
 
ABSTRACT 

 
KURTZ, RYAN WARNER. Data Generation and Utilization for Evaluating Helicoverpa zea 
(Lepidoptera: Noctuidae) Resistance Management in Bt Field Corn and Cotton through 
Computer Modeling (Under the direction of J.R. Bradley, Jr. and J. W. Van Duyn) 
 
 To mitigate resistance development in pest insects to transgenic field corn and cotton 

expressing Bacillus thuringiensis (Bt) proteins, the USDA and EPA have indicated that a 

high dose/refuge strategy is most effective, but single toxin Bt crops which predominate the 

transgenic crop acreage provide only a moderately high dose for one target pest in North 

Carolina, Helicoverpa zea (Boddie), or bollworm.  When a source of susceptible insects is 

present, moderately high insecticide doses are expected to result in resistance development 

more quickly than high doses.  In theory, introducing a pyramided genotype expressing two 

different Bt proteins in the presence of a source of susceptible insects can more substantially 

delay resistance development than a single Bt genotype expressing a high or moderately high 

Bt dose.  Herein, we determine the effects of transgenic field corn (2001 & 2002) and cotton 

(2003 – 2005) genotypes expressing Bt proteins Cry1Ab/Ac & Cry2Ab, both singly and 

pyramided, on the development and survival of H. zea.  Effects were documented by 

quantifying larval, pupal, and adult populations for each Bt crop genotype and a conventional 

sister genotype over time in eastern North Carolina. Each year all Bt field corn genotypes 

significantly reduced larval populations and production of pupae and adults below that of the 

non-Bt genotype with the pyramided Bt genotype significantly reducing these populations 

below each single toxin Bt genotype. Additionally, larval growth rate, pupal weight, and 

pupal length were reduced and adult eclosion date delayed by Bt field corn genotypes.  

Adverse weather conditions resulted in no useful data collected from cotton in 2003 & 2004, 

thus all cotton data reported are from two locations in 2005.  All three Bt cotton genotypes 



 
 

significantly reduced the percentage of terminal regions and bolls containing live heliothine 

larvae and feeding damage compared to the non-Bt genotype with no significant differences 

among Bt genotypes. All three Bt genotypes also significantly lowered bollworm pupal and 

adult production per hectare compared to the non-Bt genotype; moreover, the Bollgard II and 

Cry2Ab significantly lowered pupal and adult production compared to the Bollgard 

genotype.  Adults from the non-Bt genotype eclosed significantly earlier than adults from all 

three Bt genotypes, but there were no statistical differences between any Bt genotypes. 

 We then use the simulation model originally described in Storer et al. 2003 to 

evaluate the role of pyramided Bt cotton and corn cultivars, EPA mandated non-Bt refuges, 

and soybean as a host in H. zea resistance development to Bt.  With at least one pyramided 

Bt cultivar, the model predicts that the 20% sprayed non-Bt cotton refuge’s contribution to 

delaying resistance evolution is greatly supplemented by other non-Bt sources of susceptible 

moths (i.e. soybean and other non-Bt alternate hosts) and has less of an effect on Bt 

resistance management than the non-Bt corn refuge.    

 A field study was also conducted in eastern North Carolina to determine what effect 

seed mixtures of Bt and non-Bt cotton containing greater than 90% Bollgard II cotton have 

on fruit damage by H. zea and cotton yield.  A lab study determined the efficacy of Bollgard 

II bolls against feral H. zea larvae (≥ 3rd instar) that initially fed on non-Bt cotton.  Averaged 

over years, there were no significant yield differences between any seed mixture despite the 

8% non-Bt mixture having significantly higher boll damage than all other treatments; 

however, when analyzed by year, the 100% Bollgard II treatment had significantly higher 

seed cotton yield than all seed mixture treatments.  In our lab study, H. zea larvae (≥ 3rd 



 
 

instar) were able to survive to adulthood on Bollgard II cotton bolls after initially feeding on 

non-Bt cotton but at significantly lower percentages than larvae that remained on non-Bt 

cotton.   
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Abstract 

 A two year study was conducted from 2001 to 2002 to determine the effects of 

transgenic field corn genotypes expressing Bacillus thuringiensis (Bt) proteins Cry1Ab & 

Cry2Ab, both singly and pyramided, on the development and survival of Helicoverpa zea.  

Effects were documented by quantifying larval, pupal, and adult populations for each Bt 

genotype and a conventional sister genotype in eastern North Carolina.  Each year all Bt field 

corn genotypes significantly reduced the larval population and production of pupae and 

adults below that of the non-Bt genotype with the pyramided Bt genotype significantly 

reducing these populations below each single toxin Bt genotype. Additionally, larval growth 

rate, pupal weight, and pupal length were reduced and adult eclosion date delayed by Bt field 

corn genotypes.    
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 Corn growers routinely plant transgenic Yieldgard® field corn which expresses a 

gene derived from the bacterium Bacillus thuringiensis (Bt) to manage the European corn 

borer, Ostrinia nubilalis (Hübner) and southwestern corn borer, Diatreae grandiosella 

(Dyar). Yieldgard genotypes express a single δ-endotoxin, Cry1Ab, season long in fruit and 

green tissue protecting the plant from the caterpillar complex (Armstrong et al. 1995). To 

mitigate resistance development in targeted insects to single toxin Bt crops, the USDA and 

EPA believe a high/dose refuge strategy will be most effective (US-EPA 1999).  The 

European and Southwestern corn borer are highly susceptible to Cry1Ab, and Yieldgard field 

corn expresses a high dose of Cry1Ab for these insects, (Andow and Hutchinson 1998).  

Unfortunately, Yieldgard field corn genotypes impose only moderately high mortality on 

another common pest, the corn earworm, Helicoverpa zea (Boddie) and are not considered 

high dose for this pest (Gould 1998, Storer et al. 2001, US-EPA 2001). When single toxin 

genotypes exhibit moderate mortality against a primary pest, large non-Bt refuge areas are 

necessary to delay resistance development for an acceptable period of time (Roush 1998).  

As a condition of product registration, the EPA restricts Bt field corn to 50% of the field corn 

acreage in most US cotton growing areas in response to the possibility of 3 - 4 H. zea 

generations selected against Cry1A Bt toxins each year.  The EPA expects the 50% non-Bt 

corn refuge to delay resistance evolution in the corn earworm to Cry1Ab and Cry1Ac at least 

until its registration runs-out in October of 2008 (US-EPA 2001). 

 Another tactic for delaying resistance development is introducing a pyramided 

genotype containing two different Bt toxins. (For a review of the possible tactics for delaying 

resistance and criteria for measuring the success of pyramided toxins see Andow and 

Hutchinson1998, Gould 1986a, b, Gould 1998, Roush 1997a,b).  Pyramiding Bt toxins 
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exploits "redundant killing" where totally susceptible insects are killed by both toxins and 

insects resistant to one toxin are killed by the other (Andow and Hutchinson1998, Gould 

1998). Computer modeling suggests that deploying a pyramided genotype in the presence of 

a non-Bt refuge is expected to greatly prolong resistance development compared to deploying 

each single toxin genotype sequentially if the pyramided genotype produces a high dose 

(Roush 1997b, Roush 1998).  

Until 2002, Monsanto Co. was developing a pyramided field corn genotype 

containing Cry1Ab (Mon810) and Cry2Ab (Mon84006), which was expected to increase 

efficacy against the corn earworm and affect resistance development. Although the 

company’s plans have now changed and the pyramided genotype is not currently slated for 

commercial release, the results from our study can be used in assessing how pyramided 

genotypes could affect crop protection and resistance management. Field corn events 

Mon810 and Mon84006 were included singly and pyramided in the current study to 

determine the individual contribution of each Bt Cry protein to the activity of the pyramided 

genotype on the development and survival of H. zea by quantifying egg, larval, pupal, and 

adult populations for each corn genotype over time. Results from this study will serve as 

parameters of a population genetic model for assessing insect resistance management 

requirements in North Carolina.    

Materials and Methods 

 A small plot study was planted at the Tidewater Research Station near Plymouth, 

North Carolina in 2001 and 2002.  The experiment utilized a randomized complete block 

design with four corn genotypes as treatments and four replications of each treatment.  Each 

test plot consisted of six rows in 2001 and eight rows in 2002. Rows were 13.72 m long with 
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0.965 m row spacing. A late planting date was set in order for silking to coincide with the 

emergence of H. zea moths from earlier planted field corn thereby increasing the chance of a 

high larval population.  Plots were planted on 5-26-01 and 6-06-02 with a White air planter at 

1.5 seed per 0.30 m to land previously bedded and rotovated.  Three transgenic Bt genotypes 

and one non-Bt genotype were planted. The non-Bt genotype was a near-isoline of the Bt 

genotypes, as were the Bt genotypes to each other.  Bt genotypes included two single Bt 

toxin events, Cry1Ab (Mon810) and Cry2Ab (Mon84006), and a dual gene event, Cry1Ab + 

Cry2Ab (Mon810/84006), referred to as pyramided in the text. Upon initiation of tasseling, 

tassels were clipped from the experimental genotypes Mon84006 and Mon810/84006.  

 Egg Sampling. During 2001, test plots were monitored to quantify H. zea egg 

populations for each corn genotype.  Ten consecutive plants on each of the 4 center rows (40 

plants/plot) were marked for egg sampling and were revisited on each sampling date.  Since 

corn is most attractive to H. zea when silking, egg sampling began at the onset of anthesis.  

Eggs were counted in the field by non-destructive examination of the silk on the primary ear 

of each marked plant.  The total number of eggs per ear was recorded, and each egg was 

identified to developmental stage (pearly white, ring stage, or dark) as a relative indicator of 

age.  Sampling continued until essentially no freshly laid eggs were recorded after a 

noticeable decline in egg production.  Egg sampling began on 7-19-01 and continued over 13 

sampling dates at a 1-day sampling interval ending on 8-05-01; rain prevented sampling on 4 

dates during the sampling period.   On 8-07-01, an in-field observation was conducted to 

confirm cessation of the egg laying period. 

A high moth population, hence heavy egg lay, allowed for a reduction in the number 

of plants examined from 40 per plot in 2001 to 10 per plot in 2002. As a result of a later 
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planting date in 2002, and thus a later silking date, egg sampling began later than in 2001.  

Egg sampling began on 7-29-02 and continued over 19 sampling dates at a 1 day sampling 

interval ending on 8-16-02.  Confirmation that egg-laying had ceased was conducted on 8-

18-02.   

 Larval Sampling. To quantify larval populations, 15 ears were randomly collected 

from each plot and taken to the laboratory for inspection.  Husks were removed from ear tips 

to examine the kernels and silks for H. zea larvae.  The number of larvae per ear for each plot 

was recorded.  The instar of each larva was determined by examination of head capsule size 

under a 10X dissecting microscope, and a weight was obtained for each larva.  Neonates and 

first instar H. zea were given a weight of 0.0005g and second instars a weight of 0.001g since 

the balance could not accurately read weights below 0.001g.  Larval sampling was initiated 

on 7-31-01, performed every 3 or 4 days for 8 sampling dates, and ended on 8-23-01. 

 In 2002, the number of ears per sample was reduced to 10 ears per plot from the 15 

ears per plot in the 2002 samples. The reduction in samples size was possible because of a 

heavy larval infestation and allowed us to utilize the ear population in the plots for a longer 

sampling period.  Larval sampling was initiated on 7-30-02, performed every 3 or 4 days for 

10 sampling dates, and ended on 9-02-02. 

 Pupal and Adult Production. Larval survival rates in the non-Bt and Bt genotypes 

were substantially different so pupal and adult production were scored differently in non-Bt 

and Bt genotypes in 2001. Once fourth and fifth instar H. zea populations were 

proportionately dominant in each plot, a sample of corn ears was collected to quantify the 

number of pupae and adults produced.  High larval populations in the non-Bt plots allowed 

for a random sample of 30 ears per plot.  Since larval populations in the Bt genotypes were 
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much smaller, the tip of every ear remaining after larval sampling was gently examined in 

each plot for the presence of a large fourth or fifth instar H. zea, and the total number of ears 

examined was recorded to later determine H. zea density per 100 ears.  Husks on ears 

containing third instar or smaller H. zea were disturbed as little as possible; the husks were 

returned to their original position so larval development could continue, and these ears were 

inspected again later.  Thirty ears from each non-Bt plot and ears containing large larvae 

from the Bt plots were collected and placed by plot into 68.1 L Rubbermaid™ buckets 

containing 5 cm of potting soil and a wooden rack to elevate the ears above the soil.  The 

buckets were stored in an open-sided shelter at ambient temperature for approximately two 

weeks; the potting soil was then sifted through a 0.64 cm wire sieve to retrieve H. zea pupae.  

Pupae were weighed, placed individually in 30 ml clear plastic cups, and stored in a rearing 

room at 14L: 10D, 60 % humidity, and 27°C until adult emergence.  After sifting the potting 

soil for pupae, the ears in each bucket were examined for larvae.  Any ears that still 

contained large larvae were put back into the buckets, left in the shed for approximately 

another two weeks, and then the soil was sifted again for pupae.  Ears still remaining in the 

Bt plots were re-examined for the presence of large larvae. Those containing large larvae 

were placed in the Rubbermaid buckets for pupal collection.  After the second sifting, no 

large larvae or pupae remained in the soil or ears.  Bt ear collections were made on 8-17-01 

and resampled on 8-30-01; and pupae were collected on 8-31-01 and 9-06-01.  The ear 

sample for the non-Bt plots was taken on 8-03-01.  Pupae were collected on 8-17-01 and 8-

31-01. The 2001 non-Bt sampling technique for pupae proved to be inadequate because of 

the disparity in sample size with the Bt sampling technique and was therefore revised in 

2002. 
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  In 2002, once larvae reached late fourth and fifth instar in a specific corn genotype, 

100 ears were randomly collected per plot from that genotype and placed, by plot, in 68.1 L 

Rubbermaid buckets prepared as in 2001.  After storage at ambient temperature in an open-

sided shelter for 7 -12 days, the potting soil from each bucket was sifted through a wire 

screen to collect pupae and pre-pupae. Pre-pupae were covered individually with potting soil 

in 240 ml plastic cups and left in the shelter inside a Rubbermaid bucket until pupation. 

Pupae were weighed, measured for length, sexed, put in 31 ml cups, and stored in a rearing 

room under the same conditions as in the previous year until adult emergence. The 100 ears 

per plot originally collected were discarded after soil sifting and replaced by 100 fresh ears 

per plot since ears became unacceptably contaminated with mold after 12 days.  Limited 

availability of transgenic seed (hence small plot size) and destructive larval sampling left 300 

ears per plot with which to quantify pupae and adult production. The third 100 ear sample 

from the non-Bt and both single toxin genotypes coincided with all remaining H. zea 

reaching late fourth or fifth instar.  Only two collections were necessary in the dual toxin 

genotype because all H. zea larvae observed during the second ear collection were late fourth 

or fifth instar.  Since larvae developing in each genotype were of varying ages, samples were 

taken on multiple dates to accurately document the total pupal production from each 

genotype over time.  Each 100 ear sample reflected the H. zea age distribution present in 

each genotype.  The ears were stored at ambient temperature allowing larvae in the samples 

to develop at a similar rate as larvae in the field.  Therefore, when the initial ear samples 

were discarded, larvae in the initial samples and larvae in the field would have exited ears to 

pupate in similar proportions.  The second 100 ear sample was taken to collect the proportion 
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of larvae remaining in the ears that had yet to exit when the initial samples were discarded 

and likewise for the third 100 ear collection.  Pupal production is expressed per 100 ears. 

 Data Analysis. Mean number of fresh white eggs laid on each genotype, mean 

number of larvae in each instar per ear, as well as pupae and adults per 100 ears were 

calculated per sampling date.  Proc GLM was used to analyze these repeated measure data.  

Means were separated using Fisher’s protected least significant difference (LSD).  Pupal 

weight and eclosion date were also analyzed by repeated measures analysis of variance using 

Proc GLM and separated with Fisher’s protected LSD, but because of unequal sample sizes, 

a random statement was used to obtain the correct error term.  

Results 

 Eggs Per Ear. Egg deposition on each sampling date is displayed in Fig. 1 as the 

mean number of fresh white eggs per ear for each corn genotype averaged over date.  Data 

describing other egg stages were not used.  Egg deposition in 2001 (Fig. 1a) did not 

significantly differ between corn genotypes, but in 2002, significantly fewer eggs were 

observed per non-Bt ear than on Mon84006 and pyramided ears.  Egg density on Mon810 

ears was not significantly different from densities on any genotype (Fig. 1b). 

 Laval populations.  The number of larvae per ear averaged over all sampling dates 

is shown by instar for each genotype in Fig. 2a & 2b. In 2001, as with mean white eggs per 

ear, the mean number of first instar H. zea per ear did not significantly differ between corn 

genotype.  There were, however, significantly fewer second instar H. zea in Mon84006 and 

the pyramided genotype than in Mon810 and the conventional genotype (F = 13.54; df = 3,9; 

P = .0011). All three Bt genotypes produced significantly fewer third, fourth and fifth instar 

H. zea than the conventional genotype.  Third, fourth, and fifth instar H. zea populations did 
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not statistically differ between Mon84006 and the pyramided genotype, and both of these 

genotypes harbored significantly fewer third and fourth instars than Mon810; however, fifth 

instar populations did not differ between Mon 84006 and Mon810 (ANOVA for differences 

among all cultivars: third instar, F = 46.14, df = 3,9, P = <.0001;  fourth instar, F = 72.14, df 

= 3.9, P = <.0001; fifth instar, F = 36.67, df 3.9, P = <.0001)  (Fig 2a).  In 2002, the smallest 

first instar H. zea population was observed in the conventional non-Bt genotype compared to 

the other genotypes. First instar H. zea populations in Mon810 and Mon84006 did not 

significantly differ from the pyramided genotype, but they did differ significantly from each 

other (F = 24.37; df = 3,9; P = < .0001).  Second instar populations in Mon84006 and the 

pyramided genotype were significantly smaller than in Mon810 and the conventional (F = 

33.00; df = 3,9; P = < .0001).  All four genotypes harbored significantly different third and 

fourth instar populations (third: F = 80.66; df = 3,9; P = < .0001) (fourth: F = 61.61; df = 3,9; 

P = < .0001).  Fifth instar populations in Mon810 and the pyramided genotypes did not 

significantly differ from each other, but each did differ from the conventional and Mon84006 

genotypes. The conventional genotype had a significantly higher population of fifth instars 

than all others (F = 99.44; df = 3,9; P = <.0001) (Fig 2b). 

 Larval Growth Rate. Average instar for H. zea in each genotype was calculated on 

each sampling date as displayed in Fig. 3 a & 3b. Using points created by plotting average 

instar on each sampling date, we evaluated the rates of increase in the mean H. zea instar 

value for larvae developing on each genotype by fitting a line through those points and 

comparing their slopes.  In 2001, these slopes were not significantly different for Mon810, 

Mon84006, and the conventional, but the larvae developing on the pyramided genotype had a 

significantly lower growth rate than larvae on the other three genotypes (F = 7.13; df = 3,9; P 
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= .0093) (Fig 3a).  In 2002, the slope of instar increase differed among all genotypes (F = 

50.39; df = 3, 9; P = <.0001) with the conventional genotype exhibiting the fastest growth 

(Steepest slope) and the pyramided genotype having the slowest growth (lowest slope) (Fig 

3b).    

 Pupal Production.  Pupal observations were analyzed for three corn genotypes in 

each year.    Flaws in pupal sampling technique combined with a missing non-Bt plot 

effectively eliminated the conventional plots from the data analysis in 2001.  However, the 

same observations were obtained for pupae reared on non-Bt ears in 2001 as those on Bt ears, 

and these data are presented to show trends. No pupae were collected from the pyramided 

genotype in 2002.  

The mean number of pupae collected from ear sampling is shown in Fig. 4 on a per 

100 ears scale by genotype. The pyramided genotype produced significantly fewer pupae in 

2001 than both single toxin genotypes (F = 17.6; df = 2, 6; P = .0031) (Fig.4 a). All 

genotypes in 2002 produced significantly different numbers of pupae (F = 351.65; df =2, 6; P 

= <.0001) (Fig 4 b); the non-Bt produced the most, while the pyramided genotype produced 

none. 

 Pupal Weight and Length. Figure 5 depicts the relationship between corn genotype 

and mean weight of pupae collected from ear samples.  Corn genotype significantly affected 

mean pupal weight in both years (2001: F = 11.39; df = 2, 10.30; P = .0025) (2002: F = 

22.78; df = 2, 6.22; P =.0014) (Figs 2a & 2b).  The conventional genotype produced 

significantly heavier pupae than all Bt genotypes, and the single toxin genotypes produced 

mean pupal weights that did not statistically differ from each other in either year.  Pupae 

collected from pyramided ears in 2001 were significantly lighter than those reared on 
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Cry2Ab ears in 2001 but were not statistically different in weight compared to pupae from 

the Cry1Ab genotype.  Pupae from non-Bt plots weighed significantly more than pupae from 

the single toxin genotypes in 2002.  No pupae were collected from the pyramided genotype 

in 2002.  Pupal length was measured in 2002 but not in 2001(Fig. 6).  Pupae reared on 

conventional ears were significantly longer than pupae reared on either single toxin corn 

genotype (F = 22.28; df = 2, 6.53; P = .0012). 

 Eclosion Date. Figure 7 presents the mean eclosion dates for adults from each corn 

genotype.  Type of Bt protein did not significantly affect eclosion date between genotype in 

2001 (F = 3.01; df = 2, 8.97; P = .1001) (Fig. 7a).  On average, moths emerged 8.2 days 

earlier from conventional ears than from pyramided Bt ears and 5.06 days earlier than from 

the single toxin genotype. We were unable to statistically compare the conventional eclosion 

dates to the Bt eclosion dates in 2001 because of the pupal sampling errors discussed earlier.  

Adults surviving on conventional corn in 2002, however, eclosed significantly earlier (by 6.2 

days on average) than moths reared on either single toxin genotype (F = 31.76; df = 2, 5.53; 

P = .0009) (Fig. 7b). 

  Adult Production. Treatment significantly affected adult production per 100 ears in 

both years (2001: F = 17.6; df = 2, 6; P = .0031) (2002: F = 577.63; df = 2, 5; P = < .0001) 

(Fig. 8).  The pyramided genotype produced significantly fewer adults than either single 

toxin genotype (Fig. 8a).  The data indicate that conventional plants produced at least 5.5 

times more adults than the Mon810 genotype, 7.33 times more than the Mon84006 genotype, 

and 75 times more than the pyramided genotype. In 2002, all three genotypes produced  
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significantly different numbers of adults per 100 ears.  Survival to adult on the conventional  

plants was 45 times greater than Mon810 ears and 8.83 times greater than on Mon84006 ears 

(Fig. 8b). 

Discussion 

 It appears that Mon84006 has a greater impact on young H. zea larvae than Mon810 

killing many neonates and early instar H. zea and resulting in fewer larvae per ear.  

Apparently, larvae must feed on Cry1Ab longer before death occurs.  There are consequently 

more larvae surviving to second, third, and fourth instars in Mon810 than in Mon84006.  

However, the data suggest that at high larval densities, as in 2002, more larvae per ear can 

survive to fifth instar on Cry2Ab than on Cry1Ab. At lower larval densities as in 2001, 

though not significantly different, Mon84006 reduced fifth instar population below that in 

Mon810 and performed similarly to the pyramided genotype. At higher larval densities as in 

2002, Mon810 harbored significantly fewer fifth instar H. zea when compared to Mon84006 

and performed similarly to the pyramided genotype.  Pyramiding the two toxins does not 

appear to negatively affect the performance of either toxin and resulted in a consistent level 

of H. zea reduction not seen with either Bt toxin expressed singly.   

When data from 2001 and 2002 are examined together, it is unclear if one of the 

single toxin genotypes has a greater effect on pupal weight than the other.  In 2002, pupal 

weight did not significantly differ between single toxin genotypes, nor did length differ. The 

data from 2001 suggest Mon810 could have a greater effect on pupal weight than Mon84006, 

but in 2002, pupae from Mon810 were 6mg heavier than pupae from   Mon84006. In 2002, 

no larvae survived to pupation in the pyramided genotype so a comparison of weights was 

impossible.  Lueck and Perkins, 1972, directly associated lower pupal weight with lower 
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fecundity in lepidopterans.  Less fecund H. zea adults resulting from lower pupal weight of 

larvae that fed on Bt corn would benefit insect management. Even though our data did not 

determine if one of the single toxin genotypes had a greater effect than the other on pupal 

weight, Bt proteins obviously affected pupal weight negatively.   

In 2001, both single toxin genotypes exhibited similar pupal and adult production per 

100 ears (Mon810 = 5.59 pupae, 4.69 adults, Mon84006 = 4.411pupae, 3.67 adults), and both 

differed significantly from the pyramided genotype. In 2002, Mon810 produced only 2.33 

pupae and 2.33 adults per 100 ears, a significant 15 fewer pupae and 9 fewer adults per 100 

ears than Mon84006.  It is not surprising that Mon84006 produced twice as many adults per 

100 ears in 2002 than 2001 since initial larval infestation was 8.8 times higher; however, it is 

surprising that Mon810 produced fewer pupae per 100 ears in 2002 than 2001 since the 2002 

larval infestation was 10.3 times higher than in 2001.  According to Barber 1936, 

cannibalism is characteristic of larvae third instar and older. Therefore, cannibalism, or 

wounds from attempted cannibalism, could have greater effects on H. zea populations in 

Mon810 than in Mon84006 since more larvae survived to third and fourth instar in Mon810 

than Mon84006 in 2001 and 2002.  Perhaps the more rapid action of Cry2Ab reduces the 

population before they reach these cannibalistic stages, leaving those that survive relatively 

free from intraspecific competition (cannibalism).  Since Cry1Ab appears to be slower 

acting, larvae must apparently feed longer before ingesting a toxic dose.  Consequently, more 

third and fourth instar larvae per ear survive creating an environment for more intraspecific 

contact than in genotypes expressing Cry2Ab singly.  At high H. zea densities, intraspecific 

competition plus the effect of Cry1Ab could have a greater effect on reducing H. zea 

populations than Cry1Ab at low larval densities and Cry2Ab high larval densities.  
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In both years, the pyramided genotype reduced pupal and adult production below that 

of genotypes only expressing a single toxin.  In 2001, the pyramided genotype produced 16 

times fewer adults per 100 ears than the Mon810 genotype and 13 times fewer adults than the 

Mon84006 genotype.  No pupae were collected from the 400 pyramided ears sampled in 

2002. Hypothetically, if one pupae had been found in 2002, and it eclosed as an adult, the 

pyramided genotype would have still produced over 9 times fewer adults per 100 ears than 

Mon810 and 48 times fewer than Mon84006. Reduced adult and pupal production from the 

pyramided genotype must be attributed to the increased toxicity achieved by pyramiding the 

single Bt events since white egg populations were similar in each year across all the Bt 

genotypes. Pyramiding the two toxins achieved a more consistent level of pupal and adult 

reduction than either toxin deployed singly. Therefore, deploying a pyramided genotype, 

instead of each single toxin genotype sequentially, in the presence of a non-Bt refuge would 

benefit H. zea management and might help delay resistance development since fewer H. zea 

survive to adult when the two individual toxins are pyramided. Our data do not, however, 

indicate that the pyramided genotype produces a high dose for H. zea. 

Differences in growth rates and eclosion dates of H. zea between conventional and Bt 

genotype can be very important when deciding on refuge strategies.  In both years, 

differences between rates of increase indicated that larvae grew more slowly on the 

pyramided genotype than on the conventional genotype.  Translated to total temporal 

separation of adult production between the two genotypes, resistance management could be 

negatively affected, if resistance was a recessive trait.  Timing the conventional genotype’s 

planting date so that silking would initiate later than in the pyramided genotype could reduce 

the possibility of temporal separation of adult production; however, this practice would fit 
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poorly into modern corn production systems.  Sampling error for the conventional genotype 

in 2001 and lack of pupae from the pyramided genotype in 2002 prevented a statistical 

comparison of eclosion dates between the pyramided and conventional genotypes, but the 

estimate we have can be used to assess hypothetical situations.  Samples in 2001 showed the 

pupae collected from non-Bt corn eclosed 8 days earlier on average than pupae reared on the 

pyramided corn.  The eclosion dates for the 30 non-Bt reared moths ranged from August 23 - 

September 08, and the two moths from the pyramided genotype eclosed on September 04 and 

September 12.  If moths are assumed to live for seven days (Storer et al. 2003), 62% of the 

moths reared from the non-Bt plots were alive when moths from pyramided ears eclosed and 

could potentially serve as mates.        

Pyramiding toxins resulted in the lowest pupal and adult production per 100 ears from 

all genotypes in 2001 and reduced pupal production so effectively in 2002 that none were 

collected in our studies. Though the EPA expects the 50% Non-Bt corn refuge required in 

cotton growing areas to delay Cry1Ab resistance development in H. zea at least until its 

registration runs out in October of 2008, there is potential for better caterpillar management, 

a smaller refuge requirement, and prolonged resistance development with a pyramided Bt 

field corn genotype. 
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Figure 1a. Mean (±SEM) number of H. zea eggs per ear averaged over date in 2001. 
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Figure 1b. Mean (±SEM)  number of H. zea eggs per ear averaged over date in 2002. 
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Figure 2a.  Mean (±SEM) number of H. zea larvae per ear averaged over date in 2001  

graphed by instar. 
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Figure 2b. Mean number of H. zea larvae per ear averaged over date in 2002 graphed by 

instar. 
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Figure 3a.  Average H. zea instar on each sample date in 2001. 
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Figure 3b. Average H. zea instar on each sample date in 2002. 
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Figure 4a. Mean (±SEM) number of H. zea pupae produced per 100 ears 2001. 
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Figure 4b.  Mean (±SEM) number of H. zea pupae produced per 100 ears 2002. 
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Figure 5a.  Mean (±SEM) H. zea pupal weights in 2001. 
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Figure 5b.  Mean (±SEM) H. zea pupal weights in 2002. 
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Figure 6. Mean (±SEM) H. zea pupal lengths in 2002. 
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Figure 7a.  Mean (±SEM) H. zea pupal eclosion date in 2001. 
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Figure 7b.  Mean (±SEM) H. zea pupal eclosion date in 2002. 
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Figure 8a.   Mean (±SEM) number of H. zea adults produced per 100 ears in 2001. 
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Figure 8b. Mean (±SEM)  number of H. zea adults produced per 100 ears in 2002. 
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DEVELOPMENT AND SURVIVAL OF HELICOVERPA ZEA (LEPIDOPTERA: 

NOCTUIDAE) ON TRANSGENIC COTTON VARIETIES EXPRESSING SINGLE 

AND PYRAMIDED BACILLUS THURINGIENSIS PROTEINS 
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Abstract 

 A three year study was conducted from 2003 to 2005 to determine the effects of 

transgenic cotton genotypes expressing Bacillus thuringiensis (Bt) proteins Cry1Ac & 

Cry2Ab, both singly and pyramided, on the development and survival of H. zea. Effects were 

documented by quantifying larval, pupal, and adult populations for each Bt genotype and a 

conventional sister genotype across two locations in eastern North Carolina.  Adverse 

weather conditions resulted in no useful data collected from cotton in 2003 & 2004, thus all 

cotton data reported are from two locations in 2005.  All three Bt cotton genotypes 

significantly reduced the percentage of terminal regions and bolls containing live heliothine 

larvae and feeding damage compared to the non-Bt genotype with no significant differences 

among Bt genotypes. All three Bt genotypes also significantly lowered bollworm pupal and 

adult production compared to the non-Bt genotype; moreover, the Bollgard II and Cry2Ab 

significantly lowered pupal and adult production compared to the Bollgard genotype.  Adults 

from the non-Bt genotype eclosed significantly earlier than adults from all three Bt 

genotypes, but there were no statistical differences between any Bt genotypes. 
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 Given the convenience of lepidopteran pest control and economic benefits, growers 

commonly plant transgenic Bollgard® cotton varieties that express insecticidal Bacillus 

thuringiensis (Bt) proteins.  In North Carolina, Helicoverpa zea (Boddie), bollworm, is the 

key pest targeted for control.  Season-long Bt expression protects the plants from the 

caterpillars, but imposes a high selection pressure at the field level for resistance 

development to the Bt toxin.  To mitigate resistance development in pest insects to single 

toxin Bt crops, the USDA and EPA believe that a high dose/refuge strategy is most effective 

(US-EPA 1999). Single toxin Bollgard varieties expressing Cry1Ac impose exceptionally 

high mortality on Heliothis virescens, tobacco budworm, and meet the high dose 

requirement; however, Bollgard varieties provide only moderately high mortality against the 

bollworm and are not considered a high dose for this pest (Gould 1998, US-EPA 2001).  

When a source of susceptible insects is present, moderately high insecticide doses are 

expected to result in resistance development more quickly than high doses (Tabashnik and 

Croft 1982). In 2003, Monsanto introduced Bollgard II® technology which employs two 

pyramided Bt toxins (Cry1Ac & Cry2Ab).  Pyramiding Bt events exploits the concept 

"redundant killing" where totally susceptible insects are killed by both toxins, and insects 

resistant to one toxin are killed by the other toxin (Gould 1998). Even though it is not clear 

that Bollgard II provides a high dose for bollworm, Bollgard II has been shown to provide 

exceptional economic control of both the tobacco budworm and bollworm, and its 

introduction is expected to delay resistance development to Bt technology longer than 

planting Bollgard varieties alone (Jackson et al. 2004). 
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 Given the many environmental, genetic, and management factors involved in insect 

resistance development, it is impossible to predict exactly how long it will take for pests to 

develop resistance to Bt crops. Since H. zea is highly mobile and polyphagous, field trials to 

determine the most effective strategy for delaying resistance development would be too wide 

scale to conduct practically and could only provide answers after resistance had begun to 

develop in a population.  Consequently, the EPA and industry have relied heavily on 

simulation computer modeling for developing Bt crop deployment strategies for insect 

resistance management (Gould 1996 & 1998).  Computer modeling allows researchers to test 

many parameter combinations in a short period of time.  Though the results are not 

definitive, they provide insight into which parameters appear most important in managing 

resistance development and which Bt crop deployment strategies will likely be most 

effective, relative to the alternatives, in prolonging the effectiveness of Bt technology.  To 

create realistic and useful model predictions, empirical estimates of the parameters 

influencing resistance development must be available. 

 In this paper, we present field estimates of H. zea adult production from non-Bt, 

Bollgard, Cry2Ab, and Bollgard II cottons on which to base larval growth and survival 

parameters for all H. zea genotypes occurring on Bollgard and Bollgard II varieties in eastern 

North Carolina. An existing spatial model simulating resistance development in an H. zea 

population to single and pyramided Bt cotton and corn cultivars was modified to accept these 

estimates in place of the previously assumed values, and will be discussed in a companion 

chapter 3.   
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Materials and Methods 

 A small plot study was planted at the Tidewater Research Station (TRS) near 

Plymouth, North Carolina in 2003, 2004, & 2005.  In 2004 & 2005, two additional sites were 

planted near Jamesville, NC and Edenton, NC. The experiment utilized the randomized 

complete block design with four cotton genotypes as treatments and four replications of each 

treatment.  Depending on site and year, test plots ranged from 8 to16 rows and were 13.7 

meters long.  In 2003, plots were planted on 06/07/03 to land previously bedded and 

rotovated. In 2004, plots at TRS were planted on 06/04/2004, and on 06/11/2004 near 

Jamesville and Edenton.  In 2005, plots at TRS were planted on 5/25/05, on 5/18/05 near 

Jamesville, and on 5/13/05 near Edenton. Three transgenic Bt genotypes and one non-Bt (SG 

521 RR) genotype were compared. Bt cottons included two single toxin genotypes, Cry 1Ac 

(SG 215 BR) and Cry 2Ab (15985X), and a pyramided genotype, Cry 1Ac + Cry 2Ab (DP 

424 BGII/RR). 

In all years, the terminal regions on 20 or 25 plants per plot were monitored every 

three days to check for any unbalanced egg deposition among genotypes, and, in 2003, four 

whole plants were examined from each plot weekly to detect a possible difference among 

genotypes in the pattern of vertical egg deposition in the canopy.  Fifty squares were also 

examined per plot to determine the percentage of squares containing live larvae and/or 

feeding damage. To quantify larval population, boll damage, pupal production, adult 

production and average eclosion date of H. zea from each cotton genotype, first the number 

of harvestable cotton bolls in an arbitrarily selected 1.5 row meters was counted in each plot. 

Then, the equivalent number of bolls in 3 non-Bt row meters and 6 Bt row meters were 

examined from each plot for the presence of large larvae and/or feeding damaged by H. zea. 
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All large larvae found were collected and held individually in 310 ml plastic cups containing 

a cotton boll of the respective cotton variety until pupation.  Pupae were transferred to a 31 

ml clear plastic cup and stored in a rearing room at 14L: 10D, 60 % humidity, and 27°C until 

adult emergence.  

 To measure the in-field development rates of H. zea cohorts feeding on Bollgard II, 

Bollgard, Cry2Ab, and non-Bt cotton in 2003 & 2004, 4 cotton plants of each variety were 

caged as a group and artificially infested with H. zea eggs from feral moths.  Moths were 

collected from a light trap near Plymouth, NC and placed individually in 310 ml plastic cups 

covered with cheese cloth for oviposition and containing one sugar water soaked cotton ball 

as a food source.  In 2003 & 2004 non-Bt, Bollgard, and Cry2Ab varieties each contained 2 

cages per plot.  In 2003, the Bollgard II genotype had 4 cages per plot.  In 2004, we increased 

the number of cages per Bollgard II plot to 6.  Non-Bt cages were infested with 50 eggs, 

Bollgard and Cry2Ab cages with 250 eggs, and Bollgard II cages with 1000 eggs.  The 

number of cages and infested eggs differed between plots to increase the chance of at least 

some larval survival on Bt varieties. Developing larvae were monitored weekly.  In 2003, all 

large larvae found were collected and held individually in 310 ml plastic cups containing a 

cotton boll of the respective cotton variety.  The cups were grouped by cage and put in 68.1 L 

Rubbermaid® buckets for storage in an open-sided shed at ambient temperature.  Cups were 

monitored daily for pupating larvae.  Pupae were transferred to a 31 ml clear plastic cup and 

stored in a rearing room at 14L: 10D, 60 % humidity, and 27°C until adult emergence.  

The aforementioned cages were constructed with ¼ inch CPVC pipe frames which 

were covered with a 4 m x 3 m section of floating row cover.  Two 25.4 cm sections of ½ 

inch cpvc pipe were hammered into the ground as anchor points on either side of the row, 
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and the row cover was attached to the frame with binder clips. Cages were similar in shape to 

a standard rural mailbox and were constructed with three 3.00 m sections of ¼ inch CPVC 

pipe, four T joints, two cable ties, and two lengths of electric fence wire.   Two of the pipes 

were cut to 2.70 m, and the remaining 30 cm section cut into two 15 cm sections.  The T 

joints were attached to both ends of the 2.70 m pieces, and the 15 cm sections inserted into 

the parallel T joint hole.  The third 3.00 m section was cut into three 1 m sections.  Two of 

the 1 m sections were inserted into the perpendicular T joint holes, and the third was attached 

in the middle by cable ties.  The frame was then bent to form an arch, and the 15 cm sections 

inserted into the anchor points. 

Results 

In 2003, there were no statistical differences in the number of eggs laid per cotton 

genotype as was there no discrepancy in egg deposition vertically in the canopy per cotton 

genotype. No larvae were observed in the Cry2Ab or Bollgard II plots resulting in an 

estimate of zero pupae and adults produced per acre.  Therefore, the two zero estimates were 

not included in the data set to obtain more appropriate LSD. There were also significantly 

more pupae and adults produce per acre from the non-Bt cotton than Bollgard (F =27.48; df = 

1,3; P = 0.0135) &( F =26.93; df = 1,3; P = 0.0139)(Data not shown).  One pupa from 

Bollgard cotton survived to an adult, and 12 pupae from non-Bt cotton survived.  No eclosion 

date was recorded for the Bollgard pupa; therefore, no comparison was available for analysis. 

In 2004, virtually no larvae survived to pupate from any genotype, thus there were no 

meaningful data for analysis. 

 In 2005, the mean percentage of cotton terminals containing heliothine eggs did not 

significantly differ between any cotton genotype (F=0.48; df=3,3; P=0.7188)(Table 1).  All 
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three Bt cotton genotypes significantly reduced the percentage of terminal regions containing 

live heliothine larvae compared to the non-Bt genotype (F=46.1; df=3,3; P=0.0052)(Table 1).  

The Bollgard II genotype reduced the percentage by 8.33X, the Bollgard genotype reduced 

the percentage by 7.95X, and the Cry2Ab genotype reduced the percentage by 5X; yet, there 

were no significant differences between Bt genotypes.  All three Bt cotton genotypes also 

significantly reduced the percentage of terminal regions incurring heliothine feeding damage 

compared to the non-Bt genotype (F=272.12; df=3,3; P=0.0004)(Table 1).  The Bollgard II 

genotype reduced terminal damage by 31.21X, the Bollgard genotype reduced terminal 

damage by 7.28X, and the Cry 2Ab genotype reduced terminal damage by 8.25X; there were 

no significant differences between Bt genotypes. 

Averaged across locations and four sampling dates, all three Bt cotton genotypes 

significantly reduced the percentage of cotton bolls containing live bollworm larvae 

compared to the non-Bt genotype (F=30.54; df=3,3; P=0.0095) (Table 2). The Bollgard II, 

Bollgard, and Cry2Ab genotypes reduced the boll percentage containing live larvae by 

54.89X, 3.77X, and 38X, respectively. The Bollgard II and Cry2Ab genotypes also 

significantly reduced the percentage of cotton bolls containing live larvae below that of the 

Bollgard genotype by 14.56X and 10.07X.  All three Bt cotton genotypes significantly 

decreased the percentage of cotton bolls incurring bollworm feeding damage compared to the 

non-Bt genotype with the Bollgard II and Cry2Ab genotypes also significantly reducing 

percentage of cotton bolls incurring bollworm damage compared to the Bollgard genotype 

(F= 641.89; df=3,3; P=0.0001) (Table 2). The Bollgard II, Bollgard, and Cry2Ab genotypes 

decreased the percentage of damaged bolls below that of the non- Bt genotype by 16.27X, 

3.83X, and 12.78X, respectively.  Furthermore, the Bollgard II and Cry2Ab genotype 
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decreased the percentage of damaged bolls below that of the Bollgard genotype by 4.25X and 

3.34X.   

All three Bt genotypes significantly lowered bollworm pupal and adult production per 

hectare compared to the non-Bt genotype; moreover, the Bollgard II and Cry2Ab 

significantly lowered pupal and adult production per hectare compared to the Bollgard 

genotype (pupal: F= 21.93; df=3,3; P=0.0153; adult: F=16.18; df=3,3; P=0.0234) (Table 3). 

The Bollgard II, Bollgard, and Cry2Ab genotypes respectively demonstrated a 29.51X, 

3.67X, 12.42X decrease in pupal production and a 25.15X, 3.78X, 13.54X decrease in adults 

produced per hectare.  

 In the 2003 development time study, 56 H. zea survived to pupate out of 400 eggs 

infested on non-Bt plants, and only 27 survived to adult. Out of 2000 eggs infested on 

Bollgard cotton, 4 survived to pupate and 2 survived to adult. Out of 16, 000 eggs infested on 

Bollgard II cotton, 1 survived to pupate and eclose as an adult. Out of 2000 eggs infested on 

Cry2Ab cotton, no larvae survived to pupate or emerge as an adult. H. zea from non-Bt 

cotton and Bollgard pupated on average 21 and 17 days earlier than the pupa collected from 

Bollgard II (F = 102.47; df = 2, 50; P = 0.0097).  However, high pupal mortality, low sample 

size, and high variance resulted in no statistical differences in eclosion date between H. zea 

developing on non-Bt, Bollgard or Bollgard II.  In 2004, wind associated with Hurricane 

Frances destroyed the cages after plants were infested with eggs; therefore, no data were 

collected.  Based on poor results and cage integrity problems, we deemed this caging method 

unsuitable for use in eastern North Carolina and discontinued it for 2005.  

 In 2005, the eclosion date was recorded for each H. zea surviving to an adult 

collected in the adult production sampling procedure.  Adults from the non-Bt genotype 
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eclosed significantly earlier than adults from all three Bt genotypes, but there were no 

statistical differences between any Bt genotypes (F=19.68; df 3,2.6015; P=0.0261)(Table 4).  

On average, adults from the non-Bt genotype eclosed 8 days earlier than adults from 

Bollgard cotton, 11 days earlier than adults from Bollgard II cotton, and 12 days earlier than 

adults from Cry2Ab cotton. 

Discussion 

 Field plots in 2003 received substantially more rain than typical for eastern North 

Carolina resulting in severely water stressed cotton plants.  The stressed plants matured early 

and exhibited little or no tender green terminal tissue during the peak H. zea flight.  

Consequently, the cotton plants were unattractive to ovipositing moths during the peak flight 

resulting in a low larval population and very small sample sizes per plot. Unfortunately, a 

seed shipment delay resulted in a late planting date in 2004.  Cotton plants were immature 

during the peak H. zea flight.  Plants in the non-Bt genotype had not produced enough fruit to 

support a small larval population, and the high Bt titer in the transgenic genotypes allowed 

virtually no H. zea survival.  Thus, we obtained no data suitable as model parameters in 2003 

or 2004. 

 In 2005, environmental conditions were much more favorable and moderate 

bollworm populations were present in Martin and Chowan County, NC.  Heliothine eggs 

were equally distributed between cotton genotypes ruling out unequal egg deposition as a 

cause for differences in larval abundance and damage between genotypes.  All Bt genotypes 

significantly reduced the percentage of terminals containing live larvae and feeding damage, 

but there were no differences between the Bt genotypes for these observations.  Jackson 

(2002) observed similar results with regard to live larvae per terminal and noted high Bt 
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protein expression in young terminal tissue (Greenplate et al. 2000) resulting in high larval 

mortality or movement away from the terminal area (Gore et al. 2001) as the likely causes of 

no significant differences in larval abundance between Bt genotypes.  Contrary to our study, 

Jackson (2002) found that the Bollgard II genotype in their study significantly reduced the 

percentage of damaged terminals below that of the Bollgard genotype.  Perhaps, the plants in 

our study were younger at the initiation of oviposition and consequently were expressing Bt 

proteins at high enough levels in all three Bt genotypes to exhibit equivalent protection from 

H. zea terminal feeding damage. 

 All Bt genotypes reduced the percentage of cotton bolls containing live larvae and 

feeding damage compared to the non-Bt genotype, and the Cry2Ab and Bollgard II 

genotypes further reduced the percentage of bolls containing live larvae and feeding damage 

below that of the Bollgard genotype. These results support the findings in Jackson et al. 2004 

and Stewart et al. 2001 regarding Bollgard II efficacy compared to Bollgard and further 

demonstrate the increased toxicity and superior boll protection gained by pyramiding toxins 

in Bollgard II genotypes.  Though Cry2Ab is inherently less toxic to the bollworm than 

Cry1Ab, the Cry2Ab genotype expresses Cry2Ab at a level approximately ten times higher 

than the Cry1Ac level in Bollgard (Matten and Reynolds 2003), thus the higher toxin 

expression could explain the increased larval mortality and boll protection seen with the 

Cry2Ab genotype.  

 As with the percentage of cotton bolls containing live larvae, all Bt genotypes 

produced fewer pupae and adults per hectare than the non-Bt genotype. The Bollgard II 

genotype produced the fewest pupae and adults per hectare but was not significantly different 

from the Cry2Ab genotype.  Pupal and adult production per genotype directly followed the 
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trend seen with the percentage of bolls containing live larvae and feeding damage. Thus, the 

explanation of the results is the same.   

 The susceptible adult production estimates from non-Bt, Bollgard II, Bollgard, and 

Cry2Ab cottons will be used to estimate the relative fitness of all H. zea genotypes occurring 

on Bollgard II cotton in eastern North Carolina. A genotype’s relative fitness indicates the 

contribution of that genotype to the next generation compared to alternate genotypes and is a 

major factor in how quickly that genotype’s frequency increases in a population.   Previously 

published modeling work examining the performance of pyramided toxin cotton against 

heliothines based the insect’s genotypic relative fitness values on theoretical survival rates. 

Roush 1998 describes how small increases or decreases in susceptible insect survival 

(changes in the relative fitness of susceptible insects) on pyramided cultivars can drastically 

affect how long that cultivar remains effective. Since small differences in susceptible insect 

survival can have dramatic effects on a pyramided genotype’s longevity, field estimates that 

reflect actual levels of susceptible adult production from pyramided cotton genotypes and 

genotypes containing each pyramided toxin singly are essential for determining necessary 

insect resistance management requirements. 

 In 2003, larvae surviving on non-Bt plants under cages pupated earlier on average 

than larvae surviving on Bollgard and Bollgard II plants; however, high pupal mortality and 

low sample size resulted in no statistical differences in eclosion date between H. zea 

developing on Non-Bt, Bollgard or Bollgard II. In 2005, estimates of H. zea adult eclosion 

date from the adult production samples were compared to find statistically significant 

differences in development time for H. zea on Bt and non-Bt genotypes. Thus far, modeling 

estimates of development time for H. zea on Bt cotton have been based on larval 
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development time on Bt corn, and predict a 6 day delay for larvae developing on Bt crops 

compared to larvae developing on non-Bt crops(Storer et al. 2003).  Our estimates show that 

the development delay is 8 days for larvae developing on Bollgard cotton and 11 days for 

larvae developing on Bollgard II cotton. The greater the discrepancy in development time for 

larvae developing on Bt crops and the non-Bt refuge crops, the less effective the refuge 

becomes in contributing to resistance development in a high dose system. These field 

estimates of H. zea development time on cotton will improve confidence in modeling results 

and aid in evaluating the structured cotton refuge’s role in insect resistance management. 

 The estimates herein of H. zea adult production and larval development time from 

non-Bt, Bollgard, Cry2Ab, and Bollgard II cottons will be used to set larval development and 

survival parameters in a population genetic model for all H. zea genotypes occurring on 

Bollgard and Bollgard II varieties in eastern North Carolina. Model results will be discussed 

in chapter 3 and will evaluate the role of pyramided Bt cultivars, EPA mandated non-Bt 

refuges, and soybean as a host in H. zea resistance development to Bt in eastern North 

Carolina. 
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Table 1.  Mean (SEM) percentage of terminals containing heliothine eggs, live larvae, and 

damage for four cotton genotypes averaged across 2 locations in North Carolina (2005). 

Genotype Percent Egg a Percent Live Larvae a Percent Damage a 

Non-Bt (SG 521 RR) 7.75 (2.38) a 8.75 (1.39) a 
 

21.85 (2.44) a 
 

Cry2Ab (15985X) 6.85 (1.80) a 1.75 (0.58) b 
 

2.65 (0.78) b 
 

Bollgard (SG 215 BR) 5.70 (1.54) a 1.1 (0.44) b 
 

3.00 (1.16) b 
 

Bollgard II (DP 424 BGII/RR) 6.40 (1.99) a 1.05 (0.59) b 0.70 (0.38) b 
a/ Means within the same column followed by the same letter are not significantly different 

according to Fisher’s LSD procedure (P≤0.05). 
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Table 2. Mean (SEM) percentage of bolls with live larvae and/or bollworm damage for four 

cotton genotypes averaged across 2 locations in North Carolina (2005). 

Genotype  
 

Percent Live Larvae a Percent Damage a 

Non-Bt (SG 521 RR) 
 

4.94 (0.85) a 23.26 (1.51) a 

Cry2Ab (15985X) 
 

0.13 (0.05) c 1.82 (0.28) c 

Bollgard (SG 215 BR) 
 

1.31 (0.30) b 6.08 (0.56) b 

Bollgard II (DP 424 BGII/RR) 0.09 (0.02) c 1.43 (0.25) c 
a/ Means within the same column followed by the same letter are not significantly different 

according to Fisher’s LSD procedure (P≤0.05). 
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Table 3. Mean (SEM) number of bollworm pupae and adults produced per hectare for four 

cotton genotypes averaged across 2 locations in North Carolina (2005). 

Genotype 
 

Pupae per Hectare a Adults per Hectare a 

Non-Bt (SG 521 RR) 
 

49,484 (5,022) a 36,903 (4,108) a 

Cry2Ab (15985X) 
 

 3,983 (1,873) c 2,725 (1,450) c 

Bollgard (SG 215 BR) 
 

13,419 (2,371) b 9,645 (2,023) b 

Bollgard II (DP 424 BGII/RR) 1,677     (549) c 1,467    (587) c 
a/ Means within the same column followed by the same letter are not significantly different 

according to Fisher’s LSD procedure (P≤0.05). 
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Table 4. Mean (SEM) eclosion date of adults produced from for four cotton genotypes 

averaged across 2 locations in North Carolina (2005). 

 
Genotype 
 

Eclosion Date a 

Non-Bt (SG 521 RR) 
 

Sept - 13 (0.55) a 

Cry2Ab (15985X) 
 

Sept - 25 (2.81) b 

Bollgard (SG 215 BR) 
 

Sept - 21 (0.92) b 

Bollgard II (DP 424 BGII/RR) Sept - 24 (2.79) b 
 

a/ Means within the same column followed by the same letter are not significantly different 

according to Fisher’s LSD procedure (P≤0.05). 
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Abstract 

 A simulation model of Helicoverpa. zea resistance development to Bt crops in eastern 

North Carolina (Storer et al. 2003) was modified in order to evaluate the impact of 

pyramided Bt cotton and corn cultivars, EPA mandated non-Bt refuges, and soybean acreage 

on the rate of resistance evolution. The model was further refined to include pyramided corn 

and cotton cultivars; however, H. zea survival on pyramided cultivars was based solely on 

theoretical data. To convincingly identify the most influential factors in resistance evolution, 

empirical estimates of H. zea survival on these cultivars were incorporated into the model. 

The model predicts that pyramided Bt cultivars and soybean as a host both greatly delay 

resistance development.  With pyramided Bt cultivars, the model also predicts that the 20% 

sprayed non-Bt cotton refuge’s contribution to delaying resistance evolution is greatly 

supplemented by other non-Bt sources of susceptible moths and has less of an effect on Bt 

resistance management than the non-Bt corn refuge. 
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 The percentage of North Carolina cotton acreage planted to Bollgard® varieties has 

risen from 3% in 1996 to approximately 90% in 2004 (J. Bacheler, pers. comm. Oct. 2005). 

While Helicoverpa zea lab colonies have developed resistance to Bt toxins, no populations of 

any insect pest have shown resistance to Bt plants in the field (Tabashnik et al. 2003).  

Furthermore, there has been no detectable increase in resistance allele frequency in North 

Carolina (Jackson et al. 2002). Since the introduction of Bt cotton, the EPA has mandated 

plantings of non-Bt crop refuges to provide a source of susceptible insects necessary to delay 

resistance evolution.  

 Recent empirical evidence indicates that the mandated 20% sprayed non-Bt cotton 

refuge may not be contributing substantially to delaying resistance evolution in H. zea to Bt 

crops. A stable carbon isotope analysis of H. zea wings (Gould et al. 2002) indicated that C4 

plants (e.g. corn) are the major larval hosts in the early-to-mid season in LA and TX; 90 -

100% of tested moths developed as larvae on a C4 host.  Later in the season when cotton is 

an attractive host, <50% of moths were produced from C3 hosts (i.e. cotton, soybean, and 

other non-grass hosts). However, stable carbon isotope analysis cannot differentiate among 

C3 host crops.  Data from unsprayed field plots in eastern North Carolina provide estimates 

of H. zea adult production on corn, cotton, peanut, and soybean late in the season.  Based on 

equal plot size, 19.17% of the adults were produced from corn, 36.09% on cotton, 5.64% on 

peanut, and 39.10% on soybean (Jackson et al. 2003).  Since these estimates were based on 

equal plot sizes, average planted acres for 2000-2002 for each crop (NCDA, 2003) were used 

to estimate the proportion of adults produced from each crop in eastern NC. This resulted in 

an estimated 13.78% of the late season adults produced on corn, 33.18% on cotton, 0.63% on 

peanut, and 52.40% on soybean.  Since nearly 100% of the early season moths were 
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produced from corn, non-Bt corn appears to be the most useful early season crop host refuge.  

Soybean serves as a major late season non-Bt host and may play a more pivotal role than a 

20% sprayed or 5% un-sprayed non-Bt cotton refuge in delaying resistance evolution to Bt in 

eastern North Carolina.  The above concerns only production on the major crop hosts and 

ignores production on the numerous H. zea minor crop hosts, wild hosts, and immigration of 

moths from other areas with different crop mixes. 

 Another factor that will influence Bt resistance evolution is the introduction of 

pyramided Bt cultivars containing two different toxins.  Pyramiding Bt events exploits 

"redundant killing" where totally susceptible insects are killed by both toxins and insects 

resistant to one toxin are killed by the other toxin. This approach will only be effective in the 

absence of cross-resistance between the pyramided toxins and when the doses of each toxin 

are high enough to result in substantial redundant killing (Andow and Hutchinson 1998, 

Gould 1998). In 2003, Monsanto marketed Bollgard II® that expresses Cry1Ac and Cry2Ab 

and prior to 2003 was testing an experimental pyramided field corn hybrid 

(Mon84006/Mon810) that expresses Cry1Ab and Cry2Ab. Pyramided cultivars provide 

increased efficacy against H. zea and may decrease the rate at which resistance evolves 

(Jackson et al. 2004, Roush 1998).  

 Herein we use an existing simulation model originally described in Storer et al. 

(2003) and modified by Livingston (unpublished manuscript) to simulate the use of 

pyramided Bt corn and cotton cultivars.  This work does not represent an in depth sensitivity 

analysis of parameter interactions but purely uses current empirical data to evaluate the 

expected role of EPA mandated non-Bt refuges, pyramided Bt cultivars, and soybean as a 

host in H. zea resistance development to Bt in eastern North Carolina.   
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Methods and materials 

 As described by Storer et al. (2003a & b), “The model [was] developed … to 

accommodate a spatial mix of two host crops (corn and cotton), and to reflect the agronomic 

practices, as well as the spatial and temporal population dynamics of H. zea in eastern North 

Carolina.”  The original model was further refined by Storer to include soybean as a host and 

by Mike Livingston to include pyramided corn and cotton cultivars; however, at that time 

there were no empirical data on which to base the fitness of H. zea genotypes susceptible to 

Cry2Ab and those susceptible to both Cry2Ab and Cry1A. To convincingly identify the most 

influential factors in resistance evolution, empirical estimates of H. zea survival on cultivars 

containing these Bt Cry proteins both singly and pyramided was needed for incorporation 

into the model.  For these estimates, we utilized H. zea adult production data on pyramided 

and single toxin Bt corn and cotton from our research (Table 1 & 2).  A detailed description 

of data collection and results can be found in chapters 1 & 2.  

 We used fitnesses of susceptible (rr r’r’) larvae on non-Bt, Cry1A, Cry2Ab, and 

pyramided plants to calculate fitnesses of all genotypes (Table 3). On the pyramided plants, 

the genotype with resistance to Cry1A and Cry2Ab (RR R’R’) was assumed to have equal 

fitness to susceptible larvae on non-Bt plants, minus the general fitness cost (0.025) of 

carrying each resistance allele. Those larvae only resistant to Cry1A (RR r’r’) received the 

fitness value of a susceptible individual on a plant with only Cry2Ab since that was the only 

toxin affecting their survival. Similarly, those larvae that are only resistant to Cry2Ab (rr 

R’R’) have the fitness value of susceptible larvae on Cry1A plants. Larvae susceptible to 

both toxins (rr r’r’) simply were assigned a fitness value calculated directly from field 
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collected susceptible larvae that developed on pyramided plants.  Heterozygote fitness was 

calculated based on additive inheritance.  

 The model was run under a specific set of assumptions not limited to but including: 1) 

initial Cry1A resistance allele frequency = 0.00043 and Cry2A = 0.00039 (Burd et al. 2003), 

2) a single gene associated with resistance to each toxin (R and r  = alleles for resistance or 

susceptibility to Cry1Ac and Cry1Ab; R’ and r’ = alleles for resistance or susceptibility to 

Cry2Ab), 3) Cry1Ab and Cry1Ac share complete cross-resistance, 4) 0.025 additive fitness 

cost for carrying each resistance allele, 5) degree of dominance = 0.5, 6) development time 

delay for susceptible larvae = 6 days on corn and 8 days on cotton (Chapter 1 & 2), 6) 

including soybean in the model, 47% of the acreage is planted to soybean, 24% to corn, and 

29% to cotton; excluding soybean in the model, 0% of the acreage is planted to soybean, 

44% corn, and 56% cotton. (NCDA, 2003) 8) Replacement rates with soybean: R1 = 4, R2 = 

35, R3 = 6; Replacement rates without soybean: R1 = 1.5, R2 = 75, R3 = 10. (Storer 1999) 

 The model was run with five different Bt cultivar combinations:  1) Bollgard cotton & 

Yieldgard® corn (BG/YG), 2) Bollgard II cotton & Yieldgard corn (BGII/YG), 3) Bollgard 

II cotton & pyramided field corn (BGII/PYG), 4) Bollgard cotton & Pyramided field corn 

(BG/PYG, 5) Bollgard II cotton & pyramided field corn phase out Bollgard cotton & 

Yieldgard corn over a three year period (Phase out). Also, five non-Bt refuge plans were 

simulated:  1) the currently EPA mandated 50% non-Bt corn refuge and 20% sprayed cotton 

refuge, 2) a 0% non-Bt corn refuge and a 20% sprayed cotton refuge, 3) a 50% non-Bt corn 

refuge and a 0% non-Bt cotton refuge, 4) a 20% non-Bt corn refuge and a 20% sprayed 

cotton refuge, 5) and a 0% non-Bt corn refuge and a 0% non-Bt cotton refuge.  When 

simulating the Bollgard cotton & Yieldgard corn phase out, we assumed a 33.33% adoption 
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rate resulting in all farms planting pyramided cultivars by the third year.  Model runs without 

mandated EPA non-Bt refuges were compared to the currently mandated EPA plan for each 

cultivar combination to estimate the contribution of each non-Bt crop refuge in delaying Bt 

resistance evolution.  To evaluate the role of soybean as an alternate host in delaying 

resistance evolution, the model was run with Bt cultivar combinations at the currently 

mandated refuge sizes both with and without soybean as a host.  Resistance was considered 

problematic when resistance allele frequencies for both Cry1A and Cry2Ab are > 0.50. 

 When the model was run assuming the current resistance allele frequency estimates 

for Cry1A (0.00043) and Cry2Aa (0.00039) (Burd et al. 2003), the combined effect of high 

mortality in pyramided corn, proportion of H. zea developing on corn in generation 1 and 2, 

and low winter survival resulted in population eradication when the non-Bt corn refuge was 

removed from the BGII/PYG and BG/PYG cultivar combinations. Thus, to make 

comparisons between the currently required refuge sizes and removal of the non-Bt corn 

refuge in these cultivar combinations, initial resistance allele frequencies 2.33 – 2.56 times 

higher than the empirical estimates and replacement rates approximately 2 times higher per 

generation than those assumed by Storer (1999) when modeling single gene crops with 

soybean as an alternate host had to be assumed when eliminating the non-Bt corn refuge.  

These assumptions hastened resistance development for all Bt cultivar combinations but did 

not drastically affect the relative rate of resistance development between refuge strategies.  

Results using these parameters are followed by an asterisk ( * ).  

Results 

 Effects of soybean as a host and pyramided cultivars. Following current EPA 

refuge requirements and excluding soybean as an alternate host, the frequency of resistance 
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alleles reached 0.50 after 6 years of growing BG/YG. However, the resistance allele 

frequency surpassed 0.50 after 10 years with soybean as a host, a 1.67 fold delay. Following 

current EPA refuge requirements and simulating a BGII/YG cultivar combination, the 

frequency of resistance alleles reached 0.50 after 14 years when soybean was excluded and 

28 years when included, a 2 fold delay.  Finally, following current EPA refuge requirements 

and simulating a BGII/PYG cultivar combination, the frequency of resistance alleles reached 

0.50 after 17 years when soybean was excluded and 56 years when included, a 3.29 fold 

delay.  From these results, the effect of pyramided gene cultivars versus single gene cultivars 

can also be determined.  With soybean as a host, simulating a BGII/YG cultivar combination 

resulted in a 2.8 fold delay compared to the BG/YG cultivar combination, a BG/PYG cultivar 

combination resulted in a 4.70 fold delay compared to the BG/YG cultivar combination and a 

BGII/PYG cultivar combination resulted in a 5.60 fold delay versus the BG/YG cultivar 

combination (Figure 1).  

 Eliminating non-Bt cotton refuge (including soybean as a host). When simulating 

a BG/YG cultivar combination with soybean as a host, eliminating the 20% sprayed non-Bt 

cotton refuge resulted in a > 0.50 resistance allele frequency after 7 years indicating a 1.14 

fold delay realized by following the current refuge requirements with the same cultivar 

combination(Figure 2). Eliminating the non-Bt cotton refuge from a BGII/YG cultivar 

combination resulted in a > 0.50 resistance allele frequency after 24 years indicating a 1.16 

fold delay realized by following the current refuge requirements with the same cultivar 

combination (Figure 3).  Eliminating the non-Bt cotton refuge from a BG/PYG cultivar 

combination resulted in a > 0.50 resistance allele frequency after 23* years indicating a 1.86 

fold delay realized by following the current refuge requirements with the same cultivar 
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combination (Figure 4).  Finally, eliminating the non-Bt cotton refuge from a BGII/PYG 

cultivar combination resulted in a > 0.50 resistance allele frequency after 43 years indicating 

a 1.30 fold delay realized by following the current refuge requirements with the same cultivar 

combination (Figure 5).     

 Reducing the non-Bt corn refuge (including soybean as a host)  When simulating 

a BG/YG cultivar combination, reducing the 50% unsprayed non-Bt corn refuge to a 20% 

unsprayed non-Bt corn refuge resulted in a > 0.50 resistance allele frequency after 7 years 

indicating a 1.43 fold delay realized by following the current refuge requirements with the 

same cultivar combination (Figure 2).  Reducing the non-Bt corn refuge with a BGII/YG 

cultivar combination resulted in an > 0.50 resistance allele frequency after 22 years 

indicating a 1.27 fold delay realized by following the current refuge requirements with the 

same cultivar combination (Figure 3). Reducing the non-Bt corn refuge with a BG/PYG 

cultivar combination resulted in an > 0.50 resistance allele frequency after 25* years 

indicating a 1.68 fold delay realized by following the current refuge requirements with the 

same cultivar combination (Figure 4).  Finally, reducing the 50% unsprayed non-Bt corn 

refuge to a 20% unsprayed non-Bt corn refuge with a BGII/PYG cultivar combination 

resulted in a > 0.50 resistance allele frequency after 41 years indicating a 1.37 fold delay 

realized by following the current refuge requirements with the same cultivar combination 

(Figure 5). 

  Eliminating non-Bt corn refuge (including soybean as a host).  When simulating a 

BG/YG cultivar combination, eliminating the 50% unsprayed non-Bt corn refuge resulted in 

a > 0.50 resistance allele frequency after 5 years indicating a 2 fold delay realized by 

following the current refuge requirements with the same cultivar combination (Figure 2).  
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Eliminating the non-Bt corn refuge from a BGII/YG cultivar combination resulted in a > 0.50 

resistance allele frequency after 13* years indicating a 1.62 fold delay realized by following 

the current refuge requirements with the same cultivar combination (Figure 3).  Eliminating 

the non-Bt corn refuge from a BG/PYG cultivar combination resulted in an > 0.50 resistance 

allele frequency after 12* years indicating a 3.5 fold delay realized by following the current 

refuge requirements with the same cultivar combination (Figure 4).  Finally, eliminating the 

non-Bt corn refuge from a BGII/PYG cultivar combination resulted in a > 0.50 resistance 

allele frequency after 14* years indicating a 2.29 fold delay realized by following the current 

refuge requirements with the same cultivar combination (Figure 5).   

 Eliminating both non-Bt crop refuges (including soybean as a host).  For all 

cultivar combinations, eliminating both the non-Bt corn refuge & non-Bt cotton refuge 

resulted in a > 0.50 resistance allele frequency no more than one year sooner than only 

eliminating the non-Bt corn refuge (Figures 2,3,4, & 5) 

 Phase out of Bollgard and Yieldgard. When simulating the phase out of Bollgard 

cotton & Yieldgard corn over a 3 year period,  resistance allele frequency exceeded 0.50 in 

50 years hastening resistance development by 6 years (a 1.12 fold increase) when compared 

to replacing single gene cultivars with pyramided cultivars in year one while following the 

current refuge requirements.  When simulating the phase out with no non-Bt cotton refuge, 

resistance allele frequency exceeded 0.50 in 39 years hastening resistance development by 4 

years (a 1.10 fold increase).  When simulating the phase out with no non-Bt corn refuge, 

resistance allele frequency exceeded 0.50 in 8 years hastening resistance development by 6 

years (a 1.75 fold increase). When simulating the phase out with a smaller 20% non-Bt corn 

refuge and a 20% sprayed cotton refuge resistance allele frequency exceeded 0.50 in 18 years 
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hastening resistance development by 9 years (a 1.5 fold increase). When simulating the phase 

out with a smaller 20% non-Bt corn refuge and a 0% sprayed cotton refuge resistance allele 

frequency exceeded 0.50 in 16 years hastening resistance development by 8 years (a 1.5 fold 

increase) (Figure 6).   

Discussion 

 The mandated 50% non-Bt corn refuge and soybean as an alternate host are predicted 

to substantially slow the rate of resistance development in eastern North Carolina H. zea 

populations when pyramided crops are simulated.  In comparison, the 20% sprayed cotton 

refuge appears to contribute very little in terms of slowing resistance development; this 

probably also describes the influence of the 5% un-sprayed or imbedded refuge options 

currently allowed in cotton.  Since, a 50% un-sprayed refuge in corn is a lot more to lose than 

a 20 % sprayed refuge in cotton and the H. zea population in eastern North Carolina 

primarily develops on C4 hosts (e.g. corn) during early season, it seems logical that the corn 

refuge plays a more vital role in resistance development than a 20% sprayed non-Bt cotton 

refuge.  During the later part of the growing season, H. zea has both C3 and C4 hosts, and a 

large proportion of the larvae have been shown to develop on non-Bt C3 crops other than 

cotton (Jackson et al. 2003); consequently, a structured non-Bt cotton refuge may be less 

critical than a structured corn refuge.  Previous transgenic crop evaluation using a version of 

this model (Storer 2003b) reports that the percentage of Bt cotton has a greater effect on 

resistance development than Bt corn when corn and cotton are modeled as the only two host 

crops.  We do not refute that finding but simply report that the current 20% sprayed non-Bt 

cotton refuge’s contribution to delaying resistance evolution is greatly supplemented by other 

non-Bt sources of susceptible moths during the cotton generations and has much less of an 
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effect on Bt resistance management than the current 50% non-Bt corn refuge in eastern North 

Carolina.   

 This model also predicts Bollgard II and a pyramided field corn hybrid should greatly 

lengthen the effectiveness of the Bt technology and that completely replacing single gene 

cultivars with pyramided cultivars over a three year period does not result in a drastic 

reduction in the length of Bt crop effectiveness compared to an immediate switch.  Though 

there is potential for large delays in resistance development with a Bollgard II and a 

pyramided field corn hybrid cultivar combination, both cultivar combinations with at least 

one pyramided crop out perform the single gene cultivar combination.  Furthermore, this 

model predicts that with soybean included as a host, introducing at least one pyramided crop 

without a structured non-Bt corn or cotton refuge results in superior resistance delay to a 

single gene cultivar combination using a structured non-Bt corn and cotton refuge.  

 This model predicts that soybean as an alternate host can delay resistance 

development by a factor nearly as long as both mandated non-Bt crop refuges combined and 

removing soybean from the cropping system drastically reduces the time necessary for 

resistance development.  When only corn and cotton are simulated as H. zea hosts, of course 

each structured non-Bt refuge is vital to delaying resistance development.  The inclusion of 

non-Bt hosts other than the corn and cotton refuges is vital to determining the value of said 

crop refuges.  Soybean acreage in North Carolina varies from year to year.  So, it is 

unrealistic to assume that 50% of the crop acreage will be planted to soybean each year.  The 

effects of intermediate soybean acreages are not directly modeled, but one could assume that 

as the soybean acreage declines resistance development would hasten and the cotton refuge 

would become more important in delaying resistance development. However, it is also 
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unrealistic to assume that soybean is the only alternate host of H. zea and is completely 

erroneous to assume that H. zea larvae only develop on corn and cotton.  This model is not a 

perfect representation of the relative abundance of H. zea hosts or a perfect representation of 

the relative productivity of the crop hosts modeled.  Even with 50% of the crop acreage 

planted to soybean, the percentage of available non-Bt hosts and percentage of larvae 

developing on non-Bt hosts is still underrepresented. Consequently, assuming that 50% 

percent of H. zea host acreage is non-Bt each year is reasonable even though the actual 

soybean acreage will vary, and the observed effects of soybeans acreage on resistance 

development are valid.   

 Under our set of assumptions, this model predicts the failure of single gene Bt 

cultivars within 10 years while following the currently required refuge sizes.  Since single 

gene Bt cultivars (BG/YG) have been planted for 10 years now with no observable increase 

in resistance allele frequency in North Carolina, it seems improbable that the resistance allele 

frequency will exceed 0.50 in by next year.  There are a number of probable reasons why this 

model erroneously predicts the rate of increase in resistance allele frequency with single gene 

Bt cultivars.  First, this model only includes soybean as an alternate host when in fact H. zea 

has many alternate hosts.  Second, this model assumes complete cross resistance between 

Cry1Ab and Cry1Ac.  Cross resistance to Cry1A Bt toxins has been observed in Heliothis 

virescens (Gould et al. 1992) and Plutella xylostella (Tabashnik et al.1997) but may not 

occur in an H. zea field population. Third, the fitness cost of carrying a resistance allele may 

be greater than assumed.  Fourth, this model tracks the rate of resistance allele frequency 

increase in a closed population and does not simulate the effect of long range migration by H. 

zea on resistance development.  Finally, we assumed that 50% of the corn acreage is planted 



63 

to Bt hybrids, but Bt hybrids have until recently accounted for less than 50% of the corn 

acreage (J. Van Duyn, pers. comm. Dec. 2005) Thus, the comparisons presented here are 

based on assumptions that make the development of Bt resistance more rapid than observed 

and are not representative of the exact time until resistance evolution but are an indicator of 

the relative importance of pyramided Bt cultivars, EPA mandated non-Bt refuges, and 

soybean as a host in H. zea resistance development to Bt in eastern North Carolina.   
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 Table 1. Mean (SE) number of bollworm adults produced per hectare from four cotton 

genotypes averaged across 2 locations in North Carolina (2005). 

 

Genotype  
 

Adults per Hectare a 

Non-Bt (SG 521 RR) 
 

36,903 (4,108) a 

Cry2Ab (15985X) 
 

2,725 (1,450) c 

Bollgard (SG 215 BR) 
 

9,645 (2,023) b 

Bollgard II (DP 424 BGII/RR) 1,467    (587) c 
  

 

a/ Means within the same column followed by the same letter are not significantly different 

according to Fisher’s LSD procedure (P≤0.05). 
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Table 2. Mean number of bollworm adults produced per 100 ears from four corn genotypes 

in each of 2 years in North Carolina (2001 & 2002) 

Genotype  
 

Adults 2001 Adults 2002 

Non-Bt 
 

32.22 106 
 

Yieldgard 
 

4.69 
 

2.33 
 

Cry2Ab 
 

3.67 
 

12 
 

Mon84006/ 
Mon810 

0.29 
 

0 
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Table 3.  Relative fitness values of all insect genotypes occurring on pyramided crops 

excluding fitness cost of carrying a resistance allele. 

 Insect Genotype Relative fitness on 
Pyramided Corn 

Relative fitness on 
Pyramided Cotton 

RR R'R' 1.000 1.000 

RR  R'r' 0.557 0.537 

RR  r'r' 0.114 0.075 

Rr  R'R' 0.542 0.631 

Rr  R'r' 0.312 0.368 

Rr  r'r' 0.059 0.039 

rr  R'R' 0.084 0.261 

rr  R'r' 0.044 0.133 

rr  r'r' 0.004 0.034 
R = resistant to Cry1Ab    r = susceptible to Cry1AbR’ = resistant to Cry2Ab   r’ = susceptible to Cry2Ab 

 

 

 

 

 

 

 

 



70 

0

10

20

30

40

50

60

BG/YG BGII/YG BGII/PYG

Cultivar Combination

Y
ea

rs
Including Soybean
Excluding Soybean

 

Figure 1. Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in a H. 

zea population including and excluding soybeans as a host following the currently mandated 

50% non-Bt corn refuge and 20% sprayed non-Bt cotton refuge. 
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Figure 2.  Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in an H. 

zea population with a Bollgard/Yieldgard cultivar combination following refuge 

requirements. 

    Non-Bt Refuge 
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Figure 3.  Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in a H. 

zea population with a Bollgard II/Yieldgard cultivar combination following different refuge 

requirements.
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Figure 4.  Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in a H. 

zea population with a Bollgard/Pyramided Yieldgard cultivar combination following 

different refuge requirements. 
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Figure 5.  Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in a H. 

zea population with a Bollgard II/Pyramided Yieldgard cultivar combination following 

different refuge requirements.
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Figure 6.  Year until resistance allele frequencies (Cry2Ab and/or Cry1A) are > 0.50 in a H. 

zea population when replacing Bollgard/Yieldgard cultivars with Bollgard II/Pyramided 

Yieldgard cultivars over a 3 year period following different refuge requirements. 
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CHAPTER IV 
 
 
 
 

EFFICACY OF BT AND NON-BT SEED MIXES CONTAINING GREATER THAN 

90% BOLLGARD II® AGAINST HELICOVERPA ZEA (LEPIDOPTERA: 

NOCTUIDAE)AND IMPACT OF INTER-VARIETAL MOVEMENT ON LARVAL 

SURVIVAL 
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Abstract 

 A three year field study was conducted in eastern North Carolina from 2003 - 2005 to 

determine what effect seed mixtures of Bt and non-Bt cotton containing greater than 90% 

Bollgard II cotton have on fruit damage by Helicoverpa zea and cotton yield.  A two year lab 

study determined the efficacy of Bollgard II bolls against feral H. zea larvae (≥ 3rd instar) that 

initially fed on non-Bt cotton bolls in 2003 and 2004.  Averaged over years, there were no 

significant yield differences between any seed mixture despite the 8% non-Bt mixture having 

significantly higher boll damage than all other treatments; however, when analyzed by year, 

the 100% Bollgard II treatment had significantly higher seed cotton yield than all seed 

mixture treatments.  In our lab study, H. zea larvae (≥ 3rd instar) were able to survive to 

adulthood on Bollgard II cotton bolls after initially feeding on non-Bt cotton but at 

significantly lower percentages than larvae that remained on non-Bt cotton bolls.
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Currently, there are four EPA mandated refuge options designed to delay insect resistance 

development in Lepidopterans to the Bacillus thuringiensis (Bt) proteins expressed in 

transgenic Bollgard and Bollgard II® cotton genotypes. The refuge requirements involve 

planting blocks of non-Bt cotton from which susceptible insects will be produced and 

presumably mate with any resistance insects from transgenic Bt cotton fields. Refuge options 

include 1) an external 20% sprayed non-Bt cotton - within 1 mile of Bt cotton, with use of 

any insecticide except Bt sprays; 2) an embedded 5% non-Bt cotton - contiguous at least 150 

ft wide within the Bt field and may be sprayed with any insecticide that is simultaneously 

used in Bt cotton; 3) an external 5% unsprayed non-Bt cotton - may not be treated with any 

insecticide labeled for heliothines, at least 150 ft wide, and within 0.5 mile of Bt cotton; and 

4) a community refuge - allows groups of growers to jointly implement options 1 and 3. 

  Recent evidence documenting seasonal Helicoverpa zea crop host use and computer 

modeling evaluations have brought into question the significance of a structured cotton 

refuge in North Carolina for delaying resistance development to Bt cotton especially with the 

introduction of Bollgard II cotton varieties (Jackson et al. 2003, Kurtz et al. 2005).  Many 

farmers and some scientists now believe that the cost of implementing a structured non-Bt 

cotton refuge, especially in yield loss, outweighs any benefit the refuge may provide in 

delaying insect resistance development in North Carolina (J.R. Bradley, Pers. Comm.); 

however, others contend that a structured non-Bt cotton refuge is still a necessary precaution 

for delaying resistance development and prolonging the effectiveness of Bt technology 

(Gahan et al. 2005).  Thus, a refuge strategy that did not result in costly yield loss could be an 

acceptable compromise. 
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 One alternative to the current refuge strategies is planting a seed mixture of Bt and 

non-Bt cotton seed. Computer modeling evaluation by Tabashnik (1994) found that single 

gene Bt and non-Bt cotton seed mixtures always delayed resistance development longer than 

an unmixed stand of single gene Bt cotton, and that an unmixed external non-Bt refuge 

would delay resistance development as long as or longer than a seed mixture strategy.  When 

the unmixed external non-Bt refuge’s size was modified so that equal portions of larvae were 

on non-Bt plants in the seed mixture and in the external refuge, the two strategies performed 

comparably.  Field trials by Durant (1995) and Agi (2001) evaluated the effect of planting 

seed mixtures of Bollgard and non-Bt cotton as an alternative to the block style refuge 

requirements.  Both studies reported that seed mixtures of 90% Bollgard cotton or less 

resulted in unacceptable yield loss by Heliothine populations and were not an economically 

viable source of non-Bt refuge.  Seed mixture failure was attributed to the amount of boll 

damage sustained in mixtures of less than 90% Bollgard cotton and H. zea’s ability to move 

from a non-Bt plant to a Bollgard plant, cause damage, and survive to adulthood.  Mallet and 

Porter (1992) and Halcomb et al. (1996) also cite interplant movement of larvae as a 

limitation of the seed mixture strategy. These authors predicted that larval movement 

between non-Bt and Bollgard cultivars would increase heterozygote survival and 

consequently hasten resistance evolution. Alternatively, with pyramided Bt cultivars 

(Bollgard II) increased survival of homozygous susceptible insects hastens resistance 

development more drastically than increased heterozygote survival (Roush 1998).  In a 

document outlining Bollgard II insect resistance management requirements, Matten and 

Reynolds (2003) note nearly 100% mortality of susceptible late instar H. zea that were fed 

Bollgard II squares and bolls.  Thus, the toxin dose in Bollgard II varieties may be high 
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enough to prevent or limit boll damage by and survival of susceptible H. zea larvae that 

move between non-Bt and Bollgard II varieties in a mixed planting.  If so, seed mixtures of 

greater than 90% Bollgard II cotton could serve as a feasible alternative to the current refuge 

requirements. 

 We conducted the field study described below to determine the effect of seed 

mixtures containing greater than 90% Bollgard II cotton on fruit damage and cotton yield by 

H. zea in eastern North Carolina.  A lab study was also conducted to determine the efficacy 

of Bollgard II bolls against feral H. zea larvae (≥ 3rd instar) that initially fed on non-Bt cotton 

bolls. 

Materials and Methods 

Seed Mixes.  Small plot field studies were conducted in 2003 and 2004 at the 

Tidewater Research Station near Plymouth, NC and in 2005, near Edenton, NC to determine 

if mixtures of Bollgard II and non-Bt cotton seed affected the number of damaged fruit 

and/or yield. Test design was a randomized complete block with 4 treatments and 4 

replications.  Plots were planted on 05/24 /03, 05/21/04, and 05/13/05 and consisted of 4 

rows by 13.8 m long.  Treatments were seed mixtures consisting of 100% BG II cotton, 98% 

BG II + 2% non-Bt cotton, 96% BG II + 4% non-Bt cotton, and 92 % BGII + 8% non-Bt 

cotton.  Plots containing 100% non-Bt cotton were planted in adjacent tests with the same or 

similar planting dates and were used to determine if an economically damaging H. zea 

population was present. Terminal regions on 20 plants per plot in 2003 and 10 plants per plot 

in 2004 /2005 were monitored every three days to detect any unbalanced egg deposition 

among treatments.  Also each year, 100 bolls per plot were examined for the presence of 

larval feeding damage on three sampling dates, and the sampling date with the highest 
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percentage of damaged bolls and lowest variance was used for comparing treatments.  To 

detect differences in yield, the center two rows of each plot were scheduled for harvest, but 

hurricane Isabel destroyed the test in 2003. The center two rows of each plot were 

successfully harvested by machine in 2004, and a 5.33 m hand harvest sample was taken 

from the center two 2005.  Boll damage and yield are reported by year and averaged across 

years to fully describe our results. 

Inter-varietal Movement.  In 2003 and 2004, a lab study was conducted to 

determine the efficacy of Bollgard II cotton against 3rd, 4th, and 5th instar H. zea that 

previously fed on non-Bt cotton.  Cotton bolls and blooms containing feral H. zea of 3rd 

instar and greater were collected from non-Bt cotton fields near Plymouth and Jamesville, 

NC and sorted into gallon sized plastic zipper bags by instar.  These bags were transported in 

an insulated drink cooler to the Tidewater Research Station where half the larvae in each 

instar class were individually placed in glass jars containing a medium sized non-Bt cotton 

boll. The remaining half were placed in jars containing a medium sized Bollgard II cotton 

boll.  Jars were monitored daily to record the status of each larva. Dates of death, pupation, 

and eclosion were recorded. Each year, the experiment was replicated over time with three 

replications in 2003 and six in 2004. 

 Data analysis.  Number of damaged bolls, larvae surviving to pupation for each 

instar, and larvae surviving to adult for each instar were converted to percentages and arcsine 

square root transformed prior to analysis.  These data along with estimates of seed cotton 

yield per acre were subjected to ANOVA using PROC GLM (SAS Institute 1990), and 

treatment means were separated (P≤0.05) using Fisher’s protected Least Significant 

Difference test. 
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Results 

 Seed mixes. In each year, economically damaging but light H. zea populations were 

present in each seed mixture test as determined by the amount of damage and yield loss in 

100% non-Bt plots adjacent to the seed mixture tests. H. zea egg populations did not 

significantly differ between cotton genotypes when combined over years (F=2.67; df=6, 26; 

P=0.0686) nor was there a significant year*treatment interaction (F=1.86; df=6, 26; 

P=0.1264). In years 2003 & 2005 there was significantly more boll damage in the 92% 

Bollgard II plots than in the other treatments. (2003: F=8.11; df=3,3;P=0.0063; 2005: 

F=5.35; df=3,3; P=0.0217) (Fig. 1).  In 2004, there were significantly more damaged bolls in 

both the 96% and 98% Bollgard II plots than in the other treatments (F=10.03; df=3,3; 

P=0.0031)(Fig. 1). In 2004, there were no significant differences in seed cotton yield 

between treatments (F= 0.63; df=3,3; P=0.6129)(Fig. 3); however, in 2005, the 100% 

Bollgard II yielded significantly more seed cotton per hectare than mixtures of Bollgard II 

and non-Bt cotton (F=4.16; df=3,3;P=0.0418)(Fig. 3).  Averaged over years, there was 

significantly more boll damage in the 92% Bollgard II plots than in the other treatments 

(F=8.59; df=3, 6; P=0.0075) (Fig 2), but yield was not significantly reduced by any mixture 

of Bollgard II and non-Bt seed (F=2.48; df=3, 6; P=0.2374) (Fig 4).   

 Inter-varietal movement. Treating years as a fixed effect, 3rd, 4th and 5th instar H. 

zea placed on Bollgard II cotton bolls had significantly higher larval mortality and produced 

significantly fewer adults than the corresponding instar placed on non-Bt cotton bolls. (3rd 

larvae: F = 36.61; df = 1, 7; P = 0.0005; adults: F =18.92; df = 1, 7; P = 0.0034) (4th larvae: 

F = 138.03; df = 1, 7; P = <0.0001; adults: F =27.70; df = 1, 7; P = 0.0019)(5th larvae: F = 

58.43; df = 1, 7; P = 0.0001; adults: F = 82.48; df = 1, 7; P= <0.0001)(Figs.5 &6).  Within 
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the larvae placed on Bollgard II cotton bolls, those placed on Bollgard II bolls during the 5th 

instar had significantly lower mortality than those larvae placed on Bollgard II bolls during 

the 3rd and 4th instar. (F = 8.57; df = 2, 14; P = 0.0037) (Fig. 5).  Also, those placed on 

Bollgard II bolls during the 5th instar produced significantly more adults than those placed on 

Bollgard II bolls during the 3rd instar. (F = 3.87; df = 2, 14; P = 0.0459) (Fig. 6).  Among the 

larvae placed on non-Bt cotton bolls, those larvae placed on non-Bt cotton bolls during the 

4th and 5th instar had significantly lower mortality than those placed on non-Bt cotton bolls 

during the 3rd instar. (F = 8.76; df = 2, 14; P = 0.0034) (Fig. 5).   Also, those larvae placed on 

non-Bt bolls during the 5th instar produced significantly more adults than those placed on 

non-Bt bolls during the 3rd instar. (F = 6.21; df = 2, 14; P = 0.0117) (Fig. 6).    

Discussion 

 When averaged over years, seed mixtures of greater than 90% Bollgard II cotton in 

our study did not experience the significant yield losses associated with mixtures of less than 

90% Bollgard seed despite the 92% Bollgard II treatment having significantly more damaged 

bolls per plot than the other treatments and the presence of economically damaging bollworm 

populations.  No supplemental insecticide spray for heliothine control was necessary to 

achieve similar yields in the seed mixture treatments and 100% Bollgard II treatment. These 

data indicate that seed mixtures of greater than 90% Bollgard II seed could be an acceptable 

alternative to the current refuge requirements in terms of cotton yield; however, when 

analyzed by year, marginally significant but distinct yield differences were detected in 2005 

between treatments.   

 Boll damage in all treatments was light each year. Though there were statistical 

differences between treatments each year, the actual differences in percent damage were 
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rather small.  Boll damage was especially light in 2004 with no treatment having over 2.5% 

damaged bolls, but both the 8 % and 4% non-Bt treatments had significantly higher boll 

damage than the 2% non-Bt and 100% Bollgard II treatments. With such small differences in 

damage, it is not surprising that no statistical differences in yield were detected in 2004.  In 

2005, boll damage per genotype was higher than in 2004, and treatments experienced 

significant yield differences.  Averaging over years masks these differences since all 

treatments yielded so similarly in 2004.  In 2005, only the 8% non-Bt cotton treatment had 

significantly more boll damage than the 100 % Bollgard II treatment, but all non-Bt seed 

mixture treatments yielded significantly less seed cotton per hectare than the 100% Bollgard 

II treatment.  Logically, higher boll damage should result in lower seed cotton yields; yet, 

despite experiencing higher boll damage, the 8% non-Bt treatment produced higher yields 

than the 2% and 4% non-Bt treatments each year. The dynamics of this relationship are 

unclear, but Agi (2001) and Halcomb et al. (1996) both saw higher percentage non-Bt seed 

mixtures out yielding lower percentage non-Bt seed mixtures in tests replicated over two 

years. A plant compensatory response seems unlikely since H. zea damage typically occurs 

later in the season leaving a cotton plant little time to produce additional harvestable bolls in 

response to injury.  Additionally, Agi (2001) saw few significant yield differences between 

seed mixtures differing by 5% non-Bt seed, and Halcomb et al. (1996) saw no significant 

yield difference between seed mixture differing by 20% non-Bt seed or less. Within 

treatment yield variation may be too high to detect yield differences between seed mixtures 

differing by 5% non-Bt seed based on small plot sample sizes and only two years of 

replication. Thus, further replication over years and/or increasing harvest sample size to 
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reduce treatment variation is necessary to make a definitive statement on yield differences 

between seed mixture treatments. 

 Our results show that a proportion of H. zea larvae can move from non-Bt bolls to 

Bollgard II bolls and survive to an adult. These experiments with feral larvae resulted in high 

control mortality ranging from 40% for 5th instar to 63% for 3rd instar H. zea, and yet 

mortality on Bollgard II bolls only ranged from 79% for 5th instar H. zea to 94% for 3rd instar 

H. zea.  The high control mortality indicates substantial mortality caused by a source or 

sources other than Bt, but even in combination with other sources of mortality the Bt dose in 

Bollgard II bolls did not cause 100% or nearly 100% mortality of late instar H. zea in this 

experiment.  Modeling results in Roush (1998) show a considerable decline in number of 

generations until resistance development with pyramided plants as the mortality of 

susceptible homozygotes decreases from 100% to 80% in the presence of a 10% external 

non-Bt refuge and as Bt seed-line purity is compromised with non-Bt cotton seed.  All 

scenarios modeled including pyramided and non-Bt plants in any combination delayed 

resistance longer than scenarios comprised of only pyramided plants.  Consequently, survival 

of larvae moving from non-Bt cotton to Bollgard II cotton in a mixed planting could reduce 

the effectiveness of a seed mixture strategy in delaying resistance development compared to 

an external non-Bt cotton refuge; however, a seed mixture strategy would still likely delay 

resistance longer than pure stands of Bollgard II cotton.  

 Since there were no statistical differences in seed cotton yield between any seed 

mixture treatments averaged over years, mixtures of greater than 90% Bollgard II could 

overcome the expected yield limitations of seed mixtures containing less than 90% Bollgard 

II; however, additional replication over years and locations in the presence of higher H. zea 
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populations is necessary for a definitive statement. Also, further modeling work should use 

these H. zea survival data to evaluate the utility of a seed mixture strategy with Bollgard II 

insect resistance management before arguments are made for replacing the existing external 

non-Bt cotton requirement with a seed mixture strategy.   
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Figure 1. Mean (± SEM) percentage of cotton bolls damaged by Helicoverpa zea per seed 

mixture treatment in 2003, 2004, and 2005
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Figure 2.  Mean (± SEM) percentage of cotton bolls damaged by Helicoverpa zea per seed 

mixture treatment averaged across years. 
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Figure 3. Mean (± SEM) weight of harvested seed cotton in Kg per Ha for each seed mixture 

treatment in 2005.  
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Figure 4. Mean (± SEM) weight of harvested seed cotton in Kg per Ha for each seed mixture 

treatment averaged over years.   
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Figure 5. Mean (± SEM) percentage of H. zea pupating after feeding on excised Bollgard II 

or non-Bt cotton bolls.   
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Figure 6.  Mean (± SEM) percentage of H. zea larvae reaching adulthood after feeding on 

excised Bollgard II or non-Bt cotton bolls averaged over 2003 & 2004. 


