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ABSTRACT Field and laboratory colonies of Helicoverpa zea (Boddie) and Heliothis virescens (F.)
were exposed to Cry1Ac and Cry2Ab2 toxins to compare different mortality and mortality � stunting
responses. Lethal concentrations for mortality (LC50s), molt inhibitory concentrations for mortality �
surviving L1 larvae (MIC50s), and inhibitory concentrations for mortality � surviving L1 and L2 larvae
(IC50s) were established to describe the different responses across a range of test concentrations.
MIC50s and IC50s at 7 d signiÞcantly correlated to LC50s at 7 d, but MIC50s were more closely correlated
with LC50s than IC50s. Experiments conducted to determine the fate of survivors (larval stage L1, L2,
or L3 larvae) after 7 d of exposure of Bt toxin and transfer to untreated or Bt-treated diet revealed
that signiÞcant numbers of stunted larvae recovered and survived to pupation. Percentage of survival
was signiÞcantly higher for larvae fed untreated diet after 7 d on Bt-treated diet, but a few survivors
also were found when larvae were fed only Bt diet. Survival to pupation of larvae classiÞed as L1 at
7 d was signiÞcantly lower than those for L2 or L3 larvae at 7 d, indicating that many stunted larvae
suffer chronic effects of the initial exposure to Bt and fail to reach the next life stage. Pupation of larvae
classiÞed as L1 at 7d was reduced and delayed in comparison with those for L2 and L3 larvae at 7d.
Collectively, these data suggest that MIC50 estimates at 7 d more accurately project total larval
mortality from Bt exposure than do LC50 or IC50 at 7 d.

KEY WORDS LC50, MIC50, IC50, Bt, H. zea

With increased acreages of different cotton, Gos-
sypium hirsutum L., and corn, Zea mays L., varieties
expressing a diversity of insecticidal proteins (Bt tox-
ins) derived from Bacillus thuringiensis (Bt) (Brookes
and Barfoot 2006), potential resistance to the proteins
in bollworm, Helicoverpa zea (Boddie), and tobacco
budworm,Heliothis virescens (F.), is a continuing con-
cern. Periodic measurements of susceptibility or po-
tential resistance provide assessments of evolutionary
resistance patterns and serve as critical benchmarks
for regulatory decisions and strategic management
plans. As a result, the sensitivity and repeatability of
measurements that estimate resistance are important
criteria in documenting resistance evolution in the
Þeld and providing information for practical manage-
ment decisions.

Current Bt resistance monitoring approaches typi-
cally rely on bioassay comparisons to baseline suscep-
tibilities of speciÞc proteins measured before deploy-
ment of Bt crops. Baseline and monitoring studies are
usually conducted via diet incorporation (Ali et al.
2006, Ali and Luttrell 2007) or diet overlay (Siegfried
et al. 2000, 2005) assays in the laboratory. For both
approaches, mass-mated Þeld colonies are usually
tested over several generations. F1 (Gould et al. 1997)
or F2 screens (Andow and Alstad 1998, Stodola and
Andow (2004) of progenies from Þeld-collected in-

sects are alternative approaches that provide estimates
of resistance gene frequencies. They are used on a
limited basis because of the laborious and meticulous
requirements of individual paired mating and assay of
large groups of progeny families. Given these limita-
tions and variability of bioassay approaches, others
have suggested that molecular detection techniques
(Morin et al. 2004, Tabashnik et al. 2004, Xu et al. 2005)
would be more sensitive and facilitate detection of
lower gene frequencies. However, only a few genetic
markers have been identiÞed (Perera et al. 2007) and
to a large extent these techniques have not been
clearly associated with potential Bt resistance mech-
anisms. Baxter et al. (2005) suggested that screening
for resistance in the Þeld should not be restricted to
molecular techniques alone, and Bates et al. (2005)
recognized that complementary diagnostic assays and
increased Þeld scouting for surviving larvae will still be
needed to conÞrm biological responses.

Historically, concentrationÐmortality regressions
based on larval mortality responses at 7 d posttreat-
ment (Dulmage and Martinez 1973) have been used
as benchmarks to measure susceptibility of heliothines
to Bt toxins (Stone et al. 1989; Luttrell et al. 1999;
Siegfried et al. 2000, 2005; Zhao et al. 2001; Liao et al.
2002; Meng et al. 2003; Jalali et al. 2004; Ali et al. 2006;
Ali and Luttrell 2007). In these studies, neonate larvae
are typically exposed to a range of Bt concentration in
treated diet, and median lethal concentrations (LC50)1 Corresponding author, e-mail: miali@uark.edu.
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are used to compare Þeld and benchmark colonies.
Besides outright killing, Bt toxins cause stunting and
inhibit heliothine larval molting. Molt inhibition or
delayed development may result in failure of larvae to
pupate (Dulmage and Martinez 1973, Dulmage et al.
1978). These growth inhibition effects may be impor-
tant and can potentially be included in estimates of Bt
susceptibility. Sims et al. (1996) and Wu et al. (1999,
2002) proposed molt inhibition or delayed develop-
ment as the preferred Bt response over mortality alone
(LC50 estimates). Molt inhibition concentration may
be a more efÞcient response for industry monitoring
of resistance when toxin sources are limited and ex-
pensive because measurable biological responses are
observed at lower test doses (Sims et al. 1996, Ali et al.
2008, Ali and Luttrell 2009).

Routine monitoring for Bt resistance often relies on
one or a few diagnostic concentrations (Marcon et al.
2000, Siegfried et al. 2007) rather than a range of test
concentrations to increase efÞciency and detection of
resistance alleles with limited numbers of insects or
expensive proteins. However, this assumes knowledge
of the doseÐresponse relationships and a reasonable
estimate of a diagnostic dose. One of the limiting
factors with Bt assays has been the availability of
highly toxic test concentrations. Often the dose (con-
centration) needed to segregate major resistance is
greater than the maximal concentration possible by
using plant or microbial toxin sources (Gould 2000).
As a result, industry scientists have sought alternative
response criteria such as stunting that increases the
effective potency of available protein sources (Sims et
al. 1996, Sivasupramaniam et al. 2003).

Sims et al. (1996) reported that larval growth inhi-
bition plus mortality was considerably more sensitive
than corresponding mortality alone for detecting in-
cipient changes inH.virescensandH.zea susceptibility
to Bt toxin. They suggested the use of an effective
concentration (EC50) as the critical response for re-
sistance monitoring by using a total of dead larvae plus
those larvae that failed to molt to second and third
instars. Others have incorporated this stunting re-
sponse by counting the dead larvae plus L1 larvae
(larvae that failed to molt to second instars) and cal-
culating a molt inhibition concentration (MIC50) (Ja-
lali et al. 2004, Ali et al. 2006, Ali and Luttrell 2007). Wu
et al. (1999, 2002) measured the number of dead larvae
plus larval stage L1 and L2 (larvae that failed to molt
to third instars) and referred to the response as inhi-
bition concentration (IC50). Measuring weight reduc-
tion of surviving larvae relative to those in a compar-
ative untreated control has also been referred to as
effective concentration (EC50) (Marcon et al. 1999;
Siegfried et al. 2000, 2005; Trisyono and Chippendale
2002; Li et al. 2005). Several researchers have reported
EC50s along with LC50s (Marcon et al. 1999; Siegfried
et al. 2000, 2005; Trisyono and Chippendale 2002; Li et
al. 2005) and found EC50s to be more sensitive in terms
of detecting variability among populations. Siegfried
et al. (2000) reported that apart from the increased
sensitivity observed in growth inhibition data, there
was no clear advantage of EC50s over LC50s. They

concluded that mortality responses were easier and
faster to collect. Several recent articles (Marcon et al.
2000, Anilkumar et al. 2007, Siegfried et al. 2007, Siva-
supramaniam et al. 2008) have included surviving L1
as part of the total response and collectively referred
to the response as mortality. Unfortunately, the true
accuracy of all assay measurements taken at 7-d ex-
posure to Bt in projecting total generation mortality or
survival in the Þeld is unknown.

In this report, we examine different response de-
scriptors and test the degree of inßuence growth in-
hibited larvae have on overall larval survival and es-
timated dose (concentration) response of H. zea and
H. virescens at pupation. Test insects were exposed to
two Bt toxins (Cry1Ac and Cry2Ab2) in diet-incor-
porated assays. We directly compared resulting LC50s
to MIC50s and IC50s across a large number of labora-
tory and Þeld colonies of both species and experimen-
tally explored the fate of stunted larvae in laboratory
colonies. Survival to the pupal stage was used as the
critical index of overall survival.

Materials and Methods

Studies included1)comparisonsofdifferentBtcon-
centration-insect responses from previous experi-
ments designed to establish baseline susceptibility of
H. zea andH. virescens to Cry1Ac (Ali et al. 2006) and
Cry2Ab2 (Ali and Luttrell 2007) and 2) targeted ex-
periments with laboratory colonies of both species
exposed to Cry1Ac and Cry2Ab2 to determine the fate
of stunted larvae used as a component of response
indicators. All previous and current targeted experi-
ments used a diet incorporation assay with neonates
exposed to the treated diet for 7 d. Our previously
published Þeld studies (Ali et al. 2006, Ali and Luttrell
2007) only reported larval mortality after 7 d of ex-
posure to treated diet because it was the standard
response used in earlier benchmark studies that ex-
plored geographic variability in heliothines suscepti-
bility to Bt toxins (Stone and Sims 1993, Luttrell et al.
1999). However, records were taken on the instar of
surviving larvae at 7 d postexposure to treated diet,
thereby providing direct comparisons of LC50, MIC50,
and IC50 estimates across this large data set.

Origins of H. virescens and H. zea laboratory and
Þeld colonies were those reported in Ali et al. (2006)
and Ali and Luttrell (2007). The source of Cry1Ac was
a freeze-dried formulation of MVP II (Mycogen Cor-
poration, San Diego, CA) containing �20% Cry1Ac
toxin of Bacillus thuringiensis variety kurstaki.
Cry2Ab2 was a Bt-corn leaf powder expressing 6 mg of
Cry2Ab2 protein per g of powder. Both proteins were
supplied by Monsanto Company (St. Louis, MO). All
studies were done in diet incorporated assays. De-
tailed handling techniques of the two Bt toxins
(Cry1Ac and Cry2Ab2) and general bioassay proce-
dures also were as reported in Ali et al. (2006) and Ali
and Luttrell (2007). Methodologies for follow-up bio-
assays used in this current study are described in detail
below.
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Response Indicators of Bt Susceptibility in Field
Colonies. Different concentrationÐresponse relation-
ships of laboratory and Þeld colonies of H. zea and H.
virescens exposed to Cry1Ac and Cry2Ab2 in diet in-
corporation assays from 2002 to 2006 were calculated
to examine relationships among response variables
across a large number of Þeld colonies. More than
83,000H. zeaneonates from 181 colonies and 27,000H.
virescens neonates from 54 colonies were exposed to
Cry1Ac (Ali et al. 2006). For Cry2Ab2 (Ali and Lut-
trell 2007), 40,000 H. zea neonates from 122 colonies
and 14,000 H. virescens neonates from 54 colonies
were studied. Response descriptors included mor-
tality deÞned as the number of dead larvae (M),
dead larvae � those that failed to molt to second
instars (ML1), and dead larvae � those that that
failed to molt to third instars (ML1L2). Larval mor-
tality and instar of survivors were recorded by visual
examination at 7 d posttreatment. Size of head capsule
was the visual character used to determine instars.

LC50, MIC50, and IC50s for individual Þeld popula-
tion of H. zea and H. virescens exposed to Cry1Ac and
Cry2Ab2 from 2002 to 2006 were developed by probit
analysis (SAS Institute 2002) as described in Ali et al.
(2006) and Ali and Luttrell (2007). In separate anal-
yses, overall regression estimates (regression of com-
bined data across experiments) for Þeld populations of
H. zea and H. virescens exposed to Cry1Ac and
Cry2Ab2 also were developed by probit analysis (SAS
Institute 2002). The overall regression estimates were
based on very large data sets of many Þeld populations
collected across Cotton Belt states. We also calculated
the mean of individual regressions for both species
exposed to Cry1Ac and Cry2Ab2. Correlation coefÞ-
cients examining relationships among the different
response descriptors, their resultant regression esti-
mates, and statistical signiÞcance were calculated by
JMP, version 8 (SAS-JMP 2008). Statistical compari-
sons of the different regression slopes were done by
Proc GLM procedures (SAS Institute 2002).
Fate of Stunted Larvae in Assays with Laboratory
Colonies. In a preliminary study, impact of stunting on
subsequent larval survival and pupation was examined
by exposing neonates of both species to a single dose
of Cry1Ac or Cry2Ab2 and individually tracking sur-
vival as described above. The fate of each individual
surviving 7 d of exposure to the Bt toxins was followed
to pupation or death before become a pupa. A 30
�g/ml diet concentration of Cry1Ac and Cry2Ab2 was
used as the test dose for H. zea. Concentrations for H.
virescens were 0.6 and 2.0 �g/ml diet for Cry1Ac and
Cry2Ab2, respectively. These concentrations were es-
timated doses from previous probit models for labo-
ratory colonies ofH. zea andH. virescens.An untreated
control was included in all experiments. A minimum of
256 larvae was used at each dose, and all assays were
replicated four times on different dates. M and num-
ber of L1, L2, and L3 larvae were recorded after 7 d
of exposure. Surviving larvae were individually trans-
ferred to nontoxic diet and followed until death or
pupation as described above. M and pupation of
stunted larvae classiÞed as L1, L2, or L3 at 7 d were

calculated and studied for signiÞcant differences in
survival among the different larval groups (L1, L2, and
L3) by using a F-test (SAS Institute 2002). The impact
of chronic Bt activity on surviving larvae also was
examined by tracking time to pupation (weekly in-
tervals).

In a follow-up experiment, fate of stunted larvae in
continuous exposure to Bt toxins was studied. Labo-
ratory susceptible H. zea and H. virescens were ex-
posed to an untreated control and three test concen-
trations of Cry1Ac and Cry2Ab2 for 7 d. The
concentrations of Cry1Ac for H. zea and H. virescens
were 3, 10, and 50 �g/ml and 0.3, 1, and 3 �g/ml,
respectively. Those for Cry2Ab2 were 5, 15, and 50
�g/ml and 0.3, 1, and 5 �g/ml, respectively. In total,
128 neonates were exposed to each dose in four rep-
licates. After 7 d, survivors were categorized as L1, L2,
and L3 within each concentration. Stunted larvae for
each concentration and category was evenly divided
two subsets. Larvae of one subset were individually
transferred to freshly prepared untreated diet. The
second subset was fed diet containing the same Bt
concentration included in diet during the Þrst 7 d.
After 7 d, all larvae were individually transferred to
30-ml plastic cups containing the appropriate diet. For
convenience, amaximumof30 surviving larvaeofeach
larval group and concentration were included. Data
on mortality or pupation, larval growth (instars), and
larval developmental time (time to pupation) were
taken up to 49 d (42 d posttransfer to treated or
untreated diet) at weekly intervals. Diet (untreated
and Bt treated) was replaced as needed. SigniÞcant
differences in larval mortality, growth, and time to
pupation of stunted larvae on different concentrations
were studied by Proc analysis of variance and Proc
GLM (SAS Institute 2002).

Results

Response Indicators of Bt Susceptibility in Field
Colonies. Susceptibility of H. zea to Cry1Ac. All re-
sponse descriptors (M, ML1, and ML1L2) for H. zea
neonates exposed to Cry1Ac for 7 d were signiÞcantly
(P� 0.001) correlated across doses (concentrations)
of Cry1Ac used (r � 0.6, 0.7, and 0.6, respectively).
Overall LC50, MIC50, and IC50 regression estimates
derived from these responses were 54.7, 5.7, and 2.0
�g/ml diet, respectively. Regression slopes for MIC50

and IC50 responses were greater than that for LC50

responses (Table 1). Individual LC50s for the 181 H.
zea colonies varied from �1 to 1994 �g/ml, with a
mean of 155.6 �g/ml. Twenty-nine (16%) of the col-
onies had LC50 estimates greater than the highest dose
tested (250 �g/ml), and the associated probit regres-
sions had very low chi-square values, indicating poor
linear Þt of the data. Conclusions about the magnitude
of the dose effect from these regressions would be
inappropriate, but it is important to note that 16%
colonies did not exhibit mortality �50% at the highest
dose tested. All estimated MIC50 and IC50 were within
the range of doses used. Across all colonies, 13, 71, and
90% of the individual colony regressions had 100% M,
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ML1, and ML1L2 responses, respectively, at the high-
est dose tested. MIC50s and IC50s were signiÞcantly
(P� 0.001) correlated with LC50s (r� 0.52 and 0.33,
respectively).

Each of the overall regressions included observa-
tions for 83,000 individuals from 181 colonies exposed
to six to 10 concentrations of Cry1Ac. This was a very
large dataset with a high probability of variable re-
sponse. Observed chi-square values for these overall
regressions were very high (�1,000), indicating sta-
tistical lack of goodness-of-Þt. This is common with
very large datasets (Cullen and Frey 1999, Simonoff
2003, Ajiferuke et al. 2006). Simonoff (2003) reported
that if sample size is very large, goodness-of-Þt tests
will commonly reject almost all null hypotheses for
goodness-of-Þt. From a prospective of overall model
responses, these observed deviations from the probit
model might be of little practical importance. Overall
regressions are presented here as model systems of
insect response to Bt toxin.
Susceptibility of H. virescens to Cry1Ac. As with H.
zea, all response variables for H. virescens at 7 d were
signiÞcantly (P � 0.001) correlated with doses of
Cry1Ac used. Correlation coefÞcients for M, ML1, and
ML1L2 were 0.66, 0.68, and 0.58, respectively. The
overall estimated LC50 was 1.8 �g/ml diet, the esti-
mated MIC50 was 0.3 �g/ml diet, and the estimated
IC50 was 0.1 �g/ml diet. All differed signiÞcantly,
indicating that stunting and the degree of stunting was
of quantitative importance. As withH. zea, slope of the
LC50 response was less than those for MIC50 and IC50

responses (Table 1). Individual LC50s, for the 54 col-
onies ranged from 0.3 to 49.7 �g/ml, with a mean of 5.3
�g/ml. MIC50s averaged 0.5 �g/ml, with a range from
0.1 to 2.1 �g/ml, and IC50s averaged 0.3 �g/ml with a
range from 0.01 to1.4 �g/ml. In contrast to the results

from studies with H. zea, all response estimates were
within the range of doses actually tested. At the high-
est dose tested, 12% of the regressions had 100% M
response, 63% had 100% ML1 response, and 87% had
100% ML1L2 response. Correlation coefÞcients for
MIC50s and IC50s relative to LC50s across the colonies
were 0.53 and 0.52, respectively, and were statistically
signiÞcant (P � 0.001).
Susceptibility of H. zea to Cry2Ab2. All measured

responses ofH.zeaneonates exposed to Cry2Ab2 were
signiÞcantly (P � 0.001) inßuenced by dose. Overall
LC50, MIC50, and IC50 values across the large dataset
were 32.8, 14.7, and 7.1 �g/ml diet, respectively, and
all were signiÞcantly different (Table 1). Slopes were
statistically similar. The mean of individual LC50s was
106.5 �g/ml, with a wide range in individual colony
response from 2.6 to 2151 �g/ml. Of the 122 colonies
studied, 14 (14.5%) had LC50 estimates greater than
the highest dose (150 �g) tested. As with Cry1Ac,
most of these regressions were not statistically valid
because of an inability to challenge the test insects
with higher effective doses of the toxin. MIC50 and
IC50 estimates ranged from 1.4 to 321.1 �g/ml and
from 0.2 to 90.3 �g/ml, respectively. Across all colo-
nies, MIC50 and IC50 estimates were signiÞcantly (P�
0.001) correlated with LC50s (r � 0.75 and r � 0.40,
respectively). Sixteen percent of the dose responses
had 100% M, 42% had 100% ML1, and 73% had 100%
ML1L2 responses at the highest dose tested.
Susceptibility of H. virescens to Cry2Ab2. M, ML1,

and ML1L2 observations for H. virescens neonates
were correlated with doses of Cry2Ab2 at 7 d post-
treatment. The overall estimated LC50 was 2.6 �g/ml
of diet. Estimated MIC50s and IC50s were 1.0 and 0.5
�g/ml diet, respectively. The slope for the LC50 was
statistically less than those for MIC50 and IC50. Esti-

Table 1. Overall regressions and mean of individual regressions for different response descriptors of H. zea and H. virescens field
populations exposed to Cry1Ac and Cry2Ab2 in diet incorporated assays from 2002 to 2006 at the University of Arkansas

Regression
type

Overall regression Mean of individual regressions

Total no.
insects

Slope �
SEM

Regression
estimate

95% CL
Total no.
colonies

Mean �
SEM

Range

H. zea Þeld populations exposed to Cry1Ac for 7 d in 2002Ð2006
LC50

a 82,977 0.6 � 0.0 54.7 53.0Ð56.4 181 155.6 � 23.4 0.9Ð1,994.0
MIC50

b 82,977 1.1 � 0.0 5.7 5.6Ð5.8 181 10.3 � 0.8 0.2Ð60.2
IC50

c 82,977 1.1 � 0.0 2.0 2.0Ð2.0 181 4.1 � 0.3 0.1Ð19.0

H. virescens Þeld populations exposed to Cry1Ac for 7 d in 2002Ð2006
LC50 26,899 0.7 � 0.0 1.7 1.7Ð1.8 54 5.3 � 1.3 0.3Ð49.7
MIC50 26,899 1.1 � 0.0 0.3 0.3Ð0.4 54 0.5 � 0.1 0.1Ð2.1
IC50 26,899 1.2 � 0.0 0.1 0.1Ð0.2 54 0.3 � 0.0 0.0Ð1.4

H. zea Þeld populations exposed to Cry2Ab2 for 7 d in 2002Ð2006
LC50 39,509 1.0 � 0.0 32.8 32.0Ð33.6 122 106.5 � 23.2 2.6Ð2,150.7
MIC50 39,509 1.1 � 0.0 14.7 14.4Ð15.1 122 29.0 � 4.2 1.4Ð321.1
IC50 39,509 1.2 � 0.0 7.1 6.9Ð7.3 122 13.4 � 1.5 0.2Ð90.3

H. virescens Þeld populations exposed to Cry2Ab2 for 7 d in 2002Ð2006
LC50 14,103 1.3 � 0.0 2.6 2.5Ð2.7 49 3.9 � 0.7 0.1Ð24.9
MIC50 14,103 1.6 � 0.0 1.0 1.0Ð1.0 49 1.3 � 0.2 0.2Ð5.7
IC50 14,103 1.6 � 0.0 0.5 0.5Ð0.6 49 0.7 � 0.1 0.1Ð3.1

a LC50, regression of dose (concentration of Bt protein �micrograms per milliliter�) of diet versus M after 7-d exposure.
bMIC50, regression of dose (concentration of Bt protein �micrograms per milliliter�) of diet versus ML1 after 7-d exposure.
c IC50, regression of dose (concentration of Bt protein �micrograms per milliliter�) of diet versus ML1L2 after 7-d exposure.
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mated overall MIC50 and IC50 were not different, but
both were less than the LC50 estimate (Table 1).
Individual LC50s ranged from 0.1 to 24.9 �g/ml.
MIC50s and IC50s ranged from 0.2 to 5.7 �g/ml and
from 0.1 to 3.1 �g/ml, respectively. Across colonies,
44% of the doseÐresponse studied had 100% M at the
highest dose (20 �g/ml), 84% had 100% ML1, and 92%
had 100% ML1L2.
Fate of Stunted Larvae in Assays with Laboratory
Colonies. Fate of H. zea Larvae Exposed to Cry1Ac.
Mean � SEM mortalities ofH. zea larvae fed untreated
diet at 7 d post treatment and cumulative at pupation
were 1.1 and 1.5%, respectively. Mortalities of larvae
exposed to 30 �g/ml Cry1Ac at 7 d and cumulative at
pupation were 36.3 and 79.9%, respectively (Table 2).
Mortality signiÞcant increased after the 7-d observa-
tion when larvae were transferred to nontoxic diet
(F � 8.5; df � 1, 6; P � 0.03).

For larvae fed untreated diet, all survivors were L3
larvae at the 7-d observations and essentially all
reached pupation by 15 d after transfer to nontoxic
diet. Of those exposed to 30 �g/ml of Cry1Ac, 708
were surviving L1 larvae at 7 d, and 35 were surviving
L2 larvae. Twenty-nine percent of the L1 larvae suc-
cessfully pupated by 30 d. Most of the L2 larvae
(71.2%) pupated by 30 d (Table 3). The mean number
of days to pupation for those fed treated diet was
25.0 d.
Fate of H. virescens Larvae Exposed to Cry1Ac. Mor-

talities of H. virescens fed untreated diet were 0.5 and
0.6% at 7 d and at pupation, respectively. Mortalities
for larvae fed 0.6 �g/ml Cry1Ac were 33.8 and 54.4%,
respectively, at 7 d and at pupation (Table 2). Mor-
tality at pupation was signiÞcantly greater than that
recorded at the 7-d observation (F� 6.5; df � 1, 6; P�
0.04).

For larvae fed 0.6 �g/ml of Cry1Ac for 7 d, 397 were
L1 survivors at 7 d, 321 were L2 survivors, and 34 were
L3 survivors. Fewer L1 survivors (51.5%) reached

pupation than did L2 survivors (89.8%) (F� 4.46; df �
9, 21; P � 0.002). Most L3 larvae reached pupation
(97.2%at30d).AswithH.zea,all survivingH.virescens
larvae fed untreated diet for 7 d were L3 and all
(99.9%) pupated successfully (Table 3). However,
time to pupation was longer for H. virescens survivors
(�30 d) based on weekly observations. Patterns of
time to pupation for both species illustrate the chronic
effect of Cry1Ac exposure on larval development. The
percentage of L1 larvae of both species pupating at all
observations times was less than that for L2 and L3
larvae.
Fate of H. zea Larvae Exposed to Cry2Ab2. Mortal-

ities of H. zea larvae fed untreated diet was very low
(0.2Ð0.3%). Of the 1,146 H. zea larvae exposed to 30
�g/ml Cry2Ab2, mortalities at 7 d posttreatment and
at pupation were 17.1 and 20.3%, respectively. Result-
ing mortalities were generally less at the chosen test
dose of Cry2Ab2 than at the chosen test dose of
Cry1Ac described above (Table 2).

For larvae exposed to 30 �g/ml of Cry2Ab2, 198
survivors were L1, 480 were L2, and 240 were L3 at 7 d.
More L2 and L3 survivors (98.9 and 100%, respec-
tively) pupated by 30 d than did L1 stunted larvae
(84.6%) (F � 35.0; df � 9, 21; P � 0.001) (Table 3).
Fate of H. virescens Larvae Exposed to Cry2Ab2.

There was no observed mortality for H. virescens fed
untreated diet. Mortalities of larvae exposed to 2
�g/ml Cry2Ab2 were 14.5 and 18.4%, respectively, at
7 d and at pupation (Table 2). As withH. zea exposed
to Cry2Ab2, resulting mortalities were less at the cho-
sen test dose than at the chosen test dose of Cry1Ac
described above.

Table 2. Mean mortality of H. zea and H. virescens larvae from
laboratory colonies after 7-d exposure to Cry1Ac and Cry2Ab2 and
cumulative exposure before pupation after transfer to nontoxic diet

Treatment
concna

Total no.
insects

% mortality � SEM

7 d Cumulative before pupation

H. zea exposed to Cry1Ac
0 �g 1,017 1.1 � 0.3 1.5 � 0.3

30 �g 1,140 36.3 � 13.4bb 79.9 � 6.7a

H. virescens exposed to Cry1Ac
0 �g 1,020 0.5 � 0.3 0.6 � 0.4
0.6 �g 1,138 33.8 � 5.1b 54.4 � 6.3a

H. zea exposed to Cry2Ab2
0 �g 1,024 0.2 � 0.1 0.3 � 0.2

30 �g 1,146 17.1 � 8.7 20.3 � 8.3

H. virescens exposed to Cry2Ab2
0 �g 1,022 0.1 � 0.1 0.1 � 0.1
2 �g 1,117 14.5 � 4.5 18.4 � 5.7

aConcentration is micrograms of Bt protein per ml of diet.
bMean mortalities in row between two observation dates for each

insect species are signiÞcantly different.

Table 3. Survival of H. zea and H. virescens L1 larvae (larvae
that failed to molt to second instars), L2 larvae (larvae that failed
to molt to third instars), and L3 larvae (larvae that molted to third
instars) to pupation on nontoxic diet after 7-d exposure to Bt toxins

Treatment
Larval

category
Total no. larvae

observed

% pupated � SEM

15 d 30 d

H. zea exposed to 0 and 30 �g/ml of Cry1Ac
Control L3 1,006 97.7 � 0.2 97.7 � 0.2
Bt survivor L1 708 0 29.0 � 7.9ba

Bt survivor L2 35 0 71.2 � 21.2a
Bt survivor L3 0 0 0c

H. virescens exposed to 0 and 0.6 �g/ml of Cry1Ac
Control L3 1,015 0 99.9 � 0.1
Bt survivor L1 397 0 51.5 � 10.6b
Bt survivor L2 321 0 89.8 � 3.3a
Bt survivor L3 24 0 97.2 � 2.8a

H. zea exposed to 0 and 30 �g/ml of Cry2Ab2
Control L3 1,022 99.9 � 0.1 99.9 � 0.1
Bt survivor L1 198 0 84.6 � 2.4b
Bt survivor L2 480 0 98.9 � 0.8a
Bt survivor L3 240 100 � 0 100 � 0a

H. virescens exposed to 0 and 2 �g/ml of Cry2Ab2
Control L3 1,022 0 100 � 0
Bt survivor L1 230 0 84.4 � 5.7b
Bt survivor L2 403 0 97.6 � 0.7a
Bt survivor L3 310 0 99.5 � 0.3a

aMeans in a column within stunted larvae of each insect species
followed by same letter are not signiÞcantly different.
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The percentages of L1, L2, and L3 larvae reaching
pupation by 30 d were 84.4, 97.6, and 99.5%, respec-
tively. L2 and L3 survivors had higher survival to
pupation than L1 (F� 6.3; df � 9, 21; P� 0.02) (Table
3). For both species, delayed patterns of pupation for
L1 larvae exposed to Cry2Ab2 were similar to those for
L1 survivors exposed to Cry1Ac. Percentages of L1
larvae reaching pupation at 30 d were less than L2
larvae.
Fate of Stunted Larvae after Transfer to Untreated
(TU) or Bt-Treated (TT) Diet. Responses of H. zea
Larvae Exposed to Cry1Ac. Fig. 1 provides an overall
summary of H. zea responses to Cry1Ac when larvae
are exposed to different concentrations of the toxin for
7 d and then placed on TU diet or continued on a
Cry1Ac-treated diet (TT). At 7 d, M ofH. zea exposed
to untreated diet, 3, 10, and 50 �g/ml Cry1Ac were
7.8 � 5.0, 15.3 � 8.2, 21.8 � 7.8, and 43.5 � 10.2%,
respectively. Responses at 10 and 50 �g/ml were sig-
niÞcantly higher than those for the untreated control
(UU) and the 3 �g/ml concentration of Cry1Ac (F�
4.6; df � 6, 21; P� 0.004). ML1 responses at the same
concentrations ranged from 7.8 to 99.8%. Responses at
10 and 50 �g/ml were signiÞcantly higher than those
fed the untreated control and 3 �g/ml concentration
(F � 21.4; df � 6, 21; P � 0.001). ML1L2 responses
ranged from 97.1 to 100% and were statistically similar.
ML1 and ML1L2 were signiÞcantly higher than M at
each Bt concentration. M, ML1, and ML1L2 at 7 d and
M at 15 d to 49 d in the untreated diet (0-UU) did not

differ (Fig. 1A). However, M at 15Ð49 d in all TU and
TT treatments was signiÞcantly inßuenced by con-
centration-treatment combination (F� 163.8; df � 6,
189; P � 0.001), length of exposure (P � 44.6; df � 8,
189; P � 0.001), and interaction between concentra-
tionÐtreatment and length of exposure (F� 5.4; df �
48, 189;P� 0.001). M for 3-TU (micrograms of Cry1Ac
and treatment description), 3-TT, and 10-TU at 15 and
21 d was similar to M and ML1 at 7 d. M at 10-TT,
50-TU, and 50-TT was signiÞcantly greater than M at
7 d but similar to ML1. Responses at 21 d were similar
to that of M at 15 d. Responses at 28Ð49 d in all
concentrationÐtreatment combinations did not in-
crease signiÞcantly from those at 21 d and are not
shown in Fig. 1B. Across all concentration-treatment
combinations, responses at 15 d were intermediate
between M and ML1 at 7 d. M at 21Ð49 d was signif-
icantly higher than M at 7 d and 15 d. ML1L2 was
higher than M and ML1 at all observation dates. Across
the entire M response data, responses for 50-TT and
10-TT � 50-TU � 3-TT � 10-TU � 3-TU � 0-UU.

Growth ofH. zea larvae was signiÞcantly affected by
the concentrationÐtreatment combination of Bt toxin
(F� 318.1; df � 6, 147; P� 0.001), length of exposure
to the toxin (P� 10.9; df � 6, 147; P� 0.001), and the
interaction between concentrationÐtreatment and
length of exposure (F � 8.1; df � 36, 147; P � 0.001)
(Fig. 1C). Growth increased in larvae not exposed to
Cry1Ac (O-UU) and in larvae removed from Cry1Ac
treated diet (3-TU, 10-TU, and 50-TU). On the con-

Fig. 1. Mean percent M (mortality), ML1 (mortality � L1 larvae), and ML1L2 (mortality � L1 and L2 larvae) at 7 d
(A); cumulative mean percent M at 7, 15, 21, and 49 d (B); mean instar of surviving larvae at 7, 15, 21, and 49 d (C); and mean
days to pupation for L1, L2, and L3 H. zea survivors after 7-d (D) exposure to Cry1Ac in diet-incorporated assays. Units on
x-axis reßectconcentrationsofCry1Ac in thediet (microgramspermilliliter)and typeofexposure(TUfor transfer tonontoxic
diet or TT for continuation on a Cry1Ac treated diet after 7 d).
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trary, growth generally declined in larvae continu-
ously fed Cry1Ac-treated diet (3-TT, 10-TT, and 50-
TT). Across all posttransfer observations, larval
development (size of instars) was in the order of
0-UU � 3-TU � 10-TU � 50-TU � 3-TT � 10-TT �
50-TT. Across all concentration-treatment combina-
tions, larval size at 21 d was larger than those measured
at 15 and 7 d. Similarly, those measured at 15 d were
larger than those measured at 7 d. Larval size between
21 d and 49 d did not vary.

Larval developmental time (days to pupation) was
signiÞcantly affected by the size (instar) of larvae
surviving Cry1Ac exposure at 7 d (F� 9.0; df � 2, 18;
P� 0.001) and concentrationÐtreatment combination
after the initial exposure (F � 34.4; df � 3, 18; P �
0.001). Across all concentrationÐtreatment combina-
tions, mean larval developmental time for L1, L2, and
L3 ranged from 29.2 to 33.9 d (mean, 31.5 � 1.4 d),
23.9Ð35.6 d (mean, 28.6 � 3.6 d), and 19.7Ð28.0 d
(mean, 22.9 � 2.6 d), respectively. These days to
pupation differed signiÞcantly (F � 15.3; df � 2, 25;
P� 0.001). Developmental time was highest in 50-TU
(33.9 d) followed by 3-TT (31.8 d), 10-TU (28.0 d),
3-TU (24.7 d), and 0-UU (19.7 d) (Fig. 1D).
Responses of H. virescens Larvae Exposed to Cry1Ac.

M of H. virescens exposed to untreated diet, 0.3, 1.0,
and 3.0 �g/ml Cry1Ac at 7 d posttreatment was 7.1 �
3.0, 16.0 � 6.2, 22.4 � 7.5, and 50.8 � 10.1%, respec-
tively. Those for ML1 were 7.3 � 2.3, 61.1 � 5.4, 57.1 �
16.5, and 88.8 � 5.1%, respectively. Both M and ML1

differed among Bt concentrations (F� 7.8; df � 6, 21;
P� 0.001). ML1L2 in the untreated control was 8.1 �
3.7%. ML1L2 ranged from 98.6 � 0.2 to 100.0 � 0.0%
across Bt concentrations. For each Cry1Ac concen-
tration, ML1 was signiÞcantly higher than M. Similarly
ML1L2 was signiÞcantly higher than M and ML1 (Fig.
2A). At 15Ð49 d, M of stunted larvae in 0-UU increased
slightly but was not signiÞcantly different from M at
7 d. For all Cry1Ac concentrations, M increased from
15 to 49 d, but this increase was more dramatic in
treatments where larvae were fed continuously on
Cry1Ac treated diet (0.3-TT, 1-TT, and 3-TT). At each
concentration, M at 15 d was higher than that for M at
7 d but lower than ML1. Similarly, M at 21 d was similar
to ML1 at 7 d but greater than M at 7 and 15 d. For
larvae continuously fed Bt-treated diet, M at 28 d was
similar to ML1L2 at 7 d. Overall analysis showed that
mortality of H. virescens larvae was signiÞcantly af-
fected by concentrationÐtreatment (F� 196.7; df � 6,
189; P � 0.001), length of exposure (F � 50.0; df � 8,
189; P� 0.001), and the interaction between concen-
trationÐtreatments and length of exposure (F � 5.5;
df � 48, 189; P � 0.001) (Fig. 2B). Across all post-
transfer observations, M signiÞcantly varied in the
order of 3-TT � 1-TT, 3TU, and 0.3-TT � 1-TU �
0.03-TU � 0-UU. Across all concentration-treatments,
responses varied in the order of ML1L2 � ML1 � M
at 21Ð49 d � M at 15 d � M at 7 d.

At 7 d posttreatment,H. virescens larval size differed
signiÞcantly among doses of Cry1Ac (F� 22.7; df � 6,

Fig. 2. Mean percent M, ML1, and ML1L2 at 7 d (A); cumulative mean percent M at 7, 15, 21, and 49 d (B); mean instar
of surviving larvae at 7, 15, 21, and 49 d (C); and mean days to pupation for L1, L2, and L3 H. virescens survivors after 7 d
(D) exposure to Cry1Ac in diet incorporated assays. Units on x-axis reßect concentrations of Cry1Ac in the diet micrograms
per milliliter) and type of exposure (TU for transfer to nontoxic diet or TT for continuation on a Cry1Ac treated diet after
7 d).

October 2009 ALI AND LUTTRELL: HELIOTHINE RESPONSES TO BT TOXINS 1941

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article/102/5/1935/2199254 by guest on 22 M

ay 2023



21; P � 0.001). In subsequent observations until 21 d,
growth increased signiÞcantly in larvae fed nontoxic
diet. Growth decreased signiÞcantly over time for
those larvae that remained on toxic diet (Fig. 2C).
Time to pupation was signiÞcantly inßuenced by con-
centrationÐtreatment (F� 17.2; df � 3, 19; P� 0.001)
and size of larvae at 7 d (F� 42.0; df � 2, 19; P� 0.001)
(Fig. 2D).
Responses of H. zea Larvae Exposed to Cry2Ab2. At

7 d, M in the untreated control, 5, 15, and 50 �g/ml
concentration of Cry2Ab2 ranged from 9.4 to 88.5%
and was dose dependent (F � 45.6; df � 6, 21; P �
0.001). ML1 ranged from 9.4 to 97.5% and varied sig-
niÞcantly among concentrations (F� 24.0; df � 6, 21;
P� 0.001). ML1L2 ranged from 11.1 to 100%. ML1L2
at 5 �g/ml Cry2Ab2 was signiÞcantly greater than that
of the untreated control but less than those at 15 and
50 �g/ml (Fig. 3A). Responses observed for the un-
treated controls were similar at all observation times.
Responses among treated groups were signiÞcantly
inßuenced by concentrationÐtreatment (F � 392.2;
df � 6, 189; P� 0.001), length of time larvae exposed
to Cry2Ab2 toxin (F� 21.1; df � 8, 189; P� 0.001) and
interaction between treatment and length of exposure
(P � 2.8; df � 48, 189; P � 0.001). Across all post-
transfer observations, M of larvae exposed to 5-TU or
5-TT was intermediate between those for 15-TU or
15-TT and 50-TU or 50-TU (Fig. 3B). Across all Bt
concentrationÐtreatment combinations, responses of
ML1L2 was greater than ML1. Both were greater than
M at all observation times.

Growth of H. zea larvae exposed to Cry2Ab2 fol-
lowed a similar trend to that for Cry1Ac and generally
increased with time. At 7 d posttreatment, mean larval
instar was 3.0 � 0.0 for the untreated groups. Among
the treated groups, instar ranged from 1.2 � 0.3 to
2.0 � 0.4 at 7 d. Larval size did not increase in the
50-TT treatment (Fig. 3C). In all concentrationÐtreat-
ments, larval instars at 7 d were smaller than those for
at 15 d, which were smaller than those at 21 d. Larval
size did not increase signiÞcantly after 21 d. Across all
posttransfer observation dates, growth of larvae was in
the order of O-UU and 5-TU � 5-TT and 15-TU �
50-TU � 15-TT � 50-TT.

Larval developmental time was signiÞcantly af-
fected by Cry2Ab2 concentration (F� 16.0; df � 6, 33;
P � 0.001) and instar of larvae at 7 d posttreatment
(F� 8.6; df � 2, 33; P� 0.001). Across all Bt concen-
tration-treatment combinations, mean larval develop-
mental times for L1, L2, and L3 survivors at 7 d were
31.8 � 1.8, 29.4 � 1.9, and 22.9 � 1.8 d, respectively.
All differed signiÞcantly (F � 6.0; df � 2, 46; P �
0.005). Across all posttransfer dates, larval develop-
mental time signiÞcantly varied in the order of 50-
TT � 50-TU, 15-TU and 15-TT � 5-TT � 5-TU � 0-UU
(Fig. 3D).
Responses ofH. virescensLarvaeExposed toCry2Ab2.

At 7 d, M and ML1 ofH.virescensexposed to in 5 �g/ml
Cry2Ab2 was greater than those for larvae exposed to
1.0 and 0.3 �g/ml Cry2Ab2. ML1L2 was signiÞcantly
greater than M and ML1 at all concentrations (Fig.
4A). At 15Ð49 d, M of stunted larvae in most concen-

Fig. 3. Mean percent M, ML1, and ML1L2 at 7 d (A); cumulative mean percent M at 7, 15, 21, and 49 d (B); mean instar
of surviving larvae at 7, 15, 21, and 49 d (C); and mean days to pupation for L1, L2, and L3 H. zea survivors after 7-d (D)
exposure to Cry2Ab2 in diet-incorporated assays. Units on x-axis reßect concentrations of Cry2Ab2 in the diet (micrograms
per milliliter) and type of exposure (TU for transfer to nontoxic diet or TT for continuation on a Cry2Ab2 treated diet after
7 d).
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trationÐtreatments was similar to M and ML1 at 7 d.
Among all concentration-treatments, M for 5-TT was
signiÞcantly higher than those for 0.3-TU, 0.3-TT,
1-TU, I-TT, and 5-TU. Size of larvae at 7 d posttreat-
ment varied among different concentration-treat-
ments (F� 65.7; df � 6, 147; P� 0.001) and duration
of exposure to Cry2Ab2 (F � 27.4; df � 6, 147; P �
0.001) (Fig. 4B).

Larvae transferred to untreated diet had in-
creased larval instar over time. Those transferred to
Bt-treated diet had no increase in larval instar over
time. Observed increases in larval instars reached a
maximum at 21 d (Fig. 4C). Across all concentra-
tions, mean � SEM developmental times for L1, L2,
and L3 larvae were 31.4 � 3.6, 28.3 � 3.7, and 25.4 �
3.8 d, respectively. Those transferred to untreated
diet had signiÞcantly shorter developmental time
(23.4 � 0.9 d) than did those fed Bt-treated diet
(36.1 � 3.4 d). Across all surviving insects at 7 d,
developmental time for larvae in the 0.3-TT treat-
ment was similar to that observed for 1-TU. Devel-
opmental time was also similar for larvae in the 1-TT
and 5-TU treatments (Fig. 4D).

Discussion

Across the two toxins and both species, regression
estimates for response of Þeld populations (LC50s,
MIC50s, and IC50s) to Bt varied signiÞcantly. However,
MIC50s seemed to be a better Þt of the linear doseÐ

response model than LC50s and IC50s estimates. Mul-
tivariate correlation of these estimates indicated that
MIC50s were more closely related to LC50s estimates
than IC50s. LC50s at pupation were more closely re-
lated to MIC50s than to LC50s or to IC50s based on 7-d
exposure data. Results observed when Þeld and lab-
oratory colonies of H. zea and H. virescens exposed to
Cry1Ac and Cry2Ab2 suggested that MIC50s and the
associated ML1 response at 7 d may be better esti-
mates of cumulative Bt activity at pupation than LC50s
and IC50s or M alone and ML1L2 at 7 d.

Results of preliminary laboratory studies withH. zea
and H. virescens larvae exposed to individual doses of
Cry1Ac showed that 29.0Ð51.5% of L1 and 71.2Ð97.2%
of L2 and L3 larvae surviving 7-d exposure to Cry1Ac
successfully pupated when transferred to untreated
diet. This indicates that up to 29% of L2 and L3 and up
to 71% of L1 larvae surviving 7-d exposure to Cry1Ac
still die before pupating even if additional exposure to
Bt is eliminated. This additional chronic effect con-
tributes to a signiÞcant increase in cumulative mor-
tality at pupation. Mechanisms of this chronic effect
on H. zea larval were not studied, but previous re-
search has shown that lepidopteran larvae fed Bt-
treated diet (Eizaguirre et al. 2005, Gore et al. 2005)
or plant tissues expressing Bt toxins (Holcomb et al.
1996,Duttonet al. 2005) suffer fromlong-termchronic
effects anddelayed larvaldevelopment.Dulmageet al.
(1978) reported that when Bt-toxin paralyzed H. vi-
rescens larvae were removed from treated diet, many

Fig. 4. Mean percent M, ML1, and ML1L2 at 7 d (A); cumulative mean percent M at 7, 15, 21, and 49 d (B); mean instar
of surviving larvae at 7, 15, 21, and 49 d (C); and mean days to pupation for L1, L2, and L3 H. virescens survivors after 7-d
(D) exposure to Cry2Ab2 in diet incorporated assays. Units on x-axis reßect concentrations of Cry2Ab2 in the diet
(micrograms per milliliter) and type of exposure (TU for transfer to nontoxic diet or TT for continuation on a Cry2Ab2-treated
diet after 7 d).
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recovered and their midgut activities were restored.
Other reasons for the chronic activity, including feed-
ing avoidance (Gould et al. 1991, Wan 1995) and
starvation, may be involved.

Researchers often take response measurements af-
ter 7 d because this time interval allows sufÞcient time
for toxin intake and effect. It has also become a stan-
dard because of the logistical advantages of scheduling
work on 7-d week. The 7-d standard for measuring Bt
effect may or may not have biological rationale. Our
results suggest that ML1 more accurately describes
collective mortality at pupation (49 d) than M and
ML1L2 at 7 d. However, it is not necessarily a better
indicator of total response than M measured at later
observational times (15, 21, and 28 d). Additional mor-
tality was not obtained beyond 21 d, and the response
at 21 d correlated almost perfectly with overall effect
at 49 d. Additional consideration of the length of ob-
servation time may be appropriate if these types of
bioassays are used to infer generation effects and re-
sistance evolution. Although extended observations
across the entire larval period or through 21 d of
exposure would increase assay costs, they might more
accurately reßect generation effect.

Using comparisons of the different response indi-
cators, H. virescens was more susceptible to Cry1Ac
than to Cry2Ab2 (1.5-fold difference in LC50s, 2.9-fold
difference in MIC50s and 3.9-fold difference in IC50s).
H. zea was more susceptible to Cry2Ab2 using LC50

comparisons (1.6-fold in Table 1, but more susceptible
to Cry1Ac by using MIC50 and IC50 estimates (2.6-fold
and 3.6-fold, respectively in Table 1).H. virescenswas
31.4-fold, 16.7-fold, and 14.2-fold more susceptible to
Cry1Ac than H. zea by using comparisons of LC50s,
MIC50s, and IC50s in Table 1. SimilarlyH. virescenswas
12.8-fold, 14.7-fold, and 13.1-fold more susceptible to
Cry2Ab2 thanH.zea.Differences in dose and response
comparisons between species and Bt proteins illus-
trate the magnitude of variability possible with differ-
ent indicators of susceptibility. IC50 and MIC50 esti-
mates generally provide higher effective dose and are
less variable than LC50s that only include mortality.
However, MIC50s and IC50s, may lack some of the
sensitivities measured by LC50s. This conclusion dif-
fers from that of Sims et al. (1996) that suggested that
larval growth inhibition plus mortality was more sen-
sitive. Procedural differences in estimating larval
growth by visual assessment of instar rather than ac-
tually weighing larvae may account for some of the
differences. Understanding the biological reasons for
these different magnitudes of variability should be a
focus of further research.

Growth of laboratory H. zea and H. virescens larvae
surviving 7 d of exposure to the Bt toxins was signif-
icantly affected by concentration-treatment and
length of exposure to the Bt toxins. After 7 d, growth
increased in stunted larvae fed untreated diet but
decreased or failed to increase in those fed Bt-treated
diet. Developmental time of larvae surviving 7-d ex-
posure to Bt toxins was signiÞcantly affected by the
size (L1, L2, and L3) of larvae at 7 d. Mean larval time
for L3 was signiÞcantly shorter than those for L1 and

L2 for both species exposed to both Bt toxins. Across
all larval instars at 7 d, developmental time was
reduced in larvae fed untreated diet for the remain-
der of the larval stage. Those fed higher concentra-
tions of Bt toxins tended to have longer develop-
mental time.

Dulmage et al. (1978) reported long ago that H.
virescens larvae surviving the initial exposure to Bt
formulations and successfully molting to third instars
could survive and successfully pupate if transferred to
untreated diet. Our results corroborate those Þnding
but also showed that some L1 larvae that fail to molt
to second instars after 7-d exposure to Bt toxins will
recover and survive to pupation if they are transferred
to untreated diet. Our results also showed that some
stunted larvae fed lower concentrations of Bt toxins
over the entire larval period will survive, molt and
successfully pupate. This tracking of time to pupation
illustrated the chronic effect Bt toxins have on larval
development and increased generation time. Caprio
(2001) and Storer et al. (2003) suggested that a delay
in development could result in asynchrony of Bt se-
lected and nonselected Þeld populations resulting in a
subpopulation structure that could encourage resis-
tance evolution. All larvae may not be continuously
exposed to high Bt doses in the Þeld. Expression of Bt
toxins in plants has been shown to vary within a
growing season (Greenplate et al. 1998, Greenplate
1999) or among crop varieties (Adamczyk and
Sumerford 2001) and within different plant parts
(Adamczyk et al. 2001, Stewart et al. 2001). Some
stunted larvae may survive initial exposure, Þnd
suitable plant tissues with lower Bt toxin expression
and cause damage to the crop. Successful survival to
pupation and reproduction would add genetic vari-
ability to Þeld populations. Other studies with lab-
oratory-selected Cry1Ac resistant colonies of H. ar-
migera (Bird and Akhurst 2005) and H. zea
(Anilkumar et al. 2007) have shown strong Þtness
costs that may work to suppress resistance evolu-
tion. Fate of Þeld-selected H. zea to Bt crops ex-
pressing those proteins is still unknown but criti-
cally important if one uses laboratory assays like
those used in this study to conclude Bt resistance in
Þeld populations.

Including estimates of the stunting effect seems to
be an important component of measuring Bt sus-
ceptibility in 7-d bioassays. We found that visual
estimates of larval instar as an indicator of molt
inhibition were not difÞcult to collect. Our cumu-
lative data from a large number of H. zea and H.
virescens Þeld and laboratory populations exposed
to Cry1Ac and Cry2Ab2 toxins showed strong rela-
tionships between MIC50s and LC50s at 7 d. Perhaps
more important was the strong relationship be-
tween MIC50 at 7 d and cumulative mortality at
pupation. Although MIC50 in our studies slightly
overestimated heliothine response to Bt toxin, it
more accurately projected total larval mortality
than LC50 or IC50. LC50 underestimated total effect
at pupation, especially the chronic effect of larval
mortality after 7 d of exposure. IC50 seemed to
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dramatically overestimate total effect of Bt toxins on
heliothine survival and as such would potentially
mask survival related to some resistance genes.

Even though some stunted larvae recovered after
being transferred to nontoxic and toxic diet, total
mortalities at pupation were closely related to
MIC50s estimates. This indicates that MIC50 or ML1
response at 7 d posttreatment would be a more
accurate predictor of heliothine response to Bt tox-
ins at 7 d than LC50 or IC50 at 7 d. We suggest that
future Bt monitoring and baseline studies include
MIC50 or the ML1 response as a measure of Bt
susceptibility. Certainly, M and ML1 measurements
can be easily taken at the same time. Including ML1
would increase the effective upper dose for Bt as-
says without drastic increasing the concentration of
Bt protein need for the assay. M would provide a
reference to previous benchmark information.
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