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ABSTRACT 

 

Refuges of non-Bt cotton are used to delay Bt resistance in the pink bollworm 

(Pectinophora gossypiella, Lepidoptera: Gelechiidae), a pest that eats cotton seeds.  

Contamination of refuges by transgenic Bt cotton could threaten the efficacy of such 

refuges by increasing the relative survival of larvae that carry alleles for Bt resistance.  

Here I compared contamination levels in refuges of varying configuration and distance 

from Bt.  I found two types of contamination at low rates in refuges: outcrossing by Bt 

pollen and adventitious Bt plants.  Unexpectedly, outcrossing did not differ between 

refuge configurations, and did not decrease as distance from Bt fields increased, perhaps 

because Bt plants in refuges acted as the main Bt pollen source.  Bioassays, conducted to 

evaluate the impacts of contamination on pink bollworm resistance, indicated that Bt 

plants in refuges may increase the frequency of resistance alleles at a higher rate than 

outcrossing by Bt plants. 
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GENERAL INTRODUCTION 

Genetically engineered crops that contain insecticidal toxins from Bacillus 

thuringiensis (Bt) provide control of key pests, and have reduced the use of broad-

spectrum insecticides (Shelton et al. 2002).  The efficacy of Bt crops depends on the 

continued susceptibility of target insects to Bt toxins.  Because evolution of resistance 

among insect pests presents a threat, growers of Bt crops must sign a technology use 

agreement, requiring them to plant non-Bt cotton refuges as part of a “refuge/high-dose 

strategy”.  Refuges consist of rows of non-Bt plants, of the same species as the Bt crop, 

planted in or near Bt fields (U.S. Environmental Protection Agency 2002, Matten and 

Reynolds 2003, Carrière et al. 2005a).  Such refuges provide a source of susceptible 

insects (ss), while Bt plants containing a high dose of toxins act as sinks for heterozygous 

resistant (rs) insects.  The refuge/high-dose strategy assumes that alleles conferring 

resistance to Bt toxins are rare and recessively inherited.  By providing a source of Bt-

susceptible individuals, refuges are expected to increase mating between resistant and 

susceptible insects, thereby decreasing the frequency of insects homozygous for 

resistance (Liu and Tabashnik 1997, Carrière and Tabashnik 2001, Carrière et al. 2004).   

Contamination of refuges by adventitious Bt plants could threaten the efficacy of 

refuges, by increasing the relative survival of insects with resistance alleles.  Adventitious 

Bt plants could enter refuges through inadvertent mixing of seed at planting, 

contamination of the seed supply, or via volunteer plants from previous years’ crops 

(Beckie et al. 2003, Mellon and Rissler 2004).  No one has reported the occurrence of 

adventitious Bt plants in non-Bt fields, although adventitious herbicide resistant plants 
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have been reported in canola.  In a field study investigating contamination of glyphosate-

resistant canola plants by glufosinate resistance genes, researchers discovered 

adventitious plants resistant to both herbicides (Beckie et al. 2003).  These plants resulted 

from seed bag contamination and volunteers from previous crops.   

Bt toxin may also enter non-Bt fields through the outcrossing of non-Bt plants 

with Bt plants.  Such outcrossing events result in Bt expressing seeds produced by non-Bt 

plants.  If these outcrossing events occur in non-Bt seed production fields, they may lead 

to future generations of adventitious Bt plants in non-Bt fields.  Additionally, outcrossing 

of Bt plants into refuges of commercial fields could affect resistance evolution in seed 

feeding insects, through exposure to Bt toxins in refuges.    The pink bollworm (PBW), 

Pectinophora gossypiella (Saunders), is an example of a seed feeding insect pest targeted 

by Bt cotton.  This thesis focuses on the impact of refuge contamination by Bt cotton on 

resistance evolution in the PBW.  

Pink bollworm larvae cause economically significant damage to conventional 

cotton varieties in the Southwestern United States.  However, this pest has been very 

effectively managed by transgenic Bt cotton (Henneberry and Jech 2000).  Resistance 

management is a high priority for PBW control, as certain PBW strains derived from 

1997 field collections were highly resistant to Bt toxin (Tabashnik et al. 2000).  Cotton 

mainly self pollinates, but is also readily outcrossed by pollinating insects.  Therefore, 

non-Bt plants in refuges may be outcrossed by Bt plants, resulting in formation of Bt 

containing seeds in refuge bolls (Zhang et al. 2000).  In China, Bt outcrossing rates of up 

to 10.5% of cotton seeds were reported in non-Bt cotton rows adjacent to Bt (Zhang et al. 
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2005).  While outcrossing of non-Bt cotton by Bt cotton has been investigated, no one 

has examined this system from a resistance management perspective.  Additionally, no 

one has looked for adventitious Bt plants in non-Bt cotton fields  

Here, I measured Bt contamination in refuges that varied in configuration and in 

distance from Bt cotton.  I also evaluated the potential consequences of such 

contamination on PBW resistance to Bt.  Chapter One of this thesis compares 

contamination in non-Bt cotton refuges that vary in configuration.  The objective was to 

determine whether certain refuge strategies reduce contamination compared to other 

strategies.  Refuges of non-Bt cotton planted in the Southwestern United States range 

from single rows of non-Bt cotton planted within Bt fields (“in-field refuges”) to large 

blocks of non-Bt cotton planted next to Bt cotton fields (“external refuges”).  

Additionally external refuges can vary in distance from Bt cotton fields.  Specifically, I 

investigated the effect on outcrossing rate of distance between Bt cotton and refuges, or 

between Bt cotton and rows within refuges.  I also compared outcrossing rates between 

in-field and external refuges.  Contamination levels in refuges, including outcrossed bolls 

and adventitious Bt plants, are reported for both commercial cotton fields and 

experimental field plots.  Probable sources of adventitious Bt plants are discussed.      

 Chapter Two describes bioassays, conducted in the laboratory, that were used to 

evaluate the consequences of refuge contamination on relative survival of PBW 

genotypes.  Specifically, I compared the ability of Bt-resistant (rr), Bt-susceptible (ss) 

and heterozygous (rs) PBW to avoid feeding on Bt cotton seeds in a choice study.  Such 

avoidance could confer a survival advantage in “mosaic” cotton bolls that contain both Bt 
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and non-Bt seeds.  In the field, mosaic bolls can result from outcrossing events, and from 

self-pollination of adventitious plants that are heterozygous for Bt expression.  I also 

compared mortality of the three genotypes (i.e. rr, rs, ss) on simulated bolls that 

represented the four types of bolls found in refuges: pure non-Bt bolls, Bt-outcrossed 

bolls, bolls from heterozygous adventitious Bt plants, and bolls from homozygous 

adventitious Bt plants.  Based on PBW survival in simulated contaminant bolls, a simple 

analytical model was used to compare the rate of change in resistance allele frequencies 

caused by outcrossing or adventitious Bt plants.  In this model, I manipulated 

contamination rates, the percentages of acreage devoted to refugia and the initial 

frequencies of resistance alleles in PBW populations, to learn how each of these factors 

may affect resistance allele frequencies in the field.   

In the conclusion section, implications of these findings for the current 

refuge/high-dose strategy are discussed.  Additionally, I will describe the broad 

implications of contamination by transgenic crops and future directions for research.   
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CHAPTER 1:  MULTIPLE SOURCES OF REFUGE CONTAMINATION BY 

TRANSGENIC BT COTTON 

 

Abstract 

Previous field studies have investigated Bt outcrossed seeds in non-Bt cotton 

fields, but none have looked for adventitiously occurring Bt plants in non-Bt fields.  

Here, Bt contamination in non-Bt experimental plots and commercial fields was 

examined, differentiating between outcrossed cotton seeds and seeds from adventitious 

Bt plants.  Specifically, I measured Bt contamination in refuges of non-Bt cotton, which 

are used by growers to delay Bt resistance in insect pests.  First, outcrossing was 

compared in refuge rows that varied in distance from Bt fields.  Then, outcrossing was 

compared in border rows of non-Bt fields varying in the length of crop-free zone 

separating them from Bt.  Finally, outcrossing rates were contrasted between in-field and 

external refuges.  ELISA testing of seeds and maternal tissue of plants allowed 

differentiation between outcrossed cotton bolls and bolls from adventitious Bt plants.  

Outcrossing occurred at low rates: up to 4.6% of seeds and 22.2% of bolls in rows of 

experimental plots, and up to 1.86% of seeds and 15.8% of bolls in border rows of 

commercial fields.  Outcrossing rates did not vary between in-field and external refuges, 

or decrease as distance from Bt fields increased.  Adventitious Bt plants were particularly 

abundant in the experimental plots, comprising up to 8.1% of plants, yet averaged only 

1.7% of plants in border rows of commercial refuges.  Both homozygous and 

heterozygous adventitious Bt plants were detected in refuges.  Bt plants in refuges may 

have provided pollen that outcrossed with surrounding non-Bt plants, diminishing the 



 

 

 

 

13 

 

effect of distance from Bt fields on outcrossing rates.  Potential sources of adventitious Bt 

plants and implications for resistance management of Bt-susceptible pests are discussed.   



  

 

14 

Introduction 

Cotton genetically engineered to produce Cry1Ac toxin from Bacillus 

thuringiensis (Bt) controls some key lepidopteran pests, including the pink bollworm, 

Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae), a pest that eats cotton 

seeds (Henneberry and Jech 2000, Carrière et al. 2003).  Bt cotton has helped to reduce 

use of broad-spectrum insecticides (Shelton et al. 2002, Cattaneo et al. 2006).  To delay 

resistance of insects to Bt cotton, growers plant refuges of conventional cotton in or near 

Bt fields (U.S. Environmental Protection Agency 2002, Matten and Reynolds 2003, 

Carrière et al. 2005a).  Such refuges act as sources of susceptible pink bollworm moths 

and therefore contribute in delaying the evolution of resistance (Gould and Tabashnik 

1998, Tabashnik et al. 2004). 

Contamination of refuges by Bt cotton may threaten this strategy for delaying 

resistance (Chilcutt and Tabashnik 2004).  Outcrossing between cotton fields provides a 

means by which Bt contamination of refuges could occur.  Cotton primarily self-

pollinates (Loden and Richmond 1951, Free 1970) but can also be outcrossed by 

pollinators, most notably honey bees and bumble bees (McGregor 1959).  When cotton 

flowers in non-Bt refuges are cross-pollinated by Bt cotton flowers, seeds with Bt toxin 

are produced in bolls of the non-Bt plants (Zhang et al. 2000).  Such outcrossed bolls 

could accelerate resistance evolution if they enhance the relative survival of pink 

bollworm with resistance alleles (CHAPTER 2).  

Previous studies examining outcrossing of Bt cotton into non-Bt cotton have 

focused on the use of non-Bt cotton “buffers” planted around Bt fields.  Such buffers are 



 

 

 

 

15 

 

planted for the purpose of trapping gene flow from Bt fields, thereby limiting outcrossing 

into commercial non-Bt fields.  These studies reported maximum outcrossing rates in 

buffer rows nearest to Bt cotton and observed dramatic decreases in outcrossing as 

distance from Bt fields increased (Zhang et al. 2005, Llewellyn and Fitt 1996, Umbeck et 

al. 1991).  Based on similar findings in outcrossing of Bt maize, Chilcutt and Tabashnik 

(2002) suggested that outcrossing may particularly threaten the efficacy of in-field 

refuges.  In-field refuges consist of narrow strips of non-Bt plants embedded in Bt fields.  

They are commonly used in Arizona, where they often consist of a single non-Bt cotton 

row planted for every 6-10 Bt cotton rows (Carrière et al. 2005a).  Growers may also 

plant external refuges, which are large blocks of non-Bt cotton planted near Bt cotton 

fields (Carrière et al. 2005a).   

Outcrossing is not the only mechanism by which Bt contamination may occur in 

refuges.  Additionally, adventitious Bt plants may be present.  Such plants may originate 

in refuges via volunteer plants from previous years’ crops, unintentional mixing of seeds 

in the planter, or Bt contamination in non-Bt seed bags.  After reporting outcrossing 

levels of 1.4% of seeds in border rows in 1999, a study examining outcrossing between 

glyphosate- and glufosinate-resistant canola found plants in 2000 that were resistant to 

both herbicides (Beckie et al. 2003).  These cross-resistant plants occurred in both crops, 

and most likely resulted from a) volunteer seedlings from outcrossed parent plants, and b) 

contamination from the seed bags.  Testing of samples obtained from the original seed 

suppliers confirmed that bags of glyphosate-resistant seed were contaminated with 
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glufosinate-resistant transgenes.  The potential for multiple forms of Bt contamination in 

non-Bt cotton fields had not been examined prior this thesis.    

Here, rates of outcrossing were examined as a function of distance from Bt cotton 

fields in rows of external refuges.  Outcrossing rates between in-field refuges and 

external refuges were also compared.  I evaluated the percentage of outcrossed cotton 

seeds in refuges, to compare results to those of similar studies.  Additionally, to better 

interpret pink bollworm exposure to outcrossed seeds, I evaluated the percentage of 

outcrossed bolls in refuges.  Finally, I quantified the abundance of adventitious Bt plants 

in refuges of experimental plots and commercial cotton fields.  These data were collected 

to evaluate whether refuge requirements should be adjusted to compensate for Bt 

contamination (CHAPTER 2).     
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Methods 

 

Experimental Refuge Plots 

On 27 April 2004, two non-adjacent experimental blocks of cotton were planted 

at the University of Arizona Agricultural Center in Marana, Arizona.  Plots were pre-

irrigated two weeks before planting.  Beds were mulched immediately before planting 

and seed was planted into moist seedbeds with a conventional four-row planter.  Each 

block had the following plots (Figure 1): 40 rows of Bt, 38 rows of Bt plus two embedded 

non-Bt rows (in-field refuge), and 40 rows of non-Bt (external refuge).  For in-field 

refuge plots, non-Bt rows were located at rows 10 and 27 for Block 1, and 11 and 26 for 

Block 2.  These rows were selected to allow use of the same seed hopper from the four-

row planter for all non-Bt rows.  Individual plots (each 40 × 183 meters) were separated 

by alleys of four meters in Block 1 and two meters in Block 2.  Bt seeds were coated with 

a different color of dye than non-Bt seeds, making it easy to avoid cross-contamination at 

planting.  Seed hoppers and delivery mechanisms of the planter were thoroughly cleaned 

when switching between Bt and non-Bt seed.  Even though cleaning measures were 

extremely thorough, after switching to non-Bt seed, the driving wheels were rotated with 

the tool bar raised to dispense approximately 100 seeds.  The color of the 100 seeds was 

checked as an extra precaution to ensure that the cleaning operation was successful.  

Non-Bt rows were identified with flags and with long-lasting monofilament stake 

whiskers driven into the ground with large metal stakes.  To minimize switching of 

hoppers from Bt to non-Bt seed, all hoppers were initially filled with Bt seed and both 

solid Bt blocks were planted.  Next, 32 of the Bt rows (8 planter passes) in each of the in-
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field refuge plots were planted.  One inside hopper and its associated delivery 

mechanisms were then cleaned and the hopper was filled with non-Bt cotton seed.  The 

remaining three hoppers still contained Bt cotton seed.  This planter configuration was 

used to complete seeding of the two non-Bt rows and remaining six Bt rows (2 planter 

passes) in each in-field refuge plot, yielding two plots that each had 38 rows of Bt cotton 

and 2 widely-separated rows of non-Bt cotton.  Thereafter, the remaining 3 hoppers 

containing Bt cotton seed were cleaned and filled with non-Bt cotton seed to plant the 

two solid non-Bt plots.  Plots were seeded at a rate of 12.1 kg per hectare, and rows were 

spaced 1 m apart.  Blocks were bordered by unpaved farm roads on the north, south and 

east of Block 1, and on the north, south and west of Block 2.  Bt cotton was planted on 

the opposite side of the roads.  Blocks were immediately bordered by Bt cotton on the 

west side for Block 1 and on the east side for Block 2. 

The cotton varieties planted were Delta Pine® DP5415RR for non-Bt rows and 

Delta Pine® DP449BG/RR for Bt rows.  Both of these varieties are genetically 

engineered for tolerance to glyphosate herbicides.  In previous years, only non-

glyphosate resistant cotton varieties were planted in the areas of experimental blocks.  To 

control weeds as well as volunteer cotton from previous years’ crops, Roundup 

WeatherMAX® (glyphosate, 32oz/acre) was applied on 19 May for Block 2 and 20 May 

for Block 1, followed by Roundup UltraMAX® (glyphosate, 22oz/acre) on 27 May for 

Block 2 and 29 May for Block 1.  Glyphosate is commonly used to control non-resistant 

varieties of volunteer cotton (Roberts et al. 2002).  On August 2, Cotton-Pro® (1.75 

pints/acre) and AIM® (1oz/acre) herbicides were applied to control morning glory.  A 
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single insecticide application was applied on 21 August, when the field was aerially 

sprayed with Orthene® (1lb/acre) in response to an outbreak of Lygus hesperus.  The 

plots were chemically defoliated before collection of bolls and the commercial harvest.   

 

ELISA Analyses 

The ImmunoStrips
TM

 test system (Agdia, Elkhart, IN) was used to detect Cry1Ac 

in cotton seeds and in carpel walls (maternal tissue) of cotton bolls.  ImmunoStrips
TM

 

tests are based on enzyme-linked immunosorbent analysis (ELISA).  Each test strip 

consists of a lateral flow device that uses immunochromatography to identify Cry1Ac 

protein. This provided an economical method for detecting Cry1Ac in cotton seeds and 

has been used for this purpose in many studies (e.g. Sims and Berberich 1996, Adamczyk 

et al. 2001, Anklam et al. 2002, Abel and Adamczyk 2004, Kranthi et al. 2005a).   

Seed Analyses.  Seed analyses were conducted on bolls in which seed and lint 

were fully mature.  For efficiency, I first tested a pool of all cotton seeds from each boll 

analyzed.  Seeds were removed from bolls by hand and cut in half using wire strippers.  

Half of each seed was wrapped in aluminum foil and kept at room temperature for future 

testing.  Kernels were separated from husks of the retained seed halves, using a teasing 

needle.  Husks were discarded.  Seed kernels from each boll were combined and crushed 

with a hammer between pieces of wax paper.  The resulting powder was transferred to a 

25 mL scintillation vial where it was diluted at a 1:10 ratio with SEB4 sample extraction 

buffer (Agdia, Elkhart, IN).  Samples were homogenized using a vortex mixer and held at 

room temperature for two hours.  Thereafter, samples were again vigorously mixed on 
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the vortex and allowed to settle for 5 minutes.  A 1mL subsample of each solution was 

centrifuged in a 1.5mL microcentrifuge tube for two minutes.  For each sample, I 

transferred 250 :l of supernatant into a clean microcentrifuge tube, and then placed a 

single ImmunoStrip
TM

 into the tube.  Each test strip displayed a control line, and if 

Cry1Ac was present in the sample, a test line as well.  Cotton tissues positive and 

negative for Cry1Ac protein were analyzed alongside samples on each day that tests were 

performed.  As positive controls, I used composite seed pools containing 44 halves of 

non-Bt seeds grown in the greenhouse plus half of a Bt seed collected from the field 

plots.  Pools of 45 non-Bt seed halves obtained from greenhouse-grown cotton plants 

served as negative controls.  I used 45 seeds in composite controls because sampled bolls 

had 45 seeds or fewer.  Various factors cause some seeds to develop abnormally in cotton 

bolls.  Because stunted seeds did not provide enough material for the ELISA, only seeds 

weighing over 10 mg were included in analyses.  Across all experiments, a total of 5.9% 

of seeds were excluded from analysis because of severely underdeveloped kernels, or 

because kernels were not present in the husks.      

Carpel Wall Analyses.  The maternal tissue forming the outer shell of a cotton 

boll is called the “carpel wall.”  Locules are the subsections of bolls demarked on the 

carpel wall by longitudinal seams and corresponding membranes in the bolls.  The four or 

five locules of a boll are similar to the sections of an orange.  To differentiate between 

bolls from outcrossed non-Bt plants and bolls from adventitious Bt plants, I tested the 

carpel wall of each boll that contained a seed pool testing positive for Cry1Ac.  The 

carpel wall from a single locule of the boll was removed and ground with a ceramic 
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mortar and pestle.  Fifty milligrams of ground sample were mixed with 1 mL buffer in a 

1.5 mL microcentrifuge tube.  Plastic pestles, designed to fit snugly in the bottom of the 

microcentrifuge tubes were repeatedly twisted into the tubes with a grinding motion.  The 

samples were vortex-homogenized and allowed to stand at room temperature for four 

hours.  Following this extraction period, samples were handled in the same way as pooled 

seed samples, and tested with ImmunoStrips
TM

.  Carpel walls of bolls from the Bt 

experimental plots were used as positive controls and carpel walls from non-Bt bolls 

grown in the greenhouse were used as negative controls.   

Bolls containing seed pools that yielded positive tests for Bt toxin but carpel 

walls that were negative for Bt toxin were classified as “outcrossed,” as they represented 

non-Bt plants with flowers that had been at least partially fertilized with pollen from Bt 

plants.  Bolls containing both seeds pools and carpel walls yielding positive tests for Bt 

toxin were classified as “adventitious,” as were the Bt plants that produced them.  These 

represented Bt plants that originated in refuges as contaminants derived from: 1) 

volunteer cotton seed from previous seasons, 2) inadvertent commingling of Bt and non-

Bt seed on the farm, or 3) the commercial seed bag. 

Proportion of Bt Seeds in Bolls.  For all experiments, bolls identified as 

outcrossed, as detailed above, had subsets of their individual seeds tested for Bt toxin to 

estimate the number of Bt seeds in each boll.  However, to save time, individual seeds 

from adventitious bolls were tested in the commercial fields distance experiment and in 

the in-field versus external refuges experiment, but not in the experimental plot distance 

experiment.  From each boll, I tested individual seeds in sets of 10 with ImmunoStrips
TM
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until I encountered at least one Bt positive seed in the boll.  The percentage of positive 

seeds in a boll was then estimated by multiplying the percentage of Bt seeds in the 

subsample by the total number of seeds in the boll.  Archived seed halves were analyzed 

using the aforementioned method, except that seed halves were diluted with buffer at a 

1/20 ratio and extracted at room temperature for 1 hr.  Individual Bt seeds from the 

experimental field Bt plots were used as positive controls and individual non-Bt seeds 

grown in the greenhouse were used as negative controls.   

 

Outcrossing versus Distance from Bt Fields 

 Two studies were conducted to examine the effect of distance from a Bt field on 

outcrossing rate.  The first study, conducted in experimental refuge plots, measured 

outcrossing in rows of non-Bt plots at various distances from Bt plots.  The second study, 

conducted in external refuges of commercial fields, measured outcrossing in border rows 

at various distances from Bt fields.  A distinction between the two studies is that most 

sampled rows in the experimental plots were separated from Bt plots by other rows of 

non-Bt cotton, whereas sampled border rows of commercial fields were separated from 

Bt fields by unpaved roads and ditches. 

Experimental Plots.  For this experiment, sampling was conducted in the two 40-

row plots of non-Bt cotton planted next to 40-row plots of Bt cotton (Fig. 1).  On 23 

October, 2004, a week before the scheduled harvest, cotton bolls were collected from the 

border row of each non-Bt plot occurring nearest to the Bt plot.  Additionally, bolls were 

collected from the 3
rd

, 10
th
, and 20

th
 rows from the border.  In each sampled row, 100 
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mature, open bolls were collected.  Approximately equal numbers of bolls were sampled 

from the top, middle, and lower thirds of the cotton plants to control for temporal 

variation in outcrossing (Umbeck et al. 1991, Sen et al. 2004).  Bolls were not collected 

from the 10 m borders at the ends of rows to avoid a potential edge effect.  Bolls were 

lyophilized for 48 hours and 20 subsampled bolls per row were analyzed for Cry1Ac 

toxin using the aforementioned methods.  In all, 160 bolls containing 4,811 seeds were 

tested.   

Multiple regression analysis was used to examine the relationship between 

outcrossing rate and the number of rows between non-Bt plants (i.e. refuge plants) and 

rows of Bt cotton, after accounting for differences between field blocks (JMP, Version 5, 

SAS Institute Inc., Cary, NC, 1989-2004).  In each of two separate analyses, individual 

rows served as the experimental unit, and bolls and seeds from adventitious Bt plants 

were excluded.  For the first analysis, the response variable was the percentage of 

outcrossed cotton bolls, calculated for each row by dividing the total number of 

outcrossed bolls (i.e. bolls with non-Bt maternal tissue that contained at least one Bt seed) 

by the total number of bolls.  For the second analysis, the response variable was the 

percentage of outcrossed seeds, calculated for each row by dividing the total number of 

outcrossed seeds by the total number of seeds. 

Commercial Fields.  Klein et al. (2006) found that outcrossing of herbicide-

resistant canola into conventional fields decreased as a function of distance between the 

conventional and transgenic fields.  I hypothesized that a similar trend would occur 

among external refuges of non-Bt cotton.  One hundred mature and open bolls were 
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sampled from each of 12 external refuges of commercial cotton fields throughout 

Arizona.  All refuges were planted adjacent to Bollgard I® Bt cotton fields.  In each 

external refuge, bolls were collected from the border row nearest to a Bt cotton field.  The 

distance between each sampled non-Bt row and the nearest Bt field was measured.  

Again, bolls were selected from high, medium and low positions on the plants.  All bolls 

were lyophilized for 48 hours following collection and subsamples of 20 bolls per refuge 

were arbitrarily selected for analysis.  Bolls were analyzed for outcrossing and 

contamination using the ELISA technique described above.  In all, 240 bolls containing 

6,526 seeds were tested.  Linear regression was used to examine the effect of distance 

from a Bt field on outcrossing rate.  As in the previous experiment, separate regressions 

were performed using the percentage of outcrossed bolls and the percentage of outcrossed 

seeds as response variables.  Individual external refuges were the experimental unit.     

 

Comparison of Outcrossing Rates between In-field Refuges and External Refuges      

 The external refuge plots and in-field refuge plots (Fig. 1) from the experimental 

farm were used in this study.  The external refuge plots were the same plots used in the 

outcrossing versus distance from Bt fields study.     

Tagged Flowers.  Cotton flowers are receptive to pollen for less than 30 hours 

following anthesis (Kearney 1923).  Blooms are white on the first day but turn pink on 

the second day.  Therefore, fresh blooms are easily recognized, and the date of flowering 

can be used to approximate the date of pollination for a cotton boll.  Flowers with white 

blooms were tagged approximately three days per week between 20 July and 11 August.  
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Samples were not collected on days when plots were flood irrigated.  Because the two 

field blocks were not always irrigated simultaneously, flowers were tagged in only one 

block on some days.  Flowers were tagged on a total of five dates in Block 1, and seven 

dates in Block 2.   

In each of the two external refuge plots, flowers were tagged in two randomly-

selected rows, intentionally avoiding 10 border rows to avoid a potential edge effect.  In 

each in-field refuge plot, flowers were tagged in the two embedded non-Bt rows.  

Flowers were tagged in the same rows (two rows per plot, four rows per treatment) across 

all monitoring dates.  In each row, flagging tape was tied on plants at 40 sites spaced 

approximately 4 m apart, avoiding the 10 m borders of row ends.  To avoid bias in 

selecting flowers, on each date that tagging was performed, the flower occurring nearest 

to each flag in the marked row was selected.  Paper labels marked with the date were 

fastened with string to the base of petioles of marked flowers (Degrandi-Hoffman and 

Morales 1989).  Flowers were handled carefully because jostling them could enhance 

self-pollination.    

Bee Activity.  Outcrossing can vary greatly by location due to variability in bee 

activity (Free 1970, Llewellyn and Fitt 1996).  Thus, I estimated bee activity throughout 

the flowering season at the experimental site.  Bee activity was monitored in the 

aforementioned rows in which flowers were tagged and was conducted on the same dates 

as flower tagging.  I used the bee sampling method described by McGregor (1959).  This 

involved walking the length of each row and counting the number of flowers and 

foraging bees.  Bee monitoring was conducted between 8:00am and 10:00am, which is 
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within the period of peak pollination activity (Kearney 1923, Free 1970).  I identified 

bees to family.  Monitoring dates were divided into two periods: July 20 to July 26, and 

July 28 to August 11.  Bee density was calculated for each plot-period (two time periods 

for each of the four plots) by dividing the total number of foraging bees sighted in 

monitored rows by the total number of flowers in the rows. 

Boll Collection. Bolls that were tagged in July and August were collected 

between October 13 and 15.  All collected bolls were fully developed, and most had dried 

and opened.  I collected 46.6% of tagged bolls at the end of the season.  The remaining 

53.4% of bolls were presumed to have shed.  This value is well within the normal value 

of fruit retention/shed; it is common for cotton plants to shed up to 70% of fruiting 

structures (University of California 1996).  Collected bolls were lyophilized for 48 hours.  

Tagged bolls were sorted by field row.  Within rows, they were sorted by pollination date 

into the two time periods used in calculating bee activity.  For each row, 10 cotton bolls 

were analyzed from each time period, using the ELISA methods described previously.  

For the statistical analyses, bolls from the two sampled rows in each plot were combined 

for each time period.  In all, 160 bolls containing 4,276 seeds were analyzed in this 

experiment �  
Data Analysis.  Multiple regressions were used to compare outcrossing rates 

between the in-field and external refuges. Bee density, time period of pollination and 

field block were additional explanatory variables.  Plot-periods (plots sub-divided into the 

two aforementioned time periods) were used as the experimental unit.  Separate analyses 
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were conducted for the two response variables: percentage of outcrossed bolls and 

percentage of outcrossed seeds.   
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Results 

Adventitious Bt Plants  

Bolls from adventitious Bt plants were found in both experimental and 

commercial cotton refuges.  In experimental plots, Bt bolls comprised 8.1% (95% C.I. = 

2.2% to 14.0%) of refuge bolls from the experiment assessing outcrossing rates as a 

function of distance from Bt plots.  Similar results were obtained from the in-field versus 

external refuges experiment, where Bt bolls comprised 7.5% (95% C.I. = 2.0% to 13.0%) 

of refuge bolls.  In border rows of 12 commercial fields, adventitious Bt bolls comprised 

an average of 1.7% of bolls (95% C.I. = 0.10% to 3.2%).  I found one Bt boll in each of 

four of the 12 commercial cotton refuges.  

Most bolls from adventitious Bt plants had only Bt seeds.  However, in the six 

bolls with both Bt and non-Bt seeds, the mean percentage of Bt seeds was 78.3% (95% 

C.I. = 70.4% to 86.2%) (Fig. 1.2). 

 

Outcrossing versus Distance from Bt Fields   

Experimental Plots.  Unexpectedly, the percentage of outcrossed bolls (bolls 

containing at least one outcrossed seed) increased significantly by 0.68% for each one 

row increase (1 meter increase) in distance into the refuge plots (i.e. increasing distance 

from the field edge), after accounting for field block (Fig. 1.3: t5 = 4.00, P = 0.010).  The 

percentage of outcrossed bolls was 7.5% greater in Block 2 than in Block 1, after 

accounting for distance into the refuge (t5 = 2.96, P = 0.032).  In contrast to the 

percentage of outcrossed bolls, the percentage of outcrossed seeds was not significantly 
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affected by distance from plots of Bt cotton (Fig. 1.3: slope = 0.0011, t5 = 1.89, P = 

0.118).  The percentage of outcrossed seeds did not significantly differ between refuge 

blocks either, after accounting for distance into the refuge (slope = 0.011, t5 = 1.24, P = 

0.270).  On average, 14.1% of seeds in outcrossed bolls contained Bt toxin (95% C.I. = 

8.7% to 19.5%).   

Commercial Fields.  In commercial fields, distance from the nearest Bt cotton 

field did not affect either the percentage of outcrossed bolls (Fig. 1.4: slope = 0.00067, t10 

= 0.54, P = 0.60) or the percentage of outcrossed seeds (Fig. 1.4: slope = 0.00011, t10 = 

0.71, P = 0.49) in border rows of external refuges.  In commercial refuges, outcrossed 

cotton bolls had an average of 11.8% Bt seeds (95% CI = 7.3% to 16.3%).   

 

Comparison of Outcrossing Rates between In-field and External Refuges 

After accounting for the effect of field block, in-field and external refuges did not 

differ significantly in the percentage of outcrossed bolls (slope = 0.026, t5 = 0.93, P = 

0.40) or of outcrossed seeds (slope = 0.0028, t5 = 1.18, P = 0.29) (Fig. 1.5).  Neither the 

percentage of outcrossed bolls (slope = 0.024, t5 = 0.88, P = 0.42), nor the percentage of 

outcrossed seeds (slope = 0.00045, t5 = 0.19, P = 0.86) varied between blocks either, after 

accounting for refuge type.  The four individual outcrossed bolls that were encountered in 

this experiment contained 4.5%, 5%, 10% and 50% Bt cotton seeds.  The boll containing 

50% Bt seeds was atypical of outcrossed cotton bolls because it contained an unusually 

high percentage of Bt seeds and only six total cotton seeds.  Bolls typically contained 
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many more seeds, averaging 27.9 seeds per boll across all experiments (95% C.I. = 27.4 

to 28.5 seeds).     

Bee Density.  Bee density and time period were highly correlated (r = 0.87, P = 

0.0045), as bees were more abundant during the earlier monitoring period compared to 

the later monitoring period.  Therefore, I included bee abundance in the inferential model, 

but excluded time period.  Bee abundance was later excluded from the model as it did not 

significantly contribute to explaining outcrossing, after accounting for refuge treatment 

and field block (percent outcrossed bolls: slope = 5.96, t4 = 0.52, P = 0.63; percent 

outcrossed seeds: slope = 0.69, t4 = 0.73, P = 0.51).  Bee activity in field plots was low.  

The average bee density across plot-periods was 0.25 bees per 100 flowers (95% C.I. = 

0.12 to 0.39 bees per 100 flowers).  Broken down by refuge type, there were an average 

of 0.21 bees per 100 flowers in external refuges (95% C.I. = -0.088 to 0.50 bees per 100 

flowers) and 0.30 bees per 100 flowers in in-field refuges (95% C.I. = 0.096 to 0.51 bees 

per 100 flowers).  Honey bees (Apis mellifera) were by far the most abundant forager, 

with an average density of 0.20 bees per 100 flowers (95% C.I. = 0.085 to 0.32 bees per 

100 flowers).  In addition to honey bees, I encountered a few bees of the family 

Halictidae.  Bumble bees were rarely observed in cotton flowers and never encountered 

in monitored rows.  Other insects encountered in cotton flowers during monitoring 

included beetles of the families Anthicidae, Chrysomelidae, Melyridae, Coccinellidae and 

Nitidulidae; as well as lacewings, lygus bugs, aphids, reduviid bugs, and beet armyworm 

larvae.   
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Discussion 

Outcrossing rates in border rows of external refuges did not vary as distance from 

Bt fields increased, and did not differ between in-field and external refuges.  In 

experimental plots, I detected an unexpected increase in outcrossed bolls as distance from 

Bt fields increased, although the percentage of outcrossed seeds did not increase 

significantly.  Outcrossed cotton bolls were present at relatively low levels in commercial 

fields and experimental plots.  Adventitious Bt plants were present at low overall levels, 

but were detected at rates up to 8.1% of plants in our experimental plots.   

 

Adventitious Bt Plants 

I identified two types of bolls from adventitious Bt plants: bolls containing only 

Bt seeds and bolls containing both Bt and non-Bt seeds (Fig. 1.2).  Inheritance of Bt 

expression is dominant or nearly dominant in cotton (Zhang et al. 2000; CHAPTER 2), 

and producers of Bt cotton seeds in the U.S. strive for homozygosity of Bt expression 

(Kranthi et al. 2005b).  Therefore, bolls from commercial Bt varieties are expected to 

contain only Bt expressing cotton seeds, even if they have been outcrossed by non-Bt 

cotton.  The most likely explanation for bolls containing Bt-positive maternal tissue and 

both Bt and non-Bt seeds is that the plants were heterozygous for Bt expression.  

Adventitious Bt bolls with <100% Bt seeds contained, on average, 78.3% Bt seeds (95% 

C.I. = 70.4% to 86.2%).  As Bt expression is subject to Mendelian inheritance (Monsanto 

2002), this fits the 3:1 ratio of Bt expression expected from self-pollinating heterozygous 

cotton plants (Zhang et al. 2000).  Thus, heterozygous plants in refuges may have 
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resulted from outcrossing events that occurred during previous years in seed production 

fields, yielding contamination of non-Bt seed bags by Bt genes.     

Other sources of adventitious Bt plants may include volunteer plants from 

previous years, as well as inadvertent commingling of seed during planting or ginning.  

While all of these sources may have contributed to contamination in commercial field 

refuges, in-field seed mixing and volunteer plants were very unlikely to have contributed 

to contamination in the experimental plots.  Seed bags were opened at the time of 

planting and planters were thoroughly cleaned when switching between Bt and non-Bt 

cotton seeds.  Volunteer cotton was actively suppressed by cultivation and two over-the-

top glyphosate applications.  No glyphosate-resistant cotton had been grown in the 

experimental plots in previous years.  To further rule out volunteer cotton as the source of 

contamination in experimental plots, I tested maternal tissue and seeds from 10 

adventitious Bt plants from experimental plots for glyphosate-resistance enzymes using 

ImmunoStrips
TM

 for Roundup Ready® (Agdia, Elkhart, IN).  The presence of 

glyphosate-resistance enzymes in all tested samples suggested that adventitious plants 

were not volunteer plants from previous years’ crops.   

Since the widespread adoption of transgenic crops in the 1990’s, there have been 

multiple reports of transgene contamination in the conventional seed supply.  A 2004 

Union of Concerned Scientists study found genetically engineered seeds in conventional 

seed bags of canola, corn and soybeans (Mellon and Rissler 2004).  Over half of the 

varieties tested were contaminated at low overall rates of 0.05%-1%.  Friesen et al. 

(2003) examined the purity of 27 conventional canola seedlots in Western Canada and 
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found that 14 fields were contaminated by herbicide-resistant seeds at rates exceeding a 

0.25% threshold.  Three of the seed lots were contaminated by glyphosate-resistance 

transgenes at rates above 2.0% of seeds.  Similarly, bags of transgenic glyphosate-

resistant canola seed contained up to 0.30% seeds with transgenic resistance to both 

glyphosate and glufosinate herbicides (Beckie et al. 2003).  In a more extreme case of 

seed contamination, hundreds of tons of seed from Bt10, a transgenic variety of corn not 

approved for sale at the time, were accidentally sold to farmers between 2001 and 2005 

(Macilwain 2005).   

Frequencies of adventitious Bt plants were higher in experimental plots (7.5% 

and 8.1%) than the average rate for commercial fields (1.7%).  However, for four of the 

commercial fields, one out of 20 tested bolls resulted from an adventitious Bt plant, a rate 

nearly as high as contamination in experimental plots.  As only 20 bolls were tested from 

each commercial field, and as only edge rows were sampled, I lacked the resolution 

needed to make field-wide estimates of adventitious Bt plants.     

 

Outcrossed Cotton Plants  

I detected frequencies of outcrossed bolls (i.e., bolls containing at least one 

outcrossed seed) of up to 22.2% of bolls in rows of experimental plots and up to 15.8% of 

bolls in border rows of commercial fields (Figs. 1.3-1.5).  However, the percentage of 

total seeds that were outcrossed was relatively low in experimental plots and commercial 

fields (Fig. 1.3-1.5), as outcrossed bolls contained primarily non-Bt seeds.  The 

maximum outcrossing rates of seeds were 4.6% in rows of experimental plots and 1.86% 
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in border rows of commercial fields.  These rates fall within the range of maximum 

outcrossing rates reported for similar studies.  The first Bt cotton outcrossing study, 

conducted in an experimental field in Mississippi, reported outcrossing rates of up to 

5.7% of seeds in rows adjacent to Bt.  Outcrossing decreased to <1% of seeds by 7 m 

from the Bt plants (Umbeck et al. 1991).  In Australia, a maximum outcrossing rate of 

0.9% of seeds was observed in rows of non-Bt plants adjacent to Bt fields in experimental 

plots.  Levels of outcrossing decreased to below 0.03% at 16 m from the Bt fields 

(Llewellyn and Fitt 1996).  In experimental plots in China, rows of non-Bt plants adjacent 

to Bt cotton fields were outcrossed at rates up to 10.5% of seeds.  This level decreased to 

0.04% in rows of non-Bt plants occurring 50 m from Bt fields (Zhang et al. 2005).  

Previous studies on outcrossing of Bt cotton did not report the percentages of cotton bolls 

that were outcrossed.   

Outcrossing rates were higher in the experiment assessing outcrossing rates as a 

function of distance from Bt fields (Fig. 1.3) than in the experiment comparing 

outcrossing rates between in-field and external refuges (Fig. 1.5), although both 

experiments were conducted at the experimental farm.  Such variation is likely 

attributable to the different boll sampling procedures used.  Bolls were collected 

arbitrarily at the end of the season in the first experiment whereas, in the second 

experiment, flowers were tagged during a fixed set of days, and we may have missed the 

days when the highest outcrossing occurred.  Thus, the higher outcrossing rates estimated 

from the first experiment are probably more accurate than rates obtained in the second 

experiment.   
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In my experiments, there was no decrease in outcrossing rates as distance from Bt 

cotton plants increased, as was reported in previous studies (Umbeck et al. 1991, 

Llewellyn and Fitt 1996, Zhang et al. 2005).  In the non-Bt experimental plots, there was 

a counterintuitive increase in percentage of outcrossed cotton bolls and no significant 

change in the percentage of outcrossed seeds as distance from Bt plots increased.  The 

adventitious Bt plants in refuge plots may have exerted an overriding influence on the 

observed outcrossing patterns by providing an alternate source of Bt pollen throughout 

the plots (Beckie et al. 2003).  Therefore, their presence may have diminished the 

importance of distance from Bt fields on outcrossing.  However, at this time, it is not 

known why an increase in outcrossed bolls was observed as distance from Bt fields 

increased in the experimental plots.   

While outcrossing by transgenic crops generally has been shown to decrease as 

distance from the nearest source field increases (Umbeck et al. 1991, Llewellyn and Fitt 

1996, Chilcutt and Tabashnik 2004, Ma et al. 2004, Watrud et al. 2004, Zhang et al. 

2005, Pla et al. 2006), not all previous studies have observed this trend.  Rieger et al. 

(2002) surveyed 63 conventional canola fields in Australia and found that levels of 

outcrossing by herbicide-resistant varieties were similar throughout conventional fields 

(i.e. no decrease with distance) when conventional fields were separated from transgenic 

fields by <100 meters.  Adventitious transgenic plants were not monitored.  As canola is 

pollinated by wind and insects, the authors proposed that “roaming insects may target 

single plants flowering early or late in a field, resulting in sporadic pollen movement.”  A 

regional study examining outcrossing of male sterile conventional canola varieties by 
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other conventional canola varieties in France also failed to detect a decline in outcrossing 

as distance from source fields increased (Devaux et al. 2005).  Interestingly, Devaux et al. 

(2005) found adventitious seeds of unintended varieties (non-transgenic) occurring in 

conventional fields at rates of up to 8.7% of plants.  A third study, measuring outcrossing 

of herbicide-resistant varieties of canola into conventional fields throughout the United 

Kingdom, found patchy distributions of outcrossing, although outcrossing rates still 

declined dramatically as distance from transgenic fields increased (Weekes et al. 2005).  

These patchy outcrossing distributions were attributed to sporadic pollination by insects.   

In the present study, no detectable relationship occurred between bee density and 

outcrossing rates in experimental plots.  However, the statistical analysis had low power, 

as both outcrossing rates and bee densities were extremely low in the in-field versus 

external refuges experiment.  In other studies examining outcrossing between 

conventional cotton varieties, outcrossing increased with bee density (reviewed in 

McGregor 1976).  Larger scale studies are needed to determine how bee density 

influences rates of Bt outcrossing in refuges. 

 

Implications for the Refuge Strategy 

Adventitious Bt plants and outcrossed cotton bolls must be considered separately 

in evaluating impacts of transgene contamination on the refuge strategy, as they are 

produced by different mechanisms and result in different compositions of Bt and non-Bt 

seeds in bolls.  Outcrossed cotton bolls are formed by pollen flow among plants and, in 

this study, Bt outcrossed bolls contained averages of only 14.1% Bt seeds in the 
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experimental plots and 11.8% Bt seeds in the commercial fields.  In contrast, adventitious 

Bt plants may enter refuges via volunteer cotton plants, inadvertent mixing during 

planting or contamination from the seed bag.  Bolls from adventitious Bt plants contain 

mainly Bt seeds (Fig. 1.2).  While it is important to differentiate between outcrossed and 

adventitious Bt plants, the two forms of contamination may be integrally linked over 

time.  Seed bag contamination may result from outcrossing in seed production fields, and 

pollen from adventitious Bt plants in a field may outcross neighboring non-Bt cotton 

plants.    

In this study, outcrossing did not differ between external refuges and in-field 

refuges, and did not decrease with distance from Bt fields.  Instead, the data demonstrated 

that outcrossing existed throughout refuges and was not limited to borders.  Larger scale 

studies are needed to determine whether the observed patterns in outcrossing are common 

in commercial production settings and to assess the overriding role of adventitious Bt 

plants inferred from these studies.   

Adventitious Bt plants may reduce the efficacy of refuges to a greater extent than 

outcrossed plants because they contain high percentages of Bt seeds.  However, because 

the overall rates of both adventitious Bt plants and outcrossed bolls were low, it appears 

unlikely that contamination will pose a substantial threat to the refuge strategy, unless 

these rates increase in the future (CHAPTER 2).  Research is needed to determine the 

origins of adventitious Bt plants in refuges and to evaluate seed production practices for 

limiting contamination of conventional cotton by transgenes.   
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 Figure 1.1:  Map of experimental plots planted at the University of Arizona 

experimental farm in Marana, Arizona.  Two blocks were planted at non-adjacent 

locations on the farm.  Plots are not drawn to scale. 
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Figure 1.2:  Percentage of Bt seeds in bolls of adventitious Bt plants (70% to 100%).  

Individual bolls from experimental plots (light gray) and from commercial fields (dark 

gray) are shown.  Experimental plot bolls in the figure were from the in-field refuge 

versus external refuge study. 
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Figure 1.3:  Percentage of outcrossed bolls and seeds in experimental external refuge 

plots as a function of number of rows away from Bt plots.  A value of one on the x-axis 

represents border rows adjacent to Bt.  Rows within the external refuge plots were 

separated by one meter.  The external refuge plot in Block 1 was separated from the 

adjacent Bt field by four meters, while the external refuge plot in Block 2 was separated 

from the adjacent Bt field by two meters.  Mean percentages of outcrossed cotton bolls (+ 

SE) are shown in black, while mean percentages of outcrossed seeds (+ SE) are shown in 

gray. 
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Figure 1.4:  Percentage of outcrossed bolls and seeds in border rows of commercial 

external refuges as a function of the distance between the border row and the adjacent Bt 

cotton field.  Twelve refuges located throughout Arizona are represented.  Percentages of 

outcrossed cotton bolls are shown in black, while percentages of outcrossed seeds are 

shown in gray.   
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Figure 1.5:  Outcrossing of cotton by refuge type in experimental field plots.  Mean + 

standard error of the percentages of outcrossed cotton bolls per plot-time period are 

shown in dark gray, while mean + standard error of the percentages of outcrossed seeds 

per plot-time period are shown in light gray.  Each treatment was replicated in two non-

adjacent plots and in two time periods of boll set (July 20-26 and July 28 to Aug. 11). 
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CHAPTER 2:  IMPACTS OF REFUGE CONTAMINATION ON THE EVOLUTION 

OF PINK BOLLWORM (LEPIDOPTERA: GELECHIIDAE) RESISTANCE TO BT 

COTTON 

 

Abstract 

Transgenic cotton producing the Cry1Ac toxin from Bacillus thuringiensis (Bt) 

has been widely used for the control of key insect pests.  Growers plant refuges of non-Bt 

cotton to delay the evolution of resistance to Cry1Ac.  Two types of Bt contamination 

have been identified in non-Bt cotton refuges: non-Bt cotton bolls outcrossed by Bt 

pollen and adventitious Bt cotton plants.  Outcrossed non-Bt cotton plants and 

heterozygous adventitious Bt plants in refuges produce “mosaic” bolls that contain both 

Bt and non-Bt seeds.  Homozygous adventitious Bt plants in refuges produce only Bt 

seeds.  Contamination of refuges by Bt could threaten the efficacy of refuges for delaying 

resistance in the pink bollworm, Pectinophora gossypiella (Saunders).  Using choice 

tests, I compared the tendency to settle on a non-Bt seed versus a hybrid Bt seed in pink 

bollworm neonates with and without alleles that confer resistance to Cry1Ac.  Individual 

neonates were also placed on simulated bolls containing various percentages of Bt seeds 

to assess the consequences of Bt contamination on survival of the larval genotypes.  

Neonates of the ss and rr genotypes did not discriminate between Bt and non-Bt seeds, 

while rs neonates showed a slight preference for non-Bt seeds over Bt seeds.  The 

proportion of neonates settling on non-Bt seeds did not differ between ss and rs or ss and 

rr individuals, indicating that resistance alleles had minor impacts on feeding behavior of 

neonates.  Simulated bolls containing 70 and 100% Bt seeds favored survival of rr 

individuals compared to ss, whereas survival of larvae among genotypes did not differ 
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significantly on bolls with 0 and 20% Bt seeds.  Analysis of data from bioassays with a 

simple analytical model suggested a greater impact on evolution of resistance by 

adventitious Bt plants than by outcrossed cotton bolls.  If contamination rates increase 

significantly in the future, improvements in commercial practices for production of non-

Bt seed may be needed to protect the efficacy of refuges for delaying insect resistance to 

Bt.   
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Introduction 

The pink bollworm (PBW), Pectinophora gossypiella (Saunders) (Lepidoptera: 

Gelechiidae), is a severe pest of cotton in the Southwestern United States.  Transgenic 

cotton that produces the Cry1Ac toxin from Bacillus thuringiensis (Bt) is extremely 

effective at controlling PBW (Henneberry and Jech 2000, Carrière et al. 2003).  

However, the efficacy of this strategy would be threatened if the PBW were to evolve 

resistance to Cry1Ac.  To combat resistance, growers plant refuges of non-Bt cotton in or 

near Bt cotton fields.  This practice is stipulated in the technology use requirements 

issued for Bt cotton by the U.S. Environmental Protection Agency (U.S. Environmental 

Protection Agency 2002, Matten and Reynolds 2003, Carrière et al. 2005a).  Refuges 

delay resistance by producing susceptible individuals that can mate with rarely occurring 

resistant individuals (Liu and Tabashnik 1997, Carrière and Tabashnik 2001, Carrière et 

al. 2004a).  When resistance is recessive, such matings produce offspring that die on Bt 

cotton (Liu et al. 2001, Tabashnik et al. 2002, Carrière et al. 2004a, Sisterson et al. 2004, 

Sisterson et al. 2005).   

Because PBW larvae feed on cotton seeds, outcrossing by Bt pollen could 

decrease the effective size of refuges through producing seeds with Bt toxin (Chilcutt and 

Tabashnik 2004, Zhang et al. 2000).  In cotton, such outcrossing events produce 

“mosaic” bolls that contain both Bt and non-Bt cotton seeds (CHAPTER 1).  Previous 

studies reported that seeds in rows of non-Bt cotton were outcrossed at rates up to 5.7% 

in Mississippi, 0.9% in Australia, 10.5% in China, and 4.6% in Arizona (Umbeck et al. 

1991, Llewellyn and Fitt 1996, Zhang et al. 2005, CHAPTER 1).  In Arizona, individual 
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outcrossed cotton bolls in commercial fields contained an average of 11.8% Bt seeds, and 

outcrossed cotton bolls from experimental plots contained, on average, 14.1% Bt seeds 

(CHAPTER 1).   

In addition to outcrossed bolls, adventitious Bt plants may be present in refuges 

of non-Bt cotton.  Although no one knows how Bt plants enter the refuges, potential 

sources include prior outcrossing of Bt cotton into non-Bt cotton in seed production 

fields, accidental mixing of seeds during ginning or planting, and volunteer Bt plants 

from seeds of previous years’ crops.  In 12 commercial non-Bt cotton fields surveyed in 

Arizona in 2004, four fields contained adventitious Bt plants, and the overall rate of such 

plants across all fields was 1.67%.  In experimental plots that were sampled in Arizona in 

2004, 8.1% of bolls were from adventitious Bt plants.  Approximately 60% of bolls from 

adventitious Bt plants contained 100% Bt seeds.  The remaining adventitious bolls 

contained mosaics of 60-90% Bt seeds, indicating that they were produced by plants that 

were heterozygous for Bt expression (CHAPTER 1).   

Contamination of refuges by Bt cotton, which includes contributions from 

outcrossing and adventitious Bt plants, could affect relative survival of Bt-resistant (rr), 

heterozygous (rs), and susceptible (ss) PBW larvae in refuges.  Because only rr 

individuals can survive on Bt cotton, adventitious Bt plants with 100% Bt seeds will 

increase survival of rr individuals compared to rs and ss in a manner that is directly 

equivalent to reducing the size of non-Bt refuges.  However, genotype-specific survival 

on bolls containing both Bt and non-Bt seeds could be more complex and potentially 

more detrimental.  While both rs and ss are highly susceptible to Cry1Ac (Tabashnik et 
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al. 2002, Carrière et al. 2006a), mosaic bolls could have little effect on mortality of these 

genotypes if PBW larvae can avoid feeding on Bt seeds.  Alternatively, it is possible that 

mosaic bolls could provide an advantage for rs compared to ss if these genotypes differ in 

feeding behavior.  Discrimination by PBW larvae between non-Bt and Bt cotton seeds 

was not investigated previously, although avoidance of Bt toxins has been demonstrated 

for several lepidopteran species (Gould et al.1991, Harris et al. 1997, Stapel et al. 1998, 

Parker and Luttrell 1999, Gore and Adamczyk 2004, Gore et al. 2005).  Adult PBW 

females do not discriminate between Bt and non-Bt cotton plants for oviposition (Liu et 

al. 2002). 

I used choice tests conducted in the laboratory to better understand the impact of 

refuge contamination by Bt on the evolution of PBW resistance to Bt cotton.  I compared 

the extent to which PBW larvae of the three genotypes (ss, rs and rr) discriminated 

between Bt and non-Bt seeds.  I also used simulated bolls (i.e., small containers with 

different proportions of Bt and non-Bt cotton seeds) to assess how the proportion of Bt 

seeds in a boll affected mortality of resistant and susceptible genotypes.  These data were 

used in a simple analytical model to compare rates of evolution of resistance between 

fields contaminated with outcrossed or adventitious Bt plants.  
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Methods 

Pectinophora gossypiella     

 I used PBW neonates from laboratory reared MOV97-H1R (Bt-resistant, rr) and 

MOV97-HIS (Bt-susceptible, ss) strains, as well as the reciprocal crosses of the resistant 

and susceptible strains (heterozygous, rs).  These strains were derived from MOV97, 

which was started with individuals collected in the Mohave Valley, Arizona in 1997 

(Tabashnik et al. 2000).  MOV97-R was created by selecting individuals from MOV97 

on Cry1Ac-containing wheat germ diet, while unselected MOV97 individuals were 

reared in parallel (Carrière et al. 2004b).  MOV97-R and MOV97 individuals were 

crossed to produce the MOV97-H1 hybrid strain (Carrière et al. 2006b).  Strains were 

reared using a method similar to Bartlett and Wolf (1985) and Adkinsson et al. (1960).  

MOV97-H1R was created by selecting MOV97-H1 individuals on Cry1Ac-

containing wheat germ diet (Gassmann et al. 2006).  To create MOV97-H1S, mated pairs 

of MOV97-H1 were screened for resistance alleles using PCR after females had finished 

ovipositing.  In PBW, alleles linked with resistance to Cry1Ac occur at the cadherin locus 

(Morin et al. 2003).  Two resistance alleles (r1 and r3) have been identified in strains 

from Mohave Valley, and any two in combination (r1r1, r1r3, r3r3) confer Cry1Ac 

resistance (Morin et al. 2003, Tabashnik et al. 2005, Carrière et al. 2006a).  Only progeny 

from mated pairs that lacked these alleles were included in the MOV97-H1S strain 

(Gassman et al. 2006).    

The MOV97-H1RxS reciprocal crosses were performed by mass mating 50 

MOV97-H1R males with 50 MOV97-H1S virgin females, and by mass mating 50 
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MOV97-H1S males with 50 MOV97-H1R virgin females.  For the pure lines, 100 

MOV97-H1R individuals were mass mated, as were 100 MOV97-H1S individuals.  All 

matings were performed using adults from the F8 generation.   

Pieces of gauze upon which oviposition had occurred in mass mating containers 

were placed in emergence containers.  Additionally, pieces of wetted gauze were placed 

in the containers for moisture.  Egg sheets from reciprocal crosses were combined in 

emergence containers.  Starved neonates that hatched on the morning of setup were 

included in the bioassays.   

 

Cotton Seeds     

 Cotton seeds used in bioassays were extracted from bolls collected from potted Bt 

(Deltapine 33B; Monsanto, St. Louis, MO) and non-Bt (Deltapine 436 RR; Monsanto) 

plants grown in greenhouses.  The first set of 45 Bt plants and 60 non-Bt plants were 

planted in March 2005, and a second set of 30 Bt plants and 60 non-Bt plants were 

planted in June 2005.   

For use in the choice bioassay, non-Bt and hybrid (non-Bt mother/Bt father) seeds 

were created by manually outcrossing non-Bt cotton flowers with Bt pollen to produce 

hybrid seeds, or with non-Bt pollen to produce non-Bt seeds.  Crosses were performed 

using a water emasculation technique (Burke 2002).  To produce seeds for the first 

replicate of the choice bioassay, I performed crosses on the first set of plants when they 

were ca. 6 months old.  Bolls for the second replicate were created using the second set of 

plants when they were ca. 4 months old.  Pollen donor and recipient flowers were 
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selected at random from the plants possessing the desired traits (Bt versus non-Bt) in the 

greenhouse.  On the day of pollination, flowers were tagged with the pollen genotype and 

pollination date. The resultant bolls were then harvested 3.5-4.5 wks later.  Seeds from 

bolls of this age are susceptible to PBW feeding in the field. 

For the experiment assessing PBW survival in simulated bolls, I collected bolls 

from the younger set of plants in the greenhouse when plants were ca. 4 months old.  

Flowers of Bt and non-Bt plants were allowed to self-pollinate and were not tagged with 

pollination dates.  Bt and non-Bt seeds were then extracted from soft bolls that had 2.5-3 

cm diameters.  Bolls of this diameter normally fall within an age range of 10-21 days 

(Liu et al. 2002).   

One seed from each cotton boll used in bioassays was tested for Cry1Ac to 

confirm seed genotype.  Tests were conducted with a commercially available ELISA kit 

(Bt-Cry1Ab/1Ac ImmunoStrips®, Agdia, Elkhart, IN) using the recommended protocol.   

 

Feeding Choice of Larval Genotypes     

 Bioassays were conducted in two blocks set up three weeks apart.  Each block 

included 12 bioassay trays (C-D International, Inc., Pitman, NJ), with 4 trays assigned to 

each PBW genotype (rr, rs, ss).  Bioassay trays each contained 16 rearing wells, and 

individual rearing wells were 3 mL in volume.  One day before beginning each bioassay 

block, cotton bolls were harvested, seeds were extracted from the bolls, and bioassay 

trays were set up with cotton seeds.  For the first experimental block, seeds from 12 Bt 
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bolls and 12 non-Bt bolls were used.  In the second experimental block, seeds from 21 Bt 

bolls and 15 non-Bt bolls were used.    

Using a mild temperature hot glue gun, one hybrid seed and one non-Bt seed 

were glued to opposite ends of the vertical walls of each rearing well.  Seeds in wells did 

not touch one another.  The pairs of hybrid and non-Bt seeds in wells did not differ in age 

by more than one day.  A coin toss determined positions of seeds in each well.  Trays 

were set up in groups of three, and in each group, each tray was randomly assigned one 

of the three PBW genotypes.  Thus, all three genotypes were represented in each set of 

three trays.  Trays were sealed in plastic containers and refrigerated overnight.   

The following morning, trays were brought to room temperature and newly 

emerged neonates of the appropriate genotype were placed in rearing wells, one per well.  

Neonates were placed in trays following the order of tray setup.  Using a paintbrush, one 

neonate was placed on the vertical wall of each well at a point equidistant from the two 

seeds.  A lid was placed on each well after it received a larva. Trays with 16 larvae were 

individually placed in sealed plastic containers and the containers were arranged in an 

environmental chamber (29 + 2
o
C; in darkness) in the order of setup.   

Wells were examined under a microscope 48 hours after receiving larvae.  For 

each well, I recorded feeding damage and the position of the larva, if it was visible.  After 

72 hours, seeds were dissected.  I recorded final larval position, mortality, and feeding 

damage.  Based on these observations, a larva was defined as having settled on a seed if it 

was 1) alive or dead inside a seed, 2) currently boring into a seed, or 3) dead, but had 

caused significant feeding damage to only one seed.  For each tray, I calculated the 
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proportion of larvae that settled on a non-Bt seed by dividing the number of larvae that 

settled on a non-Bt seed by the total number of larvae that had settled on either seed. 

 

Survival of Larval Genotypes in Simulated Bolls      

 Seeds were extracted from 52 Bt bolls and 52 non-Bt bolls.  Seeds of a given type 

were combined and mixed.  Simulated cotton bolls, each consisting of a one-ounce 

plastic portion cup (Fabri-Kal Kalamazoo, MI) containing 10 cotton seeds, served as the 

experimental unit in this experiment.  Neonates from each genotype were exposed to four 

types of bolls with differing proportions of Bt and non-Bt seeds: bolls with 0% Bt seeds 

to mimic non-Bt cotton bolls; 20% Bt seeds to mimic outcrossed non-Bt bolls; 70% Bt 

seeds to mimic bolls of heterozygous adventitious Bt plants; and 100% Bt seeds to mimic 

bolls of homozygous adventitious Bt plants.  Cups were shaken to randomize seed 

arrangement.   

A single neonate of the desired genotype was added to each simulated boll with a 

paintbrush.  The neonate was placed on the side of the cup near the seeds.  Twenty 

replicates were conducted for most of the 12 treatments (3 PBW genotypes × 4 Bt 

percentages), with the following exceptions: 30 replicates of the ss and rs genotypes in 

the bolls with 20% Bt seeds and 10 replicates of the ss and rs genotypes in the bolls with 

100% Bt seeds.  Each cup lid was perforated with three small holes for ventilation.  

Containers with neonates were randomly arranged in an environmental chamber (29 + 

2
o
C; in darkness) for 14 days.  Seeds were then dissected and mortality was assessed.   
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Each cup was indexed as “1” if it contained a dead individual and “0” if it 

contained a live individual.  Some containers had large holes from which larvae had 

exited.  PBW larvae that bore out of rearing containers typically do so as 4
th
 instars, 

immediately before pupation.  Missing larvae from cups with exit holes were scored as 

alive.  We only encountered large exit holes that were of the size made by 4
th
 instar 

larvae.  When no larvae were visible and no exit holes existed, larvae were scored as 

dead.  Because mold developing on seeds might have killed larvae, a 0-5 mold score was 

assigned to each container (0 = no mold, 1 = small amount of mold on a few seeds, 2 = 

small amount of mold on most seeds, 3 = some mold on all seeds, 4 = mold covered 

virtually all surface area of seeds, 5 = higher volume of mold than seeds).   

 Analytical Model.  Based on survival of the three genotypes on the different 

simulated boll treatments (Fig. 2.2), I calculated the expected change in resistance allele 

frequency over a single generation in environments with various refuge sizes, 

contamination levels and initial resistance allele frequencies, using the formula, 

WWWrsR SR /)( −=∆ , as in Carrière and Tabashnik (2001), where ∆R is the change in 

resistance allele frequency, r is the initial frequency of r alleles, s is the initial frequency 

of s alleles (1 - r), WR is the fitness of r alleles, WS is the fitness of s alleles, and W  is the 

weighted average fitness of all the genotypes.  The percentages of Bt bolls, non-Bt bolls, 

heterozygous adventitious Bt bolls and homozygous Bt bolls were specified for refuges in 

hypothetical field environments.  Fitness of each allele was estimated by individually 

calculating the survival in the specified environment of PBW homozygous and 

heterozygous for that allele, and weighting survival of each genotype by the estimated 



 

 

 

 

54 

 

proportion of the allele carried by that genotype (Crow and Kimura 1970).  This model 

assumes random mating among PBW genotypes (Carrière and Tabashnik 2001, Carrière 

et al. 2005b).   

The initial frequency of resistance alleles (r) was varied in the model to determine 

its impact on the change in resistance allele frequency (� R) caused by contamination.  

While the estimated frequency of resistance alleles in PBW populations in Arizona was 

0.16 in 1997 (Tabashnik et al. 2000), the frequency declined to <0.001 in subsequent 

years (Tabashnik et al. 2006).  Therefore, I modeled scenarios with an initial resistance 

allele frequency of 0.1 to represent a high level of resistance, and 0.001 to represent the 

current low level of resistance.  

Refuge size was also manipulated in the model.  The U.S. EPA requires growers 

to plant refuge areas comprising 5 to 20% of all cotton acreage planted (Carrière et al. 

2005a).  Therefore, we included refuge sizes of 5% in the model to represent a low refuge 

abundance, and 50% to represent a very high refuge abundance.   

 

Cry1Ac Concentration of Cotton Seeds      

 Cry1Ac concentrations were measured in Bt and hybrid cotton seeds of various 

ages.  Using the first set of greenhouse plants, Bt bolls, non-Bt bolls, and hybrid bolls 

(non-Bt female × Bt male) were created using the methods described for the larval 

feeding choice bioassay.  I performed crosses weekly for four weeks, considering the 

crosses made on each week to be an experimental block.  During each week 

(experimental block), cross-pollinations were performed over the course of two to three 
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days.  I harvested three hybrid bolls, three Bt bolls and one non-Bt boll from each block 

at two, three, and five weeks of age.  For the five-week-old age group from the fourth 

week of crosses (Block 4), only one hybrid boll and two Bt bolls were collected due to an 

unexpectedly high number of shed bolls.  I examined 2, 3 and 5-week old bolls to 

represent the range of ages of bolls used in bioassays.  Bolls were stored at -80˚C before 

analysis. 

One seed was extracted from each cotton boll for analysis.  Harvested seeds were 

cut in half and weighed.  Half of each seed was analyzed for Cry1Ac content while the 

other half was archived.  Seed halves were diluted at a 1/500 ratio with 

Extraction/Dilution Buffer (Envirologix, Portland, ME, provided with the QuantiPlate
TM

 

Kit for Cry1Ab/1Ac) and extracted in 1.5 mL microcentrifuge tubes, using disposable 

plastic pestles.  Samples were left at room temperature for two hours.  The supernatant 

from each sample was decanted and frozen to stop the extraction process after two hours.  

All frozen samples were removed from the freezer at the same time, vortex-homogenized, 

and tested for Cry1Ac concentration using a 96-well QualiPlate
TM

 Kit (Envirologix, 

Portland, ME) following the recommended protocol.  Calibrators from the QuantiPlate
TM

 

Kit were run alongside samples in the 96-well plate.  Optical densities of test wells were 

measured simultaneously using a microplate spectrophotometer at 450nm (650 nm 

reference wavelength).  A standard curve, created using optical densities of the 

calibrators, was used to estimate Cry1Ac concentrations of samples.  Finally, seed 

moisture content for each seed tested was measured by taking the difference between the 
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wet and dry weight of five seeds from the same boll.  Seeds were lyophilized for 24 hours 

between weight measurements.   

 

Statistical Analyses      

 Multiple regression was used to compare feeding choices of the larval genotypes.  

The proportion of larvae settling on non-Bt cotton seeds in a tray was the response 

variable, while genotype, block (date of assay) and average seed age in a tray were 

explanatory variables.  Linear contrasts were used to compare feeding choice of rr and rs 

individuals to ss.  Least-squares means of the proportion of larvae settling on non-Bt 

cotton seeds and their confidence intervals were used to determine whether the proportion 

of neonates from each genotype settling on non-Bt seeds differed from 50%.  I also used 

ANOVA to compare mortality and proportion of larvae that settled on non-Bt seeds 

among genotypes, after accounting for block.  The proportion that settled included larvae 

that survived the bioassay and settled on a seed, and larvae that died, but settled before 

dying.   

Logistic regression was used to examine the effects of PBW genotype, the 

percentage of Bt seeds in bolls and the interaction between these factors on the odds of 

PBW survival.  I was specifically interested in the interaction term in this model, as it 

indicates among-genotype differences in the effect of the proportion of Bt seeds in a boll.  

Additionally, to assess more precisely how larval survival changed as a function of the 

proportion of Bt seeds in bolls, logistic regression was used to compare the odds of larval 

survival between bolls with 0% and 20% Bt seeds, 0% and 70% Bt seeds, and 0% and 
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100% Bt seeds.  Explanatory variables in these logistic regression models were PBW 

genotype and percentage of Bt seeds in bolls.   Finally, to more precisely assess 

differential mortality of the genotypes on each percentage of Bt seeds, logistic regression 

was used to compare the odds of survival of the genotypes exposed to each percentage of 

Bt seeds.  Logistic regression analyses were followed by Likelihood Ratio Tests to 

examine the effects of individual explanatory variables in the models.  Mold score was 

included as a covariate in all analyses.  

Multiple regression was used to examine the effects of boll age and genotype, and 

the interaction between these factors on Cry1Ac concentration.  Cry1Ac concentrations 

were log transformed to account for insufficient homogeneity of variance (Ramsey and 

Schafer 2002).  A concentration of 1 ppm was added to each sample to allow logarithmic 

transformation of zero and negative Cry1Ac concentration values.  Wet weight of seeds 

was examined as a covariate.  Only Bt and hybrid seeds were considered in the analysis.  

Non-Bt cotton seeds were excluded because they contained no Cry1Ac, and therefore had 

much lower variance in Cry1Ac concentration than the other two treatments.  All 

statistical analyses were conducted with JMP (JMP, 2004).   
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Results 

Feeding Choice of Larval Genotypes      

 As expected, tested seeds from the 27 non-Bt bolls created in the greenhouse were 

negative for Cry1Ac, and tested seeds from the 33 non-Bt/Bt hybridized bolls contained 

Cry1Ac, suggesting that crosses performed in the greenhouse for this bioassay were 

effective.  Average boll age did not significantly affect the proportion of larvae settling 

on non-Bt seeds (F1,19 = 3.3, P = 0.086) and was excluded from the inferential model.  

Although the proportion of larval settling on non-Bt seeds did not differ between 

bioassay dates (F1,20 = 0.10, P = 0.75), this factor was retained in the inferential model as 

an experimental block.  After accounting for bioassay date, the proportion of larval 

settling on non-Bt seeds varied among genotypes (F2,20 = 4.37, P = 0.027).  However, in 

individual contrasts neither rr nor rs neonates significantly differed from ss in the 

proportion that settled on non-Bt seeds (rr: F1,20 = 2.80, P = 0.11, rs: F1,20 = 1.62, P = 

0.22).  The percentage of larvae settling on non-Bt seeds did not significantly differ from 

50% for rr and ss, but did for rs (Fig. 2.1).     

After accounting for bioassay date, variation among genotypes did not occur in 

either larval mortality (mean = 19.9%, F2,20 = 0.14, P = 0.87) or proportion settling (mean  

86.4%, F2,20 = 0.050, P = 0.95).  Because the proportion of neonates that survived and the 

proportion that settled were similar among genotypes, it seems unlikely that settling of 

PBW larvae on seeds was affected by the variability in Bt susceptibility among 

genotypes.  
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Survival of Larval Genotypes in Simulated Bolls      

Survival of larvae on simulated bolls differed significantly among genotypes, 

after accounting for percentage of Bt seeds (Fig. 2.2: likelihood-ratio χ
2 
= 18.0, P = 

0.0001).  Moreover, the proportion of Bt seeds in bolls significantly affected survival 

(likelihood-ratio χ
2 
= 90.4, P<0.0001).  The interaction between genotype and percentage 

of Bt seeds in bolls was significant (likelihood-ratio χ
2 
= 9.95, P = 0.0069), indicating 

that changes in the proportion of Bt seeds in a boll did not have similar effects on 

survival of the different genotypes (Fig. 2.2).  Compared to bolls with 0% Bt seeds, 

survival was lower in bolls with 20% Bt seeds (χ
2
 = 5.62, P = 0.018), 70% Bt seeds (χ

2
 = 

58.3, P<0.0001), and 100% Bt seeds (χ
2
 = 53.9, P<0.0001), after accounting for PBW 

genotype.   Thus, as the proportion of Bt seeds in bolls increased, more larvae died (Fig. 

2.2).   

Survival did not differ significantly among genotypes on bolls with 0 and 20% Bt 

seeds (Table 2.1).  On bolls with 70 and 100% Bt seeds, however, rr larvae had 

significantly greater survival than ss larvae.  Survival of rs larvae did not differ 

significantly from survival of ss larvae on bolls with 70 and 100% Bt seeds (Table 2.1).  

The severity of mold development, as indicated by mold score values, did not 

significantly affect survival in any of the above analyses. 

Analytical Model.     Because survival did not significantly differ among 

genotypes on 0% Bt (non-Bt) and 20% Bt (outcrossed) bolls, average survival for the 

three genotypes was used in estimating survival for each genotype on non-Bt and 

outcrossed bolls.  Similarly, for 70% Bt bolls (reflecting heterozygous adventitious Bt 
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plants), I used average survival of rs and ss individuals, as survival did not differ between 

the two genotypes.  Both outcrossed bolls and bolls from adventitious Bt plants increased 

the frequency of resistance alleles, although bolls from adventitious Bt plants increased 

the frequency of resistance alleles at rates that were 5 to 15 times higher than the increase 

caused by the same percentages of outcrossed cotton bolls (Table 2.2).  Additionally, 

contamination had the greatest effect on the change in resistance allele frequency in 

simulated environments with small refuges and high initial resistance allele frequencies 

(Table 2.2).   

 

Cry1Ac Concentration of Cotton Seeds     

 Two five-week old seeds from hybrid bolls created in the greenhouse were 

omitted from the analysis, as it appeared that they were not successfully hybridized, 

based on the absence of Cry1Ac toxin.  Seed wet weight did not affect Cry1Ac 

concentration after accounting for seed genotype, boll age and pollination date (F1,61 = 

0.31, P = 0.58) and was excluded from the inferential model.  Pollination date also did 

not affect Cry1Ac concentration (F1,62 = 1.2, P = 0.28), although it was retained in the 

model as a blocking factor.  Cry1Ac concentration of cotton seeds increased as age of the 

cotton bolls increased, after accounting for pollination date and seed genotype (Fig. 2.3: 

F1,62 = 108, P< 0.0001).  Also, Cry1Ac concentrations were significantly greater in seeds 

from Bt cotton plants than in hybrid cotton seeds, after accounting for pollination date 

and seed genotype (F1,62 = 22.1, P< 0.0001).  The interaction between seed genotype and 
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boll age was not significant after accounting for pollination date, genotype and boll age 

(F1,61 = 0.228, P = 0.635).   
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Discussion 

The bioassays showed little or no discrimination between Bt and non-Bt seeds by 

PBW neonates of all three genotypes (ss, rs, or rr), and feeding behavior did not differ 

between individuals with and without resistance alleles.  Neonates generally had lower 

survival on simulated outcrossed bolls (20% Bt seeds) and adventitious Bt bolls (70% 

and 100% Bt seeds) than on non-Bt bolls (Fig. 2.2).  Survival of larvae with resistance 

alleles (rr and rs) was not higher than that of individuals without resistance alleles (ss) on 

simulated non-Bt or outcrossed bolls.  However, survival of rr individuals exceeded that 

of ss individuals on simulated adventitious Bt bolls of both the heterozygous and 

homozygous types.  Survival of rs did not differ from that of ss on any of the simulated 

cotton boll treatments.  Data from the analytical model suggest that adventitious Bt plants 

pose a far greater threat to the refuge strategy than do outcrossed cotton bolls, although 

both forms of contamination increased the frequency of resistance alleles.  Contamination 

had the greatest effect on resistance allele frequencies when refuge sizes were small and 

when initial resistance allele frequencies were high (Table 2.2).   

In bioassays, as the percentage of Bt seeds increased, the disparity between the 

odds of survival of resistant (rr) individuals and susceptible (rs and ss) individuals 

increased (Table 2.1).  The mild preference of rs individuals for non-Bt seeds, as 

observed in the choice bioassay (65.9% settling on non-Bt), did not confer a survival 

advantage, as rs larvae experienced mortality levels similar to ss larvae on mosaic bolls.  

Thus, it appears that contamination will reduce effective refuge size by increasing 

mortality of the susceptible individuals that refuges are intended to produce, and by 
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increasing the probability of rr survival relative to ss.  However, it will not otherwise 

increase selection for resistance, as there is no evidence that rs individuals have a 

survival advantage compared to ss.  This result is important, as rs individuals are far 

more numerous than rr individuals when resistance is rare (Roush and Croft 1986).    

Based on Bt choice studies conducted with other lepidopteran insects, I expected 

PBW larvae to preferentially feed on non-Bt seeds.  Insect larvae exposed to Bt generally 

wander as an initial symptom of Bt exposure (Luthy and Wolfersberger 2000).  Even if 

wandering direction is random, larvae are expected to accumulate on non-Bt tissues if 

they continue wandering until exposure to the toxin ceases and a non-Bt food source is 

encountered.  The tobacco budworm, Heliothis virescens (Fabricius); the New World 

corn earworm, Helicoverpa zea (Boddie); the soybean looper, Pseudoplusia includens 

(Walker); the lightbrown apple moth, Epiphyas postvittana (Walker); the beet 

armyworm, Spodoptera exigua (Hübner); and the Old World corn earworm, Helicoverpa 

armigera (Hübner), all avoid Bt toxin (Gould et al.1991, Jyoti et al. 1996, Harris et al. 

1997, Stapel et al. 1998, Gore et al. 2002, Gore and Adamczyk 2004, Gore et al. 2005, 

Men et al. 2005).  In a choice test conducted with Bt-resistant (rr) and Bt-susceptible (ss) 

strains of the diamondback moth, Plutella xylostella (Linnaeus), ss individuals consumed 

larger amounts of untreated cabbage leaves compared to treated cabbage leaves, although 

rr individuals did not display such a preference (Schwarz et al. 1991).  In contrast, Kumar 

(2004) did not find evidence of Bt avoidance in P. xylostella in choice tests where only 

Bt-susceptible larvae were examined, and speculated that illness induced by the Bt toxin 

may prevent migration of diamondback larvae from Bt leaves. 
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The inability of PBW larvae to discriminate between Bt and non-Bt cotton seeds 

may be attributable to their low mobility as neonates.  Unlike lepidopteran larvae that eat 

leaves, PBW neonates enter cotton seeds by boring through the thick seed husks.  Escape 

from toxic seeds may be difficult during the neonate life stage, especially following 

ingestion of the Bt toxin.  The conclusion that PBW neonates do not strongly avoid Bt 

toxin is supported by the high mortality of Bt-susceptible larvae on simulated mosaic 

bolls.  

The survival experiment may have underestimated the exposure of PBW neonates 

to Bt toxin in adventitious bolls.  Bolls from both heterozygous and homozygous 

adventitious Bt plants produce Bt toxin in the carpel walls surrounding the seeds.  In the 

field, neonates must bore through this wall before they can reach the seeds, and may die 

in doing so.  In observations made in cotton fields, many more incomplete tunnels are 

found in the carpel walls of Bt cotton bolls than in non-Bt cotton bolls, suggesting that 

early instar larvae die in the carpel wall as a result of Bt exposure (Tim Dennehy, pers. 

comm.).  Therefore, our experiment may have underestimated the difference in survival 

between the Bt-susceptible genotypes (rs and ss) compared to rr on the adventitious boll 

treatments.  However, this potential underestimate does not change our general 

conclusions that survival of rr is much higher than survival of rs and ss on adventitious 

Bt bolls.    

A second limitation of this study was that the large number of cotton seeds 

needed for the survival bioassay prevented us from using hybrid cotton seeds, which 

require tedious crosses.  In the field, outcrossed cotton bolls contain both non-Bt and 
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hybrid seeds.  Also, I assume that bolls from heterozygous adventitious Bt plants had 

homozygous Bt seeds, homozygous non-Bt seeds and heterozygous seeds, although this 

has not been demonstrated.  In the Cry1Ac concentration experiment, pure Bt seeds 

contained higher Cry1Ac concentrations than their hybrid counterparts, at least during the 

first five weeks of boll development.  Therefore, because pure Bt seeds were used in 

place of hybrid seeds, larvae were probably exposed to higher Cry1Ac concentrations in 

simulated outcrossed bolls (20% Bt seeds) and heterozygous adventitious bolls (70% Bt 

seeds) than would be experienced in the field.  This factor may have exaggerated the 

differences in survival between rr and ss larvae on the 70% Bt treatment.  There was no 

significant difference in survival between rr and ss on the simulated outcrossed bolls.     

This study shows that Bt contamination of refuges could accelerate resistance 

evolution.  Results from a model suggest that both outcrossing and adventitious Bt plants 

hastened resistance, but adventitious Bt plants had a far greater effect than outcrossed 

bolls.  While all current estimates of outcrossing of non-Bt fields by Bt suggest that 

overall levels are low (Zhang et al. 2005, Llewellyn and Fitt 1996, Umbeck et al. 1991, 

CHAPTER 1), variability in outcrossing rates among fields may be high.  Furthermore, 

adventitious Bt plants in refuges have received limited attention.  In the experiments 

described in Chapter 1, adventitious Bt plants comprised up to 8% of plants in non-Bt 

refuges of experimental fields.   

Irrespective of the resistance consequences, there are many compelling reasons 

for limiting transgenic contamination of conventional cotton varieties to low levels.  For 

example, growers who desire to market their products as “GMO-free” are threatened by 
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the prospect of transgene contamination.   Future research is needed to confirm the 

pathways of refuge contamination by adventitious Bt plants, and to devise seed 

production practices to limit this problem.   
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Table 2.1:  Odds ratios of the survival of rr and rs larvae relative to the survival of ss 

larvae, on simulated bolls with different percentages of Bt seeds.  The reported Χ
2
 values 

and associated probability (P) provide a test of the difference between the odds of 

survival of rr or rs larvae relative to ss larvae, on each treatment, using a Likelihood 

Ratio Test.  Odds ratios with 95% confidence intervals (CI) overlapping 1 indicate no 

difference in survival between the genotypes.  Confidence intervals for the odds of rs and 

rr survival relative to ss were not produced for the 100% Bt treatment because there was 

no variability in survival among larvae of the ss and rs genotypes at 100% (proportion 

survival = 0). 

 

 
Rs Rr 

% Bt 
Odds 

ratio 
CI x

2
 P 

Odds 

ratio 
CI x

2
 P 

0 1.33 0.3 to 6.3 0.144 0.705 6.33 0.9 to 130 3.38 0.0659 

20 0.643 0.2 to 1.9 0.661 0.416 0.796 0.2 to 2.7 0.137 0.711 

70 0.474 0.02 to 5.4 0.367 0.545 7.36 1.6 to 55  6.52 0.0106* 

100 1.00 -- 0.00 1.000 361,300 -- 7.87 0.005* 
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Table 2.2:  Predicted percent change in resistance allele frequencies over a single 

generation (� R) in environments that vary in the following factors: initial resistance allele 

frequency (r), percentage of cotton acreage planted to non-Bt refugia (Ref), percentage of 

bolls in the refuge that are outcrossed by Bt pollen (Outx), percentage of bolls in the 

refuge that have grown from heterozygous adventitious Bt plants (Het Cont), and 

percentage of bolls in the refuge that have grown from homozygous adventitious Bt 

plants (Hom Cont).  Rows are displayed in groups that share common initial resistance 

allele frequencies and percentages of acreage planted to refugia.  Shaded rows at the top 

of each group indicate the uncontaminated control treatment for the group.  The 

difference in the change in resistance allele frequency in the contaminated treatments 

compared to their respective uncontaminated controls (shaded rows), calculated as (� R 

treatment- � R control), are shown (Diff in � R wrt ctrl).  In the final column, treatments 

are ranked in order of ascending � R.  Higher ranks indicate faster rates of resistance 

evolution  

 

 
r Ref 

(%) 

Outx  

(%) 

Het Cont 

(%) 

Hom Cont 

(%) 

∆R 

(%) 

Diff in ∆R 

wrt ctrl (%) 

Rank 

0.001 5 0.0 0.0 0.0 9.11E-04 0 8 

0.001 5 1.0 0.0 0.0 9.13E-04 2.01E-06 9 

0.001 5 10.0 0.0 0.0 9.32E-04 2.05E-05 11 

0.001 5 50.0 0.0 0.0 1.02E-03 1.13E-04 13 

0.001 5 0.0 0.4 0.6 9.20E-04 9.34E-06 10 

0.001 5 0.0 4.0 6.0 1.01E-03 1.02E-04 12 

0.001 5 0.0 20.0 30.0 1.80E-03 8.93E-04 14 

0.001 50 0.0 0.0 0.0 4.80E-05 0 1 

0.001 50 1.0 0.0 0.0 4.81E-05 1.06E-07 2 

0.001 50 10.0 0.0 0.0 4.90E-05 1.08E-06 4 

0.001 50 50.0 0.0 0.0 5.39E-05 5.93E-06 5 

0.001 50 0.0 0.4 0.6 4.89E-05 9.39E-07 3 

0.001 50 0.0 4.0 6.0 5.82E-05 1.03E-05 6 

0.001 50 0.0 20.0 30.0 1.38E-04 8.97E-05 7 

0.100 5 0.0 0.0 0.0 7.52 0 22 

0.100 5 1.0 0.0 0.0 7.54 1.52E-02 23 

0.100 5 10.0 0.0 0.0 7.68 1.55E-01 25 

0.100 5 50.0 0.0 0.0 8.37 8.43E-01 27 

0.100 5 0.0 0.4 0.6 7.59 7.06E-02 24 

0.100 5 0.0 4.0 6.0 8.29 7.67E-01 26 

0.100 5 0.0 20.0 30.0 13.77 6.24 28 

0.100 50 0.0 0.0 0.0 0.43 0 15 

0.100 50 1.0 0.0 0.0 0.43 9.43E-04 16 

0.100 50 10.0 0.0 0.0 0.44 9.62E-03 18 

0.100 50 50.0 0.0 0.0 0.48 5.29E-02 19 

0.100 50 0.0 0.4 0.6 0.44 8.38E-03 17 

0.100 50 0.0 4.0 6.0 0.52 9.17E-02 20 

0.100 50 0.0 20.0 30.0 1.22 7.94E-01 21 
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Figure 2.1:  Least square means (± 95% confidence intervals) of the percentage of larvae 

from each genotype that settled on non-Bt seeds.  Significant preference for a seed type is 

indicated by a 95% confidence interval that does not include 50% (dashed line). 
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Figure 2.2:  Percent of larvae from each genotype (rr, rs, ss) surviving on four simulated 

mosaic boll treatments containing between 0 and 100% Bt seeds. 
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Figure 2.3.  Concentration of Cry1Ac (Log [concentration + 1]) in seeds from Bt and 

hybrid bolls of increasing age.  Means and 95% confidence intervals are displayed. 
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CONCLUSION 

Objectives of this study included evaluating the current state of contamination of 

non-Bt cotton refuges in Arizona, and predicting the impact of such contamination on Bt 

resistance in the PBW.  Contamination of refuges by Bt cotton occurred at low overall 

frequencies and included contributions from outcrossing and adventitious Bt plants.  

Results from an analytical model (CHAPTER 2) suggested that contamination by 

adventitious Bt plants posed a greater threat to refuges than outcrossing by Bt pollen.  

Therefore, future work should focus on discovering the origins of adventitious Bt plants 

and developing methods for reducing this form of contamination. 

Outcrossing did not differ between in-field refuges and external refuges and did 

not decrease in external refuges as distance from Bt fields increased.  Because 

contamination by outcrossing was low in all cases and did not differ among refuge 

configurations, it appears that outcrossing is not a compelling factor to influence the 

selection of one refuge configuration over another.  A possible explanation for 

similarities in outcrossing rates among refuge treatments is that adventitious Bt plants in 

the refuges acted as pollen sources for outcrossing surrounding non-Bt plants, and that 

this factor overshadowed pollen movement from the Bt fields.  However, this hypothesis 

does not explain observations from the experimental field trial in which the rate of 

outcrossed bolls actually increased as distance from Bt fields increased.           

In a bioassay conducted in the laboratory with PBW larvae, survival on simulated 

outcrossed bolls (20% Bt seeds) did not differ among the three PBW genotypes (rr, rs, 

ss), although survival of all genotypes was lower on simulated outcrossed bolls than on 
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simulated non-Bt bolls (0% Bt seeds).  Compared to ss individuals, rr individuals 

experienced higher survival on simulated adventitious Bt bolls (homozygous: 100% Bt 

seeds, heterozygous: 70% Bt seeds), although rs did not differ from ss in survival.  

Survival of all PBW genotypes decreased as the percentage of Bt seeds in simulated 

cotton bolls increased.   

These results were in accordance with findings from the choice bioassay, in 

which larvae of the three genotypes were placed in containers with Bt and non-Bt seeds.  

When given a choice between a Bt and a non-Bt seed, rr and ss individuals did not 

preferentially settle on the non-Bt seed.  Individuals of the rs genotype displayed a weak 

ability to preferentially settle on non-Bt seeds, although this ability did not significantly 

differ from rr and ss.  As evidenced in the survival bioassay, the weak ability of rs to 

discriminate against Bt seeds did not appear to confer a survival advantage on simulated 

mosaic bolls.  An analytical model demonstrated that both forms of contamination could 

increase the frequency of resistance alleles by decreasing survival of the susceptible PBW 

larvae that refuges are intended to produce.  Moreover, the model predicted that bolls 

from adventitious Bt plants would increase the frequency of resistance alleles at a higher 

rate than outcrossed bolls.  Contamination caused a greater increase in resistance allele 

frequencies where refuge sizes were small, and where the initial resistance allele 

frequencies in PBW populations were high.   
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Broad Impacts of Contamination 

Contamination of non-GM crops by transgenes has been identified by the Union 

of Concerned Scientists as a major threat to U.S. agriculture (Mellon and Rissler 2004).  

While contamination may have little effect on the refuge strategy for PBW resistance 

management at the low rates encountered in this study, it could have detrimental impacts 

for other stakeholders.  Growers desiring to market their cotton as “organic” must supply 

a product that is free of transgenes (National Organic Program 2006).  Therefore, 

contamination of fields by pollen from Bt fields could prevent growers from selling their 

cotton in the organic market.  This is a growing concern among organic growers, as well 

as conventional cotton farmers who desire to market their cotton as “GMO free”.   

Additionally, there is concern that transgenic crops will outcross into wild or 

weedy relatives, as has occurred in canola and birdseed rape (Vacher et al. 2004, Légère 

2005).  The U.S. Environmental Protection Agency has determined that native cotton is 

not at risk of contamination by Bt cotton in Arizona, as the native Gossypium thurberi is 

diploid and is therefore genetically incompatible with tetraploid Bt cotton varieties.  

Tetraploid varieties of native cotton grow in Hawaii and Florida, and are genetically 

compatible with Bt cotton.  For this reason, the U.S. Environmental Protection Agency 

prohibits growers from planting Bt cotton in regions of Hawaii and Florida where these 

native cotton species are present (U.S. Environmental Protection Agency 2000).  While 

contamination of wild crops by Bt cotton is probably not a threat at this time, outcrossing 

by Bt cotton can serve as a model system for understanding gene flow from transgenic 

crops into non-genetically engineered relatives.   
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Findings from this study suggest that adventitious Bt plants in the experimental 

plots resulted from contamination in the seed supply (CHAPTER 1).  If seed production 

fields have become contaminated with Bt transgenes, the frequency of these transgenes 

may increase through time, especially if the contamination source is ongoing.  Once 

adventitious plants are present in conventional fields, non-genetically engineered plants 

are exposed to two sources of Bt pollen: nearby Bt cotton fields and adventitious Bt 

plants in the conventional field.  As outcrossing in seed production fields may lead to 

future generations of adventitious Bt plants, and as adventitious plants may contribute to 

future outcrossing events, I hypothesize that levels of contamination in the seed supply 

will increase through time unless action is taken to purify the seed lots.  Therefore, 

preventing outcrossing events in seed production fields should be a priority for seed 

producers.    

 

Future Research 

Additional research is needed to confirm the sources of adventitious Bt plants in 

non-Bt cotton fields, and to learn which of these sources are most important.  Impacts of 

contamination on PBW resistance to Bt are probably minimal at this time, but the 

potential for contamination levels to increase in the future should be investigated.  

Therefore, I plan to focus on contamination of seed production fields, as contamination 

could accumulate in the seed supply through time, leading to higher rates of outcrossing 

and adventitious Bt plants in non-Bt refuges.   
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I plan to examine Bt contamination levels in bags of non-Bt cotton seed to 

confirm that seed bags are an important source of adventitious Bt plants.  I will also 

examine the relationship between the presence of adventitious Bt plants and patterns of 

outcrossing by Bt cotton into non-Bt seed production fields.  The predicted change in Bt 

contamination levels through time will be modeled.  These future efforts are necessary 

for safeguarding the genetic purity of conventional cotton varieties.  
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