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Abstract Bollworm, Helicoverpa zea (Boddie), larvae are known to move away from Bollgard™
(Monsanto Co., St. Louis, MO) cotton terminals. Bollworm larvae are also found more frequently
on flower buds (squares) and bolls of Bollgard as compared with those of nontransgenic cotton.
However, data are not available for bollworm behavior on commercially available transgenic
cotton varieties expressing 2 Bacillus thuringiensis Berliner proteins. Thus, field studies were
conducted in Stoneville, MS, during 2007 and 2008 to determine whether bollworm behavior
differed among cotton expressing the Cry1Ac and Cry1F proteins (Widestrike®, Phytogen 485,
PhytoGen Seed Co., LLC, Indianapolis, IN) and nonBt cotton (Phytogen 425, PhytoGen Seed
Co., LLC, Indianapolis, IN). Two-day-old boltworm larvae were placed into terminals of either indi-
vidual cotton plants or plants within 1-m plots during the flowering period. Comparison of larval
movement away from cotton terminals between Widestrike and nonBt plants did not differ at
3, 6, 24, or 48 h after infestation. In addition, larval distribution on fruiting structures did not differ
between Widestrike and nonBt cotton. These data indicate that different scouting methods for
bollworm larvae should be used for the various Bt cotton technologies commercially available.

Key Words Bacillus thuringiensis, bollworm, behavior, resistance management, transgenic
cotton

Transgenic insecticidal cotton technologies have been the standard for control of
tobacco budworm, Heliothis virescens (F.), and bollworm, Helicoverpa zea (Boddie),
since the introduction of Bollgard® (event MON 531, Monsanto Co., St. Louis, MO)
cotton in 1996. These technologies eliminated the need for numerous foliar insecticide
applications targeted at tobacco budworm, as commercially available cotton varieties
that express the Bacillus thuringiensis Berliner (Bt) endotoxin, Cry1Ac, provide absolute
control of tobacco budworm. Bollworms are inherently less susceptible to Bt cotton
as compared with the tobacco budworm (Stone and Sims 1993). Because of this,
bollworms can cause significant levels of boll damage to Bollgard cotton varieties,
and supplemental insecticide applications are needed for adequate control (Mahaffey
et al. 1995, Jackson et al. 2003).

Levels of Bt proteins in Bt cotton plants (MON 531) have been shown to differ
among the various plant tissue types, such as terminals, squares, flowers, bolls, and
leaves (Greenplate 1999). White flowers express lower levels of the Cry1Ac protein
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compared with other plant parts (Greenplate 1999). Bollworms have the ability to
detect and avoid feeding sites containing Bt toxins (Greenplate et al. 1998, Akin et al.
2001) and have been shown to migrate away from infestation sites more rapidly on Bt
cotton lines (MON 531) than on nonBt genotypes (Gore et al. 2002, Bommireddy et al.
2007). The larval behavior observed in these studies explained why bollworms are
more often detected in white flowers of Bollgard cotton than nonBt cotton.

Dow AgroSciences LLC-(Indianapolis, IN) introduced WideStrike™ in 2004. These
varieties produce the Cry1Ac (from transformation event DAS-21023 - 5) and Cry1F
(from transformation event DAS-24236 - 5) Bt endotoxins and have increased efficacy
against bollworms compared with Bollgard varieties (Huckaba et al. 2003, Jackson
et al. 2005). Although bollworm larvae are commonly found feeding on WideStrike
cotton, larval behavior appears to differ from other Bt technologies. Larvae are more
commonly observed feeding in terminals of WideStrike cotton than other Bt cottons
(Smith et al. 2005). Currently, no research has been conducted to investigate this
phenomenon. Thus, field studies were conducted to compare bollworm larval behavior
on WideStrike and nonBt cotton lines.

Materials and Methods

Field studies were conducted in Washington Co. near Stoneville, MS, during 2007
and 2008. Cotton varieties consisting of nonBt (PHY 425 R) and WideStrike (PHY 485
WR) expressing both Cry1Ac and Cry1F proteins were planted every 2 - 3 wks from
May 1 to June 10 during 2007 and 2008. Cotton varieties were maintained according
to recommendations for cotton production from the Mississippi State University
Extension Service.

Insects. Bollworm larvae were collected from crimson clover, Trifolium incarnatumL.,
from late April to early May during each year of the study. These larvae were used to
establish a test colony each year, which was maintained on artificial diet in the labora-
tory for 1 - 2 generations prior to testing. Artificial diet was prepared using Stonefly
Heliothis Diet (Ward’s Natural Science, Rochester, NY). Larvae were maintained on
diet in 29.5-ml clear plastic cups until pupation. Pupae were transferred into 3.9-L
cardboard containers, and emerging adults were fed a 10% sucrose solution (w/v).
Cheesecloth covered the tops of containers and served as an oviposition substrate.
Once oviposition was initiated, cheesecloths were removed daily and placed into clear
plastic bags until larval eclosion. Neonate bollworms were placed onto artificial diet for
48 h prior to being infested onto cotton plants.

Plant infestations. Individual plants of either nonBt or WideStrike cotton were
isolated by removing adjacent plants within 1 m to eliminate interplant movement of
bollworm larvae. Infestations occurred from 8 July to 20 August onto individual nonBt
and WideStrike cotton plants during flowering growth stages in 2007 and 2008. Plants
were examined prior to infestation for an existing heliothine infestation. Only non-
infested plants were used in the study. A single 2-day-old bollworm larva was placed
on the terminal of each plant using a small paintbrush. Infested plants were evaluated
at 3, 6, and 24 h after infestation using whole-plant examination. The number of main
stem nodes that each larva moved below the terminal and the plant structure (termi-
nal, square, flower, boll) infested with a larva was recorded. The study consisted of
6 replications, which were represented by day of infestation. Fifty plants of each vari-
ety were infested on each day for a total of 300 infested plants of each variety over the
2-yr period.
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In addition to individual plant infestations, small plots (1 row m) of nonBt and
WideStrike were established in randomized blocks during 2007 and 2008. Plants were
thinned so that each plot contained 10 plants. Plant terminals within each plot were
infested with 2-d-old bollworm larvae using a small paintbrush for a total of 20 larvae
per plot. Small plots were infested from 8 July to 20 August, and a total of 10 plots of
each variety were infested during the 2 yr experiment. Individual whole-plant inspec-
tions were made at 24 and 48 h after infestation. We again recorded the number of
main stem nodes that each larva moved below the terminal and the plant structure
(terminal, square, flower, boll) infested with a larva.

Statistical analyses. Both experiments were established as a split-plot random-
ized complete block design. The main plot unit was cotton variety, and the subplot unit
was a repeated measure (evaluation time) over 2 or 3 time periods. Numbers of larvae
infesting plant structures were converted to percentages based on the number of
plants infested on a given day. All data were analyzed using repeated measures anal-
ysis of variance using PROC MIXED in SAS (Littell et al. 1996). The repeated measure
subunit was best modeled by including replication x variety and replication x evaluation
time as random effects. Several repeated measures covariance structures were eval-
uated using BIC fit statistics produced by PROC MIXED in SAS.

Results

For individual plant infestations, bollworm larval movement away from plant termi-
nals did not differ among the nonBt and WideStrike cotton varieties evaluated (Fig. 1).
The cotton variety by evaluation time interaction was not significant (F=0.16; df = 2, 10;
P = 0.856), nor was the cotton variety main effect (F = 0.63; df = 1, 5; P = 0.463).
The average number of main stem nodes that bollworm larvae moved below plant
terminals differed among evaluation times (F = 32.74; df = 2, 10; P = 0.001) when
averaged across cotton varieties. Bollworm larvae migrated away from nonBt and
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Fig. 1. Vertical distribution (+ SE) of bollworm larvae on main stem nodes below
terminals of individual flowering nonBt and Widestrike cotton plants.
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WideStrike plant terminals at a similar rate at all evaluation times. The average
number of main stem nodes that larvae moved below the terminal increased at each
subsequent evaluation time. At 3, 6, and 24 h after infestation, the average number of
main stem nodes that bollworm larvae moved below plant terminals was 0.16, 0.40,
and 0.95, respectively.

As with larval movement, the proportion of plant structures infested with bollworm
larvae did not differ among the cotton varieties tested (Fig. 2). No significant cotton
variety main effect was observed for the proportion of bollworm larvae infesting termi-
nals (F=3.70; df = 1, 5; P=0.113), squares (F=0.92; df = 1, 5; P = 0.353), flowers
(F=0.08;df =1, 5; P=0.794), or bolls (F=1.00; df =1, 5; P=0.341). There was a
significant evaluation time effect for the proportion of bollworm larvae infesting termi-
nals (F = 84.09; df = 2, 10; P = 0.001) and squares (F = 27.55; df = 2, 10; P =0.001),
but not for flowers (F=1.83;df =2, 10; P=0.187) or bolls (F=1.00;df =2, 10; P=
0.402). The percentages of larvae found in terminals at 3, 6, and 24 h were 84.5, 68.9,
and 34.6, respectively; whereas, 9.2, 25.3, and 50.1% of bollworm larvae were found
infesting squares at 3, 6, and 24 h, respectively. Few larvae were found infesting flow-
ers and bolls during the 24 h evaluation period. No larvae were found in flowers at the
3 h evaluation time. Larvae were found on bolls during only the 24 h evaluation time.

In the small plots, no difference was observed between nonBt and WideStrike
varieties with regard to the average number of main stem nodes that bollworm larvae
moved away from the terminal (Fig. 3). There was no significant cotton variety main
effect (F=1.82;df =1, 9; P=0.210), but a significant evaluation time effect (F= 67.93;
df =1, 9; P=0.001) was evident. As with individual plants, the rate of bollworm larval
movement away from plant terminais was similar between nonBt and WideStrike
varieties although larval movement away from terminals increased from 24 - 48 h. The
average number of main stem nodes that bollworm larvae moved below plant termi-
nals was 1.03 at 24 h and 1.48 at 48 h.

The proportions of bollworm larvae infesting various plant structures did not differ
between nonBt and WideStrike cotton varieties in small plots (Fig. 4). Cotton variety
had no significant effect on the proportion of larvae found in terminals (F = 2.16;
df=1,9; P=0.176), squares (F = 0.04; df = 1, 9; P= 0.855), flowers (F=2.80;df =1, 9;
P =0.129), or bolls (F=0.02; df = 1, 9; P =0.893). There was a significant evaluation
time effect on the proportion of larvae infesting terminals (F= 12.33;df =1, 9; P =
0.003) and bolls (F = 10.87; df = 1, 9; P=0.009), but not for squares (F=0.17;df =1, 9;
P =0.689) or flowers (F=2.80; df =1, 9; P=0.129). The percentages of larvae found
in terminals decreased from 24 - 48 h, with 41.6% found in terminals at 24 h and
32.0% at 48h. The proportions of larvae infesting bolls increased over the rating
period; the proportion of larvae infesting bolls was 3.4% at 24 h and 10.5% at 48 h.

Discussion

Bollworm larvae and associated feeding injury in nonBt cotton is typically con-
centrated in the upper portion of the plant canopy (Fye 1972). Because bollworm
moths target the upper one-third of the plant canopy for oviposition (Farrar and Bradley
1985), neonate bollworms focus on the palatable tissues of young foliage and small
squares. As larval age increases along with consumption levels, larvae tend to move
lower into the canopy in search of larger squares, flowers, or bolls. In this study,
the presence of Cry1Ac and Cry1F Bt proteins in the WideStrike cotton variety had
no measurable impact on the rate of larval movement away from plant terminals
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Fig. 2. Percentage (+ SE) of bollworm larvae infesting various plant structures
of individual flowering nonBt and Widestrike cotton plants.
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Fig. 3. Vertical distribution (x SE) of bollworm larvae on main stem nodes
below terminals of flowering nonBt and Widestrike cotton plants in
small plots.

when compared with a nonBt variety. After 24 h on individual plants, larvae moved
an average of one node below the terminal on both WideStrike and nonBt plants,
and 51 and 49% of larvae, respectively, infested squares at this time. These data
are contrary to reports on larval movement with other Bt cotton technologies. Gore
et al. (2002) demonstrated that the rate of larval movement below plant terminals
of Bollgard cotton was higher than that of nonBt cotton. In addition, more larvae
infested flowers and bolls of Boligard cotton after 24 h as compared with the nonBt
variety. Similarly, Parker and Luttrell (1999) found that higher proportions of tobacco
budworm larvae dispersed from terminals in Bollgard cotton compared with nonBt
cotton.

Related experiments have also been conducted with Bt cotton that expresses
insecticidal toxins that differ from the Cry1Ac protein in Bollgard. Bommireddy et al.
(2007) reported that both bollworm and tobacco budworm larvae were detected
farther down the plant on Vip3A-expressing plants and plants expressing the Vip3A
and Cry1Ab Bt proteins as compared with nonBt cotton plants. Larvae began to avoid
feeding after 3 h on the Vip3A or VipCot™ (Syngenta Crop Protection, Greensboro,
NC) plant tissues and increased their rate of movement down the plant. In addition,
studies with Bollgard and VipCot showed that a higher proportion of larvae infested
squares of the nonBt variety compared with Bt plants.

In the current experiment, larvae remained relatively close to terminals in both
varieties for up to 48 h. Larvae in WideStrike cotton moved an average of 1.5 nodes
below the terminal compared with 1.4 nodes on nonBt. Larval distribution among fruit-
ing structures also was similar between varieties. The proportion of larvae remaining
in terminals or squares at 48 h was 78% for nonBt cotton and 74% for WideStrike.
Conversely, reports from Gore et al. (2002) showed higher proportions of larvae
infesting terminals and squares of nonBt cotton at 24 and 48 h after infestation as
compared with Bollgard. Also, both flowers and bolls of Bollgard plants were infested
with higher proportions of larvae compared with nonBt plants.
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Fig. 4. Percentage (+ SE) of bollworm larvae infesting various plant structures
of flowering nonBt and Widestrike cotton plants in small plots.

Differences observed in larval movement patterns and larval distribution among
feeding sites in previous studies with Bt cotton were presumably caused by larval
avoidance measures. This avoidance behavior in bollworm larvae was previously
demonstrated with Bt foliar sprays (Jyoti et al. 1996) and Bt toxins incorporated into
artificial diet (Gore et al. 2005). In addition, Gould et al. (1991) found that tobacco
budworm larvae avoided artificial diet containing a Bt protein when given a choice
between toxic and nontoxic diet. This behavioral characteristic, however, is not limited
to Bt toxins. Two-spotted spider mites, Tetranychus urticae Koch, were deterred by
pyrethroid residues on leaf surfaces (Hall 1979, Iftner and Hall 1983, Penman and
Chapman 1982). Over 30 pesticides have been reported to cause behavioral effects
on arthropods (Lockwood et al. 1984).

Feeding behavior in the present study was not affected by the Bt toxins present in
the WideStrike plants when compared with the nonBt cotton. The nonavoidance ob-
served here has also been demonstrated with other insect species. Colorado potato
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beetle, Leptinotarsa decemlineata Say, feeding behavior was not affected by potato
plants expressing the Bt protein Cry3B (Arpaia et al. 2000). Similarly, CO potato beetle
larvae and larvae of the diamond back moth, Plutella xylostella L., did not avoid potato
leaf disks treated with Bt as a foliar spray (Ferro and Lyon 1991, Arpaia and Ricchiuto
1993, Hoy and Hall 1993). With regard to synthetic insecticides, various pyrethroids
had no effects on feeding behavior of P. xylostella larvae (Adams et al. 1992, Hoy and
Hall 1993).

Because the avoidance behavior of bollworm differs among these various Bt tech-
nologies, there may be differences in protein expression levels in various plant parts
among these technologies. Previous studies have reported differences in secondary
plant metabolites among structures of an individual plant (McKey 1979, Metcalf et al.
1982), in addition to the Bt proteins expressed in transgenic cotton plants (MON 531)
(Greenplate 1999, Greenplate et al. 2000). Cry1Ac and Cry1F protein expression in
WideStrike cotton tissues were recently described by Siebert et al. (2009). Cry1F
concentrations in terminal leaf tissues increased with leaf age; whereas, Cry1Ac con-
centrations in terminal leaves decreased over time. Larval survival also has been
shown to differ among WideStrike plant parts. Adamczyk et al. (2008) found that beet
armyworm, Spodoptera exigua (Hubner), larval survival was higher on leaves from
the upper canopy of WideStrike cotton plants compared with leaves from the middle
portion of the plant canopy. In addition, feeding damage to cotton leaves caused by
beet armyworm and fall armyworm, Spodoptera frugiperda (J. E. Smith), was 2.7 and
11.1 times greater, respectively, on leaves from the upper portions of WideStrike
cotton plants than leaves from the middle portion of the plant canopy. Adamczyk et al.
(2008) suggested that the increased survival and damage observed in the terminal
portion of WideStrike cotton plants was caused by low levels of Cry1F in the new
foliage compared with fully-expanded leaves.

Both WideStrike and Bollgard cottons express the Cry1Ac protein, which might
suggest that bollworm avoidance behavior would be similar between the Bt technolo-
gies. Although these 2 transformation events produce the same protein, these events
use different promoters that may influence the variability in protein expression and
larval survival between the technologies. Differences in protein expression may also
be explained by gene insertion disparities (Sachs et al. 1998), parental background
(Adamczyk and Meredith 2004), and environment (Greenplate 1999). Although it is
difficult to identify the direct cause of the observed variability in protein expression and
subsequent larval survival on Bt plants, it is evident that differences exist among the
commercially available Bt technologies.

Our results suggest that scouting protocols and insecticide treatment initiation
recommendations should differ based on the Bt technology that is being evaluated.
Currently, scouting methods for bollworm in Bt cotton focus on sampling fruiting
structures, particularly blooms and bolls lower in the plant canopy. Our results further
suggest that larvae infesting the terminal portions of WideStrike cotton plants must
also be considered to make appropriate management decisions with this technology.
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