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Abstract

The adoption of cotton producing insecticidal proteins of Bacillus thuringiensis, commonly referred to as Bt cotton, around the world
has proven to be beneficial for growers and the environment. The effectiveness of this important genetically-modified crop can be jeop-
ardized by the development of resistance to Bt cotton by pests it is meant to control, with the possibility that this phenomenon could
develop in one country and spread to another by means of insect migration. To preserve the effectiveness of this agricultural biotechnol-
ogy, regulatory agencies have developed plans to mitigate the development of resistance, and research institutions constantly monitor for
shifts in Bt-susceptibility in important pests. If Bt-resistance is detected, this finding needs to be corroborated by an independent labo-
ratory according to current regulatory requirements; a process that presents numerous challenges. We investigated the biological activity
of Bt-incorporated diet on Helicoverpa virescens L. after it was stored for several days at different temperatures. Diet stored up to nine
days at different temperatures (�14 to 27 �C) produced the same biological effect on H. virescens as freshly-prepared diet. Elevating the
temperature of Bt stock solution to 76 �C as compared to 26 �C yielded significantly higher reading of apparent Cry1Ac concentration
from MVP II, but not enough to elicit a significant biological response when these stock solutions were incorporated into insect artificial
diet. These findings are important particularly when the confirmation of resistance is done at a distant location, such as Mexico, or when
diet is shared between laboratories, and must be stored for later use, as in the case of international collaboration.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Insecticide resistance has been a common phenomenon
in agricultural pests affecting growers and the environment
around the world (Whalon et al., 2004). Well-implemented
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programs to prevent insecticide resistance in a region can
be jeopardized by the influx of migratory pests that have
acquired resistance somewhere else. Of particular impor-
tance would be the development of resistance in a pest in
one country with subsequent migration of this pest into
another; thus, establishing resistant alleles in the foreign
local population. Cotton, Gossypium hirsutum, is an impor-
tant crop in North America. The USA and Mexico plant
large areas of cotton, that include nine of the 10 states that
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comprise their shared international border (except Nuevo
León, Mexico). The areas planted with cotton in each
country varies greatly, with about seven million ha in the
US per year, while in Mexico this area has recently been
only about 150,000 ha. Current adoption of genetically-
modified cotton expressing Bacillus thuringiensis toxins
(Bt cotton) in both countries has been quite high
(> 50%); thus, exerting similar Bt-resistance selection pres-
sure from this crop.

The use of Bt cotton has reduced the application of
chemical insecticides to suppress lepidopterous pests in
North America (Purcell and Perlak, 2004; Terán-Vargas
et al., 2005; Fernandez-Cornejo and Caswell, 2006). Conse-
quently, maintenance of insect susceptibility to Bt has been
perceived to be in the public good and plans to mitigate the
development of resistance to Bt have been implemented
(Matten and Reynolds, 2003). The possibility of Bt-resis-
tance developing in a pest in one country and then becom-
ing established in another by migration, is especially
feasible in known migratory noctuids such as Trichoplusia

ni, (Huebner), Spodoptera frugiperda (J.E. Smith) Heli-

coverpa zea (Boddie) and/or Heliothis virescens L. (John-
son, 1995). A well-orchestrated effort between bordering
countries can preserve Bt-susceptibility in important migra-
tory pests of crops that are planted in proximity to their
mutual international borders.

In the USA and Mexico, research and regulatory agen-
cies are interested in fast and reliable Bt resistance detec-
tion methods. Loss of Bt cotton as an effective pest
management tool in any crop could potentially have seri-
ous adverse consequences for the environment to the extent
that growers would shift to the use of foliar pesticides
(Matten and Reynolds, 2003). Strategic plans to delay Bt-
resistance and monitoring Bt-susceptibility shifts have been
implemented in both countries and there is an increasing
interest in monitoring target pests in areas that might act
as a sink/source for these migratory insects. These research
and regulatory agencies have coordinated with Bt cotton
registrants in order to implement a feasible monitoring
plan (Blanco et al., 2005). Advances in adapting a common
protocol and the dissemination of results have progressed,
but many logistical obstacles still await solution, particu-
larly in the case of the confirmation of a potentially Bt-
resistant insect(s). Current regulatory requirements stipu-
late that if Bt-resistance is ‘suspected’ after screening for
Bt-resistance in a research laboratory, this finding should
be confirmed by an independent laboratory in a series of
steps (US EPA, 2001). If the need for Bt-resistance confir-
mation arises, this can be approached in at least three dif-
ferent ways: (a) a sample of the putative Bt-resistant insect
strain can be shipped to one of preferably two laboratories
to perform a common validation protocol, (b) a team of
researchers can visit the laboratory where Bt-resistance is
suspected and/or (c) a sample of ready-to-use diet can be
exchanged between the laboratories to confirm the finding.

Each of these ways of confirming Bt-resistance by an
independent laboratory poses different challenges. The
movement of insecticide-resistant insects to another labora-
tory could jeopardize the integrity of these samples and cre-
ate an unnecessary threat to the environment if resistant
insects escape. The travel of researchers to other laborato-
ries represents logistical challenges and expenses. In the
case of the interaction between countries, an international
trip is also not easily or quickly organized. Sharing diet
might overcome some of these challenges because the com-
mon method already established for monitoring Bt-suscep-
tibility is through bioassays (Patin et al., 1999; Blanco
et al., 2004). Sharing ready-to-use Bt-treated diet manufac-
tured by one laboratory could be a way to partially confirm
Bt-resistance in other research institutions. However, the
biological activity of the diet might be affected by the time
required for delivery after shipment and the storage time
required before the diet can be used. This might be espe-
cially important in the case of international shipments that
might take longer because of customs inspections which
can delay the delivery of ready-to-use diet.

We investigated the biological response of tobacco bud-
worm colonies exposed to Cry1Ac-incorporated diet that
was stored under different temperature and time regimes
to determine if the different storage regimes affected a Bt-
resistance confirmation protocol.

2. Materials and methods

2.1. Diet preparation

Lyophilized MVP II insecticide (Mycogen Corporation,
San Diego, CA) containing ca 19.1% B. thuringiensis
Cry1Ac protoxin was incorporated into wheat germ-based
insect artificial diet (modified from Shaver and Raulston,
1971). Eight insecticide concentrations (0–1.50 lg of
Cry1Ac/mL) were added to batches of prepared diet and
dispensed (1.0 ± 0.15 mL) into 16 wells of a bioassay tray
(C–D International�, Pitman, NJ) per treatment per repli-
cation. Trays were left to dry (�0.5 h), covered with self-
adhesive film (Glad� press’n seal, Oakland, CA) and
inserted individually in plastic bags then stored under three
different temperature regimes: 4.3 ± 1.5 �C (in refrigera-
tors), �13.8 ± 2.7 �C (in freezers) and 27.3 ± 0.4 �C (in
incubators). Three different refrigerators, freezers and incu-
bators (storage devices) were used to serve as main-unit
replicates. The stored times consisted of three, six and nine
days of diet storage for the sub-unit. Diet was prepared at
three different dates in order to be inoculated on the age-
matched cohorts (< 6 h-old) neonates from two different
laboratory H. virescens colonies (USDA-ARS, Stoneville,
MS and Monsanto Company, Union City, TN) on the
same day. Three sets of trays per insect colony containing
the above described MVP II concentrations were prepared
the day of the neonate inoculation to compare the different
treatment to freshly prepared diet. This process was
repeated three times at different dates. After larval inocula-
tion, wells were covered with self-adhesive membrane (C–D
International�) then stored in three different incubators at
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27 ± 0.4 �C, 75 ± 10% RH and 14:10 h (light: darkness)
photoperiod. Environmental conditions in all storage
devices were recorded with a Hobo� data logger (Onset
Computer Corporation, Pocasset, MA). Insect evaluations
were made 7 days later by recording growth inhibition
(dead larvae or non-responsive to probing, and larvae that
had not grown beyond first instar (molting-inhibiting con-
centration, MIC) (Siegfried et al., 2000). Weights of the
>second instar live larvae in the lowest Bt-concentration
(0.125 lg of Cry1Ac/mL of diet) were recorded.

The experimental design was a split plot where temper-
ature regime was the main unit treatment. The experiment
was repeated three times in order to replicate the three
main unit treatments. The sub-unit treatment was a facto-
rial arrangement of two colonies · three storage times.
Three additional replications of each sub unit treatment
within each storage device were conducted. For each exper-
iment · colony · storage time · replication within each
temperature regime, there were eight concentrations of
the Cry1Ac protein in the diet. Probit analysis (based on
the log transformation of dose) was performed on each rep-
licate of each treatment combination and MIC50 values
were obtained. The log MIC50 values were analyzed using
an analysis of variance (ANOVA) for the split plot design.
Means based on the log of the transformed values are geo-
metric when transformed back to the original scale. Treat-
ment mean comparisons were based on the least significant
ratios (P 6 0.05) from the ANOVA. The least significant
differences (LSD) on the log scale become least significant
ratios (LSR) when transformed to the original scale. Preli-
minary Probit analyses were performed on the mean of
each treatment · dose, averaged over experiments and rep-
licates, and the lack of fit was obtained by comparing the
predicted to the observed values. The error associated with
replication was estimated by ANOVA on the same data
that was not averaged over experiments and replications,
using dose as the treatment variable. Lack of fit from the
Probit analysis was compared to the error from the
ANOVA to determine if Probit trends correctly described
the dose means. Analyses were performed using SAS ver-
sion 9.1 (SAS Institute, 2001).

Logarithmically transformed average larval weights of
each replication were analyzed by ANOVA for a random-
ized complete block design for each separate storage day
using least significant ratios and a Cry1Ac concentration
of 0.125 lg of Cry1Ac/mL. Analyses were performed using
SAS version 9.1 (SAS Institute, 2001).

2.2. Measurement of diet water loss during storage

To provide information on diet water loss during stor-
age, 1 ± 0.15 mL of control diet was dispensed into wells
of a bioassay tray. Each diet tray was cut into eight 16-well
sections (squares) and each square weighed �30 min after
dispensing diet. The squares were covered with self-adhe-
sive place inside a freezer bag, and stored in a storage
device. A randomly chosen square was taken daily from
the storage device, removed from the freezer bag, followed
by removal of the self adhesive film. Condensation was
removed from the diet square with a paper towel, then
the square was weighed and discarded. This process was
repeated for nine consecutive days.
2.3. Cry1Ac concentration detection

In order to quantify the potential Cry1Ac degradation
over time, a separate study was conducted. Two sets of
30 mL MVP II stock solutions (0.50, 1.50 and 4.50 lg of
Cry1Ac/mL of water) were prepared in 50-mL centrifuge
tubes at four different dates in order to be evaluated simul-
taneously. One set of tubes with each concentration was
maintained at 26 �C (un-heated) and the other set heated
to 76 �C (heated) for 10 min in a water bath, simulating
the maximum temperature at which the Cry1Ac stock solu-
tion is elevated when incorporated into the wheat germ diet
protocol. After the temperature exposure, one mL of each
concentration was pipetted into 2-mL microtubes and
stored in the same storage devices used for bioassay trays
for three, six and nine days. Cry1Ac concentrations in
microtubes were assessed simultaneously using ELISA
(QuantiPlate� kit for detection of Cry1Ab/Cry1Ac, Envi-
rologix�, Portland, ME). Freshly prepared un-heated
(26 �C) and heated (76 �C) MVP II solutions were also ana-
lyzed as a comparison. Methods used for quantifying the
amount of Cry1Ac using ELISA were those described in
the QuantiPlate kit’s instructions. Briefly, samples were
mixed well and 100 ll of each sample, negative controls,
and calibrators were pipetted into respective antibody-
coated assay wells provided with the kit. Samples were
mixed thoroughly by rapidly moving the plate in a circular
motion on a bench top for 20 s. Samples were then shaken
in an orbital plate shaker for 15 min at room temperature.
One hundred micro liters of the Cry1Ac antibody-enzyme
conjugate was added to each sample followed by mixing
and incubation at room temperature for 1 h in an orbital
shaker. The wells were emptied at the end of the incubation
period by vigorously shaking the contents of the wells into
a sink. Wells were washed four times by filling them with
1· phosphate buffered saline (pH 7.4) containing 0.01%
Tween 20 and then shaking the wash buffer into the sink.
After the last wash, the remaining wash buffer was removed
by tapping the inverted plate onto a paper towel. Hundred
micro liters of substrate solution was then added to each
well and they were incubated at room temperature for
30 min in an orbital shaker. Color development was
stopped by adding 100 ll of stop solution (100 N Hydro-
chloric acid) and the plates were read immediately using
a microtiter plate reader (Bio-Rad model 680, Hercules,
CA) set to 450 nm. The negative control and calibration
standards provided with the kit were used in triplicate in
each plate to generate standard curves for sample quantifi-
cation. Sample wells were covered with parafilm during all
the incubation steps to prevent evaporation. Statistical
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analysis was performed using SAS version 9.1 (SAS Insti-
tute, 2001).

2.4. Biological effect of elevating the temperature of stock

solutions

A separate study to evaluate the biological effect of heat-
ing the MVP II stock solution to 76 �C on the resistance
bioassay of tobacco budworm was conducted. Un-heated
(26 �C) and heated (76 �C) MVP II insecticide stock solu-
tions (1.5 lg of Cry1Ac/mL of water) were used to prepare
a set of the 8 series dilution concentrations (0–1.50 lg
Cry1Ac/mL of diet). Un-heated and heated series dilutions
were incorporated into the Arthro Feeds diet (Stonefly�

Industries Inc., Bryan, TX) following the manufacturer’s
instructions. Each concentration of prepared diet was
scooped into 16-wells of a bioassay tray (�1 mL/well).
Wells were inoculated with 616 h-old tobacco budworm
neonates from the two previously mentioned laboratory
colonies and the bioassays were evaluated as described
before. This procedure was repeated four times at different
dates. Probit Analysis was performed using SAS version
9.1 (SAS Institute, 2001).

3. Results

3.1. Diet biological activity

This experiment indicated that storage conditions
(F = 1.19, P = 0.31, df = 2, 30.8) or storage time
(F = 0.48, P = 0.62, df = 2, 33.7) did not affect the biolog-
ical response of the tobacco budworm to Cry1Ac (MVP
II)-incorporated wheat germ diet (Table 1). No significant
differences were found in MIC50 values for either colony
(F = 0.75, P = 0.61, df = 6, 33.7) exposed to the different
storage treatments for any period of time. The MIC50 of
USDA-ARS larvae fed diet stored in incubators for 6 days
was significantly different (P = 0.048) from the MIC50 of
Table 1
Molt-inhibiting concentrations (MIC50) values differences of two H. viresce

temperature and time regimes

Storage time Fresh Freezer Refrigera

USDA-ARS colony
0 Days 0.129 — —
3 Days — 0.088 0.176
6 Days — 0.336 0.237
9 Days — 0.201 0.148
Average — 0.182 0.184
LSR1 comparing storage time — 4.435 4.435

Monsanto colony
0 Days 0.332 — —
3 Days — 0.420 0.398
6 Days — 0.379 0.369
9 Days — 0.456 0.323
Average — 0.417 0.362
LSR1 comparing storage time — 1.681 1.681

* Significantly different from fresh diet (P = 0.048), not significantly differen
1 Least significant ratio.
freshly made diet (Table 1). Significant differences in
MIC50 values were found between colonies (F = 23.48,
P < 0.0001, df = 1, 33.7).

Average larval weights of USDA-ARS colony exposed
to 0.125 lg of Cry1Ac/mL of diet stored for three
(P = 0.002, F = 17.45, df = 6, LSD = 0.00056) and nine
days (P = 0.016, F = 7.83, df = 6, LSD = 0.00073) were
significantly different from larvae exposed to fresh diet at
the same Cry1Ac concentration. Larval weights of the
Monsanto colony exposed to 0.125 lg of Cry1Ac/mL of
diet stored for six (P = 0.024, F = 6.72, df = 6,
LSD = 0.00094) and nine days (P = 0.003, F = 14.64,
df = 6, LSD = 0.00061) were significantly different from
larvae exposed to fresh diet (Fig. 1).

3.2. Diet water loss

Control diet stored for up to nine days lost 2.4 ± 0.7%
(in incubators), 1.0 ± 0.2% (in refrigerators) and
0.5 ± 0.1% (in freezers) water content.

3.3. Cry1Ac concentration

Significantly higher Cry1Ac concentrations were
obtained when stock solutions were heated to 76 �C than
when they were at 26 �C (P < 0.0001, F = 76.87, df = 1,
102). There were significant differences in Cry1Ac concen-
tration between stock solutions (P < 0.0001, F = 65.96,
df = 2, 102) and storage devices (P = 0.0056, F = 5.46,
df = 2, 102). Storage time did not influence protein concen-
tration (P = 0.72, F = 0.32, df = 2, 102) (Fig. 2).

3.4. Biological effect of elevating the temperature of stock

solutions

Heated (76 �C) or un-heated (26 �C) stock solutions
incorporated into the Arthro Feeds diet did not produce
a significantly different MIC50 (t = 0.05) within insect colo-
ns colonies exposed to Cry1Ac-incorporated diet stored under different

tor Incubator Average LSR1 comparing treatments

— — —
0.144 0.130 3.157
0.487* 0.341 3.157
0.193 0.179 3.157
0.238 2.649
4.435 4.260

— — —
0.387 0.402 1.434
0.358 0.369 1.434
0.328 0.365 1.434
0.357 1.319
1.681 1.663

t from all other means shown above.
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Fig. 1. Differences on average larval weights (mg) in two different H. virescens colonies exposed to 0.125 lg of Cry1Ac/mL-incorporated into insect
artificial diet that was stored under different temperature and time regimes.
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Table 2
Molting-inhibitory concentration (MIC50) response of two different H. virescens colonies to stock solutions treated at different temperatures incorporated
into the Arthro Feeds diet

Stock solution (�C) Slope ± SE Significance of slope MIC50 (lg/mL of diet) Goodness of FIT

v2 Probability Dose 95% FL v2 Probability

USDA-ARS colony
26 0.713 ± 0.11 38.76 <0.0001 0.205 0.11–0.31 30.24 <0.0001
76 0.549 ± 0.04 166.51 <0.0001 0.207 0.17–0.24 2.57 0.76

Monsanto colony
26 0.754 ± 0.08 84.87 <0.0001 0.609 0.46–0.82 9.85 0.07
76 0.699 ± 0.13 27.86 <0.0001 0.657 0.40–1.30 28.47 <0.0001
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nies. Significant MIC50 differences (t 6 0.05) were observed
between insect colonies (Table 2). Larval weights were not
significantly different (ARS colony P = 0.90, t = �0.13,
df = 3, Monsanto colony P = 0.60, t = �0.58, df = 3)
when exposed to 0.125 lg of Cry1Ac/mL incorporated diet
made with Cry1Ac stock solutions heated to 76 or
unheated at 26 �C (Fig. 3).

4. Discussion

The Bt-resistance conformation process can have addi-
tional complications if two countries are involved. Logisti-
cal constraints associated with scientists’ foreign travel and
shipping live insects across international borders may
retard the confirmation process; thereby, delaying the
response of regulatory agencies, growers, and Bt cotton
registrants for developing and implementing a remedial
action plan. The exchange of a batch of Bt-treated diet
made by a laboratory reporting Bt-resistance and another
batch from an independent laboratory could allow for
comparison of the response of an insect colony to the
two different diets. It could also be used to study the
response of two insect strains to the same diet. The
Cry1Ac-incorporated diet suffered no negative biological
effects when stored at different temperature conditions for
up to nine days. This showed the reliability of the diet
for use in the exchange of ready-to-use diet between differ-
ent laboratories to confirm Bt-resistance. The only negative
effect of this diet was observed with the USDA-ARS col-
ony fed on diet stored at 27 �C (in incubators) for six days
when compared with the same colony fed on fresh diet
(Table 1). Since this only occurred at one date with one col-
ony, we think it was a condition caused by experimental
error, and was not a real adverse biological effect. Over-
night delivery of the same type of diet had no detrimental
biological effect using an international commercial carrier
(Blanco et al., 2005). Our findings are corroborated by a
similar study that utilized another Bt insecticide (Javelin)
incorporated into diet maintained at 27 �C for 10 d or at
5 �C for up to 14 d retaining its effectiveness against dia-
mondback moth larvae (Perez et al., 1997).

Weight of larvae exposed to stored diet offered another
indicator of the preservation of the diet’s biological activ-
ity. Although larvae in our experiment tended to be heavier
in fresh diet as compared to refrigerated diet or diet placed
in incubators, this trend was not consistent for the two
insect colonies or for all the temperature regime days
(Fig. 1). Very little humidity (62.5%) from the diet was lost
after nine days of exposure, offering another parameter to
ensure the diet’s effectiveness.

Unexpectedly, more Cry1Ac was detected when the
MVP II preparation was heated to 76 �C than when main-
tained at 26 �C (Fig. 2). A possible explanation for this
finding could be due to the disruption of Pseudomonas

flourescens cell walls. MVP II is a highly-stable insecticide
produced by a fermentation process in which dead
P. flouresens that express Cry1Ac are encapsulated in
cross-linked cell wall components which protect the toxin
crystal (Tomlin, 1997). This process (CellCap�) is believed
to create the stability of the active ingredient (Soares and
Quick, 1992). Disrupting these cells during the heating
the preparation to 76 �C might have released a higher
amount of Cry1Ac. This Bt toxin concentration difference
led to further testing of heated and un-heated stock
solutions which were incorporated into an insect artificial
diet that did not require hot water in the process. MIC50

responses in both colonies were not affected by the two
types of temperature regimes in stock solution (Table 2).
Perhaps the Cry1Ac concentration difference (�25%)
released by the heated stock solution is not high enough
to elicit a biological response at the low protein concentra-
tion used in our bioassays. Larval weights on diet with
heated and un-heated stock solution showed the same,
not statistically significant, trend (Fig. 3).

Sharing prepared diet among laboratories could be a fea-
sible Bt-confirmation process. The manufacture of this diet
with a reference Bt protein batch and a validated protocol,
plus the biological response of this diet utilizing a known ref-
erence insect strain, are basic requirements that are recom-
mended for the Bt-resistance confirmation process. A well
coordinated effort between laboratories in two countries,
knowledge, as well as coordination with custom authorities
and shipment carriers will increase the rapid delivery of diet
across international borders and the accuracy of results.

Disclaimer
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vidual authors and do not necessarily reflect the views or
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sented. Mention of trade names or commercial products
in this report is solely for the purpose of providing specific
information and does not imply recommendation or
endorsement by any of the agencies or institutions partici-
pating in this study.
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