from the field in 1997.

We do not know why the frequency of resistance was so high in
1997, but we can infer that one or more key factors influencing
resistance (Fig. 2) changed from 1997 to 1998, causing the observed
decline in resistance frequency (Fig. 1). One factor that might have

Tabashnik et al.
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changed is the concentration of CrylAc in Bt cotton. In 1997, some
problems with Bt cotton were observed in field evaluations, but it
is not clear whether these were caused by moderate concentrations
of CrylAc or putative Bt cotton bolls that produced no CrylAc
(35). If Bt cotton grown during 1996 and 1997 produced enough
CrylAc to kill homozygous susceptible larvae but not most het-
erozygous larvae, nonrecessive inheritance of resistance could have
quickly raised resistance allele frequency (41). If increased CrylAc
concentration in 1998 and thereafter killed all or nearly all het-
erozygous larvae, this shift to recessive inheritance could have
favored delays or even decreases in resistance. Another possibility
is that the effects of fitness costs and incomplete resistance, which
varied substantially in experiments (Table 1), increased after 1997.
Such changes could be associated with changes in agronomic
practices, weather, or other environmental factors (33). A third
possibility is a decreased effect from 1997 to 1998 of one or more
factors other than Bt cotton favoring the resistance alleles.

Setting aside the unusually high frequency of pink bollworm
resistance to CrylAc detected in 1997, the bioassay results provide
evidence that pink bollworm resistance to Bt cotton has not
increased substantially since 1998. Although pink bollworm’s re-
sponse to Bt cotton in Arizona is one of the most closely monitored
cases, evidence from other pests and other regions also indicates no
field-evolved increases in resistance to Bt crops so far (6). The
continued efficacy of Bt crops after 9 years refutes the worst-case
scenarios predicting pest resistance to Bt crops in as little as 3 years
(7-9).
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