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ARTHROPOD MANAGEMENT AND APPLIED ECOLOGY

Relative Efficacy of Cotton Events Expressing CrylAb and Vip3A Against Cotton
Bollworm and Tobacco Budworm (Lepidoptera: Noctuidae)

Narendra Palekar*, Ryan W. Kurtz, Frederick S. Walters, and David O’Reilly

ABSTRACT

The most commonly accepted strategy for
delaying insect resistance to transgenic crops is
the high-dose plus refuge strategy. To augment
this strategy and further reduce the likelihood of
insect resistance developing, current and future
transgenic insecticidal crops, such as VipCot™,
routinely express two or more insecticidal pro-
teins targeting a similar pest spectrum. In the
present study, we have evaluated the relative ef-
ficacy of two transgenic cotton events, COT67B
(which expresses a CrylAb protein) and COT102
(producing Vip3A protein), against the tobacco
budworm (Heliothis virescens) and cotton boll-
worm (Helicoverpa zea). Our data indicate that
both COT67B and COT102 have high levels of ac-
tivity against both species. COT102 and COT67B
have been combined in our new insect-resistant
cotton product, VipCot™. The combined activ-
ity of the two component events in VipCot™
and Vip3A’s unique mode of action will provide
substantial benefit to cotton insect control and
resistance management strategies.

s the benefits of genetic engineering technology

become better known, growers in more countries
are adopting genetically engineered cotton varieties.
An estimated 35 million hectares were cultivated
worldwide with Bacillus thuringiensis Berliner (Bt)
cotton varieties in 2007 (Gruere, 2007). Genetic
engineering is an additional tool used by breeders
to develop new varieties and has had successes in
numerous applications complementing traditional
breeding approaches for obtaining desirable traits.
This technology involves insertion of a gene or genes
of interest into crop varieties to provide specific
traits such as insect resistance. Transgenic crops
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offer innovative approaches for the development of
integrated pest-management systems because they can
eliminate or greatly reduce dependence on nonselective
insecticide sprays for control of dominant pests and
may include increased reliance on biological control
of secondary pests (Roush, 1997). An important
application of genetic engineering technology in cotton
has been the adoption of Bt cotton for insect control
(Perlak et al., 1990). Studies have shown an increased
abundance of non-target species surviving in Bt cotton
as compared to conventionally grown cotton (Fitt et
al., 1994). In addition, as Bt-transgenic crops can be
used to manage pest populations, the combination
of under-utilized management tactics such as crop
rotation and pheromone mating disruption became
more attractive. In general, these tactics alone are not
sufficiently effective at moderate-to-high pest densities
(Roush, 1997).

A new generation of transgenic cotton has been
developed with broad-spectrum lepidopteran insect
resistance including control of major target pests
threatening cotton production such as the cotton boll-
worm, Helicoverpa zea (Boddie), and the tobacco
budworm, Heliothis virescens (Fabricius). Trans-
genic cotton, “VipCot™” (O’Reilly et al., 2007),
comprises a pyramid of two insecticidal proteins that
have been combined through conventional breed-
ing, crylAb (from the event COT67B) and Vip3A
(from the event COT102). These events express a
full-length version, sequence identification number
7 from Cayley et al. (2010) of the CrylAb delta-
endotoxin protein and Vip3 A vegetative-insecticidal
protein (VIP), respectively. Both proteins are derived
from Bt, the naturally-occurring soil bacterium found
worldwide, but have two distinct modes of action
(Lee et al., 2003, 2006), which is useful for proac-
tively mitigating the occurrence of insect resistance.

Having a proactive strategy for insect resistance
management in transgenic insecticidal crops has been
a priority of Environmental Protection Agency (EPA)
and industry since the initial commercial release
of transgenic cultivars. The proactive approach of
high-dose plus refuge strategy to insect resistance
management has, in part, contributed to the continued
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efficacy of Bt crops; however, all current transgenic
insecticidal crops fail to meet some or all of the as-
sumptions underlying high-dose plus refuge strategy
for one or more pest species. To augment the high-dose
plus refuge strategy and further reduce the likelihood
of insect resistance developing, current and future
transgenic insecticidal crops, such as VipCot™ cot-
ton, are routinely expressing two or more insecticidal
proteins targeting a similar pest spectrum. Roush (1997,
1998) concluded that the most effective way to reduce
the overall levels of resistance development is through
pyramided varieties using two or more toxins in the
presence of an appropriate refuge. Pyramiding Bt
toxins exploit “redundant killing,” where totally sus-
ceptible insects are killed by both toxins and insects
resistant to one toxin are killed by the other (Comins,
1986; Gould, 1986). The computer simulation model-
ling performed by Roush (1998) demonstrated that
pyramided Bt crops with component proteins causing
greater than 95% mortality of susceptible homozygotes
and 70% mortality of resistant heterozygotes will be
effective with relatively small amount of non-Bt refuge.
The pyramiding strategy was empirically validated by
Zhao et al. (2003).

Previously, Kurtz et al. (2007) described the
efficacy of COT102 and COT67B cotton combined
as VipCot™ cotton against H. virescens and H. zea
and showed that VipCot™ cotton expressed Cry1Ab
and Vip3A at a sufficient combined level to kill all
susceptible insects of both species in field trials and
laboratory assays. To better understand the contri-
bution the pyramided VipCot™ cotton brings to
resistance management for Heliothines, field trials
and/or laboratory assays were conducted to assess
the relative insecticidal activity of each component
event, COT102 and COT67B cotton.

MATERIALS AND METHODS

Bioassays Using Lyophilized Tissue. Lyophi-
lized tissue of single events were diluted in an agar
suspension and overlaid on artificial insect diet to re-
duce the exposure of a target insect species relative to
the living plant (considered 100% concentration). The
field trials described in Kurtz et al. (2007) showed the
pyramided VipCot™ cotton plants resulted in 100%
insect mortality. Therefore, diluting the single-event
tissue in an agar suspension provided insight into
the relative insecticidal activity of the single events
compared to the combined activity in living plant
tissue. Greenplate (1999) demonstrated the use of
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lyophilized cotton tissue to develop a sensitive, quan-
titative bioassay for measuring Cry1Ac in Bollgard™
cotton plant tissue. He described the use of lyophilized
cotton tissue (2% slurry), rather than plant extract to
reduce the potential for possible extraction efficiency
artifacts associated with plant tissue type or age. The
ease of handling and storage of lyophilized cotton
tissue compared to fresh cotton tissue enabled the use
of lyophilized tissue for this study. The background
germplasm used for this study was non-transgenic
isoline Coker312 as it is indicative of isogenic back-
grounds for COT102 and COT67B. Non-transgenic
isoline (Coker312), COT102 (vip3A gene producing
Vip3A protein), and COT67B (crylAb gene producing
Cry1Ab protein) cotton plants were seeded in 4.5-in
plastic pots containing Metro 380 potting soil (Sungro,
McCormick, SC) and covered with 2 tablespoons of
Sierra Fertilizer Mix 17-6-12 plus minors. Plants were
hand watered daily as necessary and were not treated
with any pesticide or plant-growth regulator. Plants
were grown in the greenhouse with supplemental
light to provide a 16:8 h light:dark cycle at 29:23 °C.

Terminal leaves (third leaf from top) were
harvested from non-transgenic isoline (Coker312),
COT102, and COT67B transgenic cotton plants 4 wk
after planting. Leaves from 15 plants were placed in
50-ml tubes (Fisher Scientific, Pittsburgh, PA) and
stored at -80 °C. The frozen tissue was then placed
in a freeze-drier (VirTis Wizard 2.0, SP Industries,
Gardiner, NY) and lyophilized gradually over a
step-wise cycle. The lyophilized material was then
routinely ground to a fine powder using a mortar and
pestle and stored at —80 °C until use.

We depended on the dry-weight basis of leaf ma-
terial rather than wet weight (Greenplate, 1999), and
considered the lyophilate of fresh leaf to be 100% and
calculated 4% dilution (25-fold) as described below.
One and one-half ml of artificial multiple-species
Lepidopteran larval diet (Southland Products, Inc.,
Lake Village, AR) was dispensed into individual wells
of 24-well plates (Costar brand; Fisher Scientific) and
allowed to set at room temperature. Suspensions of
lyophilized leaf tissue at 4% (wt/vol) and 0.8% (wt/
vol), were prepared in 0.2% bactoagar (Fisher Sci-
entific). A 4% suspension is a 25-fold dilution of test
material (2 g leaf powder/50 ml of 0.2% agar) and a
0.8% suspension is a 125-fold dilution of leaf powder
(0.4 g leaf powder/50 ml of 0.2% agar). The suspen-
sions were dispensed (0.45 ml per well) into each
well of separate treatment plates and allowed to dry
at room temperature. Plates were closely monitored
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to avoid over-drying and subsequent cracking of the
diet surface prior to insect infestation.

Each well of the 24-well treatment plate was
infested with a single neonate H. virescens or H.
zea [(eggs of both species purchased from known
susceptible colonies from the NC State University
insectary) (van Kretschmar, 2010)], and all plates
were held in an incubator at 25 °C in the dark. Treat-
ments (24 neonates per dilution in four independent
experiments) were evaluated at 3- or 6-d intervals
until mortality reached 100% in transgenic plants
(COT102 and COT67B). Visibly inactive larvae that
did not move when touched with blunt tip forceps
were considered dead. Four experiments per pest
were conducted with independent preparations of
leaf tissue from 15 separate plants.

Artificial Infestation of Field Trials. To support
the findings described in Kurtz et al. (2007), plants
in field trials were artificially infested with labora-
tory strains of pest insects to determine if full-length
CrylAb is expressed by COT67B at a dose that kills
at least 95% of susceptible H. virescens. The trial
was carried out at two locations, Syngenta’s Southern
Regional Technical Center at Leland, MS and Vero
Beach Research Center in Vero Beach, FL. Unrepli-
cated, solid blocks of COT67B cotton plants as well
as smaller blocks of non-transgenic Coker312 plants
were grown at each location using standard regional
agricultural practices. To eliminate the natural-enemy
interference with the infestation, the study area was
over-sprayed with acephate (Orthene?, Valent U.S.A.
Corporation, Walnut Creek, CA) at 0.09 kg ai/ha, 24
to 48 h before scheduled infestation (Jackson et al.,
2003). The non-transgenic Coker312 cotton block was
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used to estimate the infestation technique effective-
ness and to determine field fitness of the H. virescens
strain utilized in these studies. Because insect survival
was expected to be low on COT67B cotton, more
COT67B cotton plants were grown and infested
than non-transgenic Coker312 plants, to increase the
chance of being able to quantify surviving insects.

Transgenic COT67B and non-transgenic Cok-
er312 cotton plants were artificially infested with
H. virescens eggs obtained from the Southern Insect
Management Research Unit, USDA, ARS, Stoneville,
MS. This strain of H. virescens is believed to have
LCso values similar to field strain because the colony
was infused with feral insects in 2002 (Blanco et al.,
2009). Twenty-four to 36 h before hatching, eggs were
mixed into a xanthan gum solution (11g xanthan pow-
der/3000 ml DI water) and sprayed onto the terminal
area of the cotton plants using a conventional CO;
backpack sprayer. Eggs were sprayed through a Teejet
flat fan 8006 nozzle (Spraying Systems Co., Wheaton,
IL), at approximately 10 psi. To reduce the sampling
time necessary for evaluating the total number of in-
fested plants on a given date, four artificial infestations
were made at each location on different dates with one
quarter of the available plants being infested each time.
The infestations were carried out after initiation of
flowering. Egg hatch rate was estimated by collecting
several leaves containing eggs from Coker312 plants
and placing them into Petri dishes. Eggs recovered
from leaves were counted and allowed to hatch in
Petri dishes. The number of neonates was counted a
day after hatching to determine eclosion rates. The
total numbers of insects infested and plants assessed
at each location are given in Table 1.

Table 1. Artificial infestation of H. virescens in field trials carried out in 2005 on COT67B cotton plants at two locations in MS
and FL indicating number of plants assessed, number of insects infested, and number of insects observed at day 7 and day 14.

Location Treatment T(?tal larvae Number of plants Number of insects observed Number of insects observed
infested” assessed” 7 DAI 14 DAI

MS Coker312 3075 112 314 (3140)*
COT67B 30,755 1120 1 0

FL Coker312 5208 168 141 (1410)*
COT67B 52,080 1680 2 0

Totals Coker312 8283 280 455

COT67B 82,835 2800 3 0

“ Estimated based on the number of eggs applied and the observed hatch rate

Y Actual number of plants examined for live larvae, number of plants within treatments between locations differ due to

plot size

* Estimated number of larvae that would have been observed if an equal number of plants were sampled in COT67B and

Coker312
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Field assessments of larval survival were carried
out 7 d after infestation (DAI). In each case, the as-
sessment involved a whole plant search for surviv-
ing larvae. Where surviving larvae were found on
COT67B plants, the fruiting structures containing the
larvae were tagged. Four to 7 d later, these fruiting
structures, plus all adjacent structures were thor-
oughly reassessed to observe any surviving larvae.

Bioassays of Neonate and Fourth Instar Lar-
vae. These assays involved the identification of the
instar that is at least 25-fold more tolerant to the toxin
than neonates, and determining mortality of older
instar insects as compared to neonates. The more toler-
ant older instars serve as surrogate heterozygous neo-
nates because neonates heterozygous for resistance
are rarely greater than 25-fold less susceptible than
homozygous susceptible neonates (US EPA, 1998).
Bioassays with CrylAb and Vip3A were performed
using neonates and fourth instar larvae to verify if
older H. zea was at least 25-fold more tolerant to the
toxins than neonates. We chose to use purified protein
for these bioassays, which would be indicative of
the intrinsic activity of the protein. In addition, the
use of purified toxins from a bacterial source in the
artificial-diet bioassay method was chosen as it was
logistically much more practical than obtaining puri-
fied protein from plant tissue. Purified Vip3 A protein
(from a recombinant E. coli over-expression system)
was solubilised in 1x phosphate-buffered saline (PBS)
at pH 7.7 and centrifuged for 5 min at 25,000 x g at 4
°C. Purified full-length Cry1Ab (from a recombinant
E. coli over-expression system) was solubilized in 50
mM Tris-HCL, 2 mM EDTA, at pH 9.5 and centrifuged
as above. The crylAb gene used encodes the same
full-length Cry1Ab protein as produced by Bacillus
thuringiensis subsp. kurstaki HD-1, except that it con-
tains an additional 26 amino acids (described as the
Geiser motif) in the C-terminal portion of the protein
(Geiser et al., 1986). The concentration of Vip3A and
full-length Cry1Ab proteins in each supernatant was
then determined using the BCA™ Protein Assay Kit
(Pierce, Rockford, IL).

Sterile 12-well plates (Fisher Scientific) were
prepared with 1.5 ml per well of artificial multiple-
species Lepidopteran larval diet (Southland Prod-
ucts). One-hundred-twenty ul of an appropriate
dilution of Vip3 A or full-length Cry1Ab was applied
to the surface of each diet well and allowed to dry at
room temperature. Each well was then infested with
a single neonate or fourth instar H. zea larva with
24 insects used per dilution. Eggs and fourth instar

H. zea larvae were obtained from the NC State Uni-
versity insectary (Raleigh, NC). Fourth instar H. zea
were identified based on head-capsule size (Archer
and Bynum, 1994). The bioassay plates were held
at 25 °C in the dark and mortality read at days five
through seven. Each test was conducted indepen-
dently on different days using fresh stock solutions
and test substance dilutions and different batches of
larvae. Final LCso determinations were expressed in
terms of ng protein/cm? diet surface. Each bioassay
was evaluated in terms of its dose response, and LCsg
values were determined by probit analysis (Finney,
1971) using the EPA Probit Analysis Program (ver-
sion 1.5) for those assays affording a dose response.
Cotton plants were seeded and grown as de-
scribed for the lyophilized tissue bioassays above.
Four weeks after planting, the youngest leaves on
the plant with a width of at least 4 cm were har-
vested for fresh leaf bioassay. For neonate H. zea
larvae, two leaf disks were cut from respective
leaves using a size 10 cork borer and placed on top
of a Millipore™ glass fiber pre-filter (Millipore
Corporation, Billerica, MA) that was pre-wetted
with 0.08 ml sterile distilled water in each well of a
sterile 12-well plate. One neonate was placed into
each well. Twenty-four wells each were used for each
leaf type from Coker312 (non-transgenic), COT102,
and COT67B transgenic cotton and the plates were
covered with a layer of Breathe-Easy™ (Diversified
Biotech, Boston, MA) film, then plate lids clipped
on with four large binder clips. Plates were held at
25°C in the dark. Old leaf discs were removed from
each well, and fresh water and new leaf discs added
every 2 d. Percent mortality was recorded after 3 to
4 d and periodically thereafter until 100% mortality
was observed in the transgenic samples. For fourth
instar H. zea larvae, six to eight 15-mm squares of
leaf tissue from Coker312, COT102, and COT67B
cotton were cut and placed into each well of sterile
12-well plates prepared as described above. One
fourth instar H. zea larva was placed into each well.
Twenty-four wells were used for each leaf type to
be tested and the plates were covered with plate lids
clipped on with two large binder clips. The test was
conducted at 25 °C in the dark. Surviving larvae
were removed from each well and reset into newly
prepared wells in a new sterile 12-well plate every 2
to 3 d. Percent mortality was recorded at each plate
change until 100% mortality was noted in the trans-
genic event. Three independent tests were conducted
with different batches of insects and leaf material.
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Statistical Analysis. Percentage mortality was
calculated and data were transformed prior to ANO-
VA and the Student-Newman-Keuls mean separation
procedure for each respective set of pest species data
for bioassays using lyophilized tissues and also for
bioassays with neonate and fourth instar larvae (on
leaf disks). Percentage mortality values were trans-
formed using an arcsine \/proportion procedure. An
adjustment of +1/(4n), where n = number of insects,
was used for each respective sample falling between
0 to 14% mortality, whereas an adjustment of 100 —
(1/4n) was used for respective samples between 86
to 100% mortality. Each Least Significant Range
(LSR) was determined per the procedure described
in Sokal and Rohlf (1969):

LSR = Q, 0.05\/MS, /N

Means assigned the same letter for each respec-
tive pest species (lyophilized tissue bioassay) or for
each respective set of neonate or fourth instar H.
zea larvae (leaf disk bioassay) are not significantly
different.

within

RESULTS

The three methods discussed (bioassays using
lyophilized tissue, artificial infestation of field
trials, and bioassays of neonate and fourth instar
larvae) were used in combination to support the
findings reported in Kurtz et al. (2007) for the com-
mercial product VipCot™ cotton by evaluating
biological activity of the single events, COT102
cotton and COT67B cotton, against H. virescens
or H. zea. Both species were evaluated by using
lyophilized tissue of each single event to provide
insight into the relative insecticidal activity of
single events compared to the combined activity
in living plant tissue. Because H. zea has been
more difficult to control historically (Greenplate
etal., 1998; Stone and Sims, 1993), further assays
were run with each single event to determine what
impact each might have on survival of neonates
heterozygous for resistance. Because H. virescens
has been controlled easily with Cryl expressing
cotton events (Jackson et al., 2007), field assays
were run to determine if COT67B provides similar
control. Data from all methods performed for both
pests on VipCot™ cotton can be found in Kurtz et
al. (2007). Results show both the proteins, Vip3A
and CrylAb in VipCot™ cotton, are highly effec-
tive against both the pests.
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Bioassays Using Lyophilized Tissue with H.
virescens and H. zea. For H. zea, the 25-fold dilu-
tion of lyophilized tissue of COT67B and COT102
caused 100 and 75% mean mortality, respectively,
whereas non-transgenic Coker312 caused only
16% mean mortality (Fig. 1). Furthermore, even
at a 125-fold dilution, COT67B tissue caused 89%
mean mortality of H. zea, whereas Coker312 caused
17% mean mortality. Similar data were obtained for
bioassays on H. virescens, with COT67B tissue caus-
ing 100% and 99% mean mortality at 25-fold and
125-fold dilutions, respectively, and with Coker312
causing only 12% and 18% mean mortality, respec-
tively. COT102 resulted in 70% mean mortality to
H. virescens when diluted 25-fold (Fig. 1). These
data indicate that the COT67B and COT102 events
exhibit insecticidal activity toward H. zea and H.
virescens even when diluted into insect diet.

COT67B COT67B

1001 COT102
80 -

60 A
40 A

20

Percent mortality

0 A

4 08 4 08 4 08
H. zea

4 08 4 08 4 08
H. viriscens

Figure 1. Lyophilized tissue bioassays with H. zea and H.
virescens. Percent mortality for four bioassays are sum-
marized as the mean mortality (error bars indicate the
standard error of the mean). Means assigned the same
letter for each respective pest species are not significantly
different. Numbers below x axis indicate the percent
lyophilized leaf material present in the assay. Open,
diagonal, and solid boxes represent Coker 312, COT102,
and COT67B, respectively.

Artificial Field Infestations with H. virescens.
The insecticidal activity of COT67B cotton vs. H.
virescens was evaluated in two studies located at
Leland, MS and Vero Beach, FL during 2005. Arti-
ficial infestation resulted in the establishment of ro-
bust H. virescens populations on the non-transgenic
Coker312 plots at both locations, with 314 and 141
larvae observed after 7 d at Leland and Vero Beach,
respectively (Table 1). These data confirm that the
infestation regime was effective and that the control
mortality was comparable to the natural Heliothine
mortality in cotton (Pustejovsky and Smith, 2006).
In contrast, only one surviving larva was found on
COT67B cotton 7 d after infestation at the Leland
location, despite infestation of 10-fold the number
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of plants compared to Coker312. Similarly, only
two surviving larvae were found on COT67B 7 d
after infestation at Vero Beach (Table 1). At both
locations, the larvae surviving on COT67B cotton
after 7 d were small, ranging from first to early
third instars. Fruiting structures (with no damage
to insignificant feeding) that contained surviving
larvae were tagged and assessed again 4 to 7 d later.
Adjacent plants were also thoroughly checked. In
all cases, the larvae could no longer be recovered.
Furthermore, all the tagged fruiting structures re-
mained on the plants and were developing normally.
These observations indicate that the few small
larvae still alive on COT67B at 7 d likely did not
survive to pupation, and that COT67B cotton plants
showed 100% mortality of H. virescens 10 to 14 d
after infestation.

Neonate and Fourth Instar Bioassays for H.
zea. In two separate LCsg bioassays, fourth instar
H. zea larvae were 30- and 87-fold more insensi-
tive than neonates to CrylAb (Table 2). In four
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separate bioassays for Vip3A, while neonate H.
zea larvae had a LCsp value ranging from 487 to
1780 ng/cm? (Table 3), none could be calculated
for fourth instar H. zea larvae in three bioassays. In
these three bioassays, the mortality at the highest
dose of approximately 58,000 ng/cm? was 75, 33,
and 8%, respectively, with consistent low mortal-
ity and poor dose responses at the lower doses
used. However, in a fourth bioassay, even though
the mortality never rose above 42% even at the
highest dose tested (100,000 ng/cm?), we were
able to calculate an LCsg that was 82-fold higher
than neonates (Table 3). These data indicated that
fourth instar H. zea were over 25-fold more insen-
sitive to Vip3A than neonates. Therefore, fourth
instar larvae were appropriate to use in older instar
bioassays of either event. The variation in LCs
values of neonate and fourth instar H. zea could
be entirely a result of natural variation in cohorts
of a population and subsequent generations (Rob-
ertson et al., 1995).

Table 2. LCso values of full-length CrylAb (in COT67B event) pure protein for first and fourth instar H. zea showing L.Cs

ratio and 95% C. 1. in two bioassays.

Bioassay Instar n” Slope + SE LCs¢" 95% C. 1. df e LCso Ratio(L4:L1)
1 L1 72 1.076 + 0.283 691 313-2001 3 1.158 30
L4 60 0.809 + 0.379 20,838 nc* 3 0.009
2 L1 84 1.089 + 0.243 219 82-439 4 0.178 87
L4 84 0.785 £ 0.271 19,263 7764-240,451 4 0.151

“ Total number of insects
Y Measured as ng/cm? concentration

*None calculated by EPA Probit Analysis Program (version 1.5), mortality was only at 50% at the highest dose of 60,000

ng/cm?

Table 3. LCs values of Vip3A (in COT102 event) pure protein for first and fourth instar H. zea showing LC50 ratio and

95% C. L. in four bioassays.

Bioassay Instar n* Slope £+ SE LCs oY 95% C. 1. df x? LCsp Ratio (L4:L1)
1 L1 108  0.818 +£0.241 505 50-1186 6 5.613 >25
L4 132 nc* nc* nc* nc* nc*
2 L1 84 1.552 £ 0.427 1780 1040-3760 3 0.841 >25
L4 108 nc* nc* nc* nc* nc*
3 L1 192 2.04 £ 0.637 487 291-907 2 4.495 >25
L4 96 nc* nc* nc* nc* nc*
4 L1 192 0.767 £ 0.238 1599 479-4250 4 2.851 82
L4 216  1.068 + 0.238 130,341  69,484-515,061 6 5.668

z Total number if insects
Y Measured as ng/cm?
* None calculated
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Three individual bioassays of neonate and
fourth instar H. zea larval survival on COT102 and
COT67B were performed on fresh cotton leaf disks.
The data presented in Fig. 2 indicate that exposure to
either COT102 or COT67B leaf material resulted in
100% mortality estimates of both neonate and fourth
instar H. zea. This indicates that both events display
high activity towards H. zea, based on this method.
b b

b b

100 A

80

60

Percent mortality

a

First instar Fourth instar

H. zea

Figure 2. Neonate and fourth instar bioassays with H. zea.
Three leaf disk bioassays were conducted using fresh
leaf disks of Coker312, COT102, and COT67B against
neonate and fourth instar H. zea. Data for three bioas-
says are summarized as the mean mortality for all bioas-
says. Error bars indicate the standard error of the mean.
Means assigned the same letter for each respective larval
stage are not significantly different. Open, diagonal, and
solid boxes represent Coker312, COT102, and COT67B,
respectively.

DISCUSSION

These results confirm the high insecticidal
activity seen with pyramided VipCot™ cotton
reported earlier (Kurtz et al., 2007). In our study,
the data show that COT67B resulted in high mor-
talities of Heliothine neonates when exposed to
the three methods used, and COT102 caused high
mortalities of first and fourth instars of H. zea when
exposed to fresh leaf tissue in the laboratory study.
Previously reported data showed that VipCot™
cotton killed all susceptible H. virescens and H.
zea using similar methodology (Kurtz et al., 2007).
The data presented herein reinforce the potential
value that pyramiding COT67B and COT102 as
VipCot™ cotton brings to resistance management.
The computer simulation modelling performed
by Roush (1998) demonstrated that pyramided
Bt crops with component proteins causing greater
than 95% mortality of susceptible homozygotes
and 70% mortality of resistant heterozygotes will
be effective with relatively small amount of non-
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Bt refuge. Our data indicate that the component
events comprising VipCot™ cotton meet the level
of efficacy that simulation modelling predicts, will
be highly effective for delaying resistance develop-
ment in insect populations even with small amounts
of non-Bt refuge.

To further evaluate the relative efficacy of the
component events in VipCot™ cotton, field trials
that included COT102 and COT67B alongside Vip-
Cot™ cotton were conducted in multiple locations
in 2006 and 2007 (Minton et al., 2008) and the data
presented here is not part of our study. It is reported
here to emphasize the efficacy of individual com-
ponent events as it has reflected in our laboratory
study here. In all cases, the COT102 and COT67B
events performed well providing nearly 97 to 98%
protection of squares and bolls against Heliothines.
VipCot™ cotton provided excellent protection of
both H. virescens and H. zea, resulting in little
square damage (0.25% for H. virescens and 1% for
H. zea) and boll damage (0.02% for H. virescens and
1.2% for H. zea) compared to 30% damage to non-
transgenic Coker312 squares and bolls (Minton et al.,
2008). These field trials indicate that COT67B and/
or COT102 have satisfied the high-dose component
for the insect resistance management. By pyramid-
ing the COT67B and COT102 events in VipCot™
cotton, the maximum potential of these two proteins
has been harnessed for cotton insect control and
resistance Mmanagement.

Lack of cross-resistance is another key compo-
nent for good insect resistance management. Roush’s
simulation models (1998) predicted that no cross-
resistance should exist between the two proteins
to capture the most advantage of pyramiding. To
that point, the Vip3A-expressing COT102 event
brings an important option to manage resistance
in lepidopteran species by offering a distinct mode
of action. Cross-resistance could not be directly
evaluated in the current study because no resistant
insect colonies were available, but other studies have
addressed this issue as cited below and reviewed in
Kurtz (2010). The risk of cross-resistance is high-
est between proteins that share a similar structure
(Gould, 1995; Tabashnik, 1994). The complete lack
of sequence homology between Vip3A and the Cry
proteins (Estruch et al., 1996) supports the two tox-
ins as being structurally different. Furthermore, it
has been demonstrated (Lee et al., 2003, 2006) that
significant differences exist between CrylAb and
Vip3A toxins with regard to binding to insect brush
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border or known Cryl receptors, pore formation in
the midgut epithelium, and flux properties of the un-
derlying channel structures in artificial membranes.
The differences in receptor binding are particularly
important, because changes in binding properties
to the insect brush border are the most common
mechanism of resistance to Bt toxins in lepidopterans
(Baxter et al., 2005).

In vivo evidence for an absence of cross-resis-
tance between Vip3A and Cry proteins has been
obtained for both H. virescens and H. zea using as-
says with CrylAc-selected and susceptible strains.
Jackson et al. (2007) demonstrated with concentra-
tion-mortality data that three CrylAc resistant H.
virescens strains were not resistant to Vip3A. Their
studies also showed that Cryl Ac-resistant strains of
H. virescens are unable to survive on cotton varieties
expressing Vip3A. Anilkumar et al. (2008) demon-
strated that CrylAc-resistant H. zea was not resistant
to Vip3A. These studies highlight the advantage of
stacking two proteins with distinct modes of action.
There are differences between the modes of action of
Vip3A and Cry proteins, and a large margin of safety
against the possibility of cross-resistance, which is
important for insect resistance management and the
stewardship of these proteins.

This study has shown independent cotton events
(COT102 and COT67B) perform effectively by
providing excellent protection of fruiting structures
and cotton plants in general against Heliothines. The
level of efficacy shown by these events combined
with the lack of cross-resistance exceeds efficacy
levels predicted to result in substantial resistance
delays and requiring only a small amount of non-Bt
refuge. This could be an important integrated pest
management tool for future agriculture.
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