
Understanding Transgene Flow from Bt
Cotton into Non-Bt Cotton Fields and its

Consequences for Pest Resistance Evolution

Item Type text; Electronic Dissertation

Authors Heuberger, Shannon

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:51:10

Link to Item http://hdl.handle.net/10150/196057

http://hdl.handle.net/10150/196057


 
 

1 
 

 
 
 
 
 
 
 
UNDERSTANDING TRANSGENE FLOW FROM BT COTTON INTO 
NON-BT COTTON FIELDS AND ITS CONSEQUENCES FOR PEST 

RESISTANCE EVOLUTION 
 

By 
 

Shannon Marlene Heuberger 
 

 
 
 
 
 

A Dissertation Submitted to the Faculty of the 
 

DEPARTMENT OF ENTOMOLOGY 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
In the Graduate College 

 
THE UNIVERSITY OF ARIZONA 

 
 
 
 

2010 
 



 
 

2 
 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Shannon Heuberger entitled Understanding Transgene Flow from Bt Cotton 
into Non-Bt Cotton Fields and its Consequences for Pest Resistance Evolution, and 
recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy. 
 
____________________________________________________________Date: 11/19/10  
Bruce Tabashnik 
 
____________________________________________________________Date: 11/19/10  
Gloria DeGrandi-Hoffman  
 
____________________________________________________________Date: 11/19/10  
John Palumbo 
 
 
Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College. I hereby certify 
that I have read this dissertation prepared under my direction and recommend that it be 
accepted as fulfilling the dissertation requirement.  
 
____________________________________________________________Date: 11/19/10  
Dissertation Director: Yves Carrière 

 
 
 
 
 
 

 

 

 

 

 

 



 
 

3 
 

 
 

STATEMENT BY AUTHOR  

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library.  
 
Brief quotations from this thesis are allowable without special permission, provided that 
accurate acknowledgment of the source is made. Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interest of scholarship. In all other 
instances, however, permission must be obtained from the author. 

 

SIGNED: Shannon M. Heuberger 

 
 



 
 

4 
 

 
 

ACKNOWLEDGEMENTS 

 First I would like to thank my advisor, Yves Carrière for mentoring me during both 
my master’s and doctorate degrees. I thank my committee members, Bruce Tabashnik, 
John Palumbo, and Gloria DeGrandi-Hoffman for providing suggestions on this 
document. I thank Timothy Dennehy for co-advising me during the first year of my 
dissertation. Thierry Brevault, David Crowder, Christa Kirk, Timothy Schowalter, 
Catherine Schowalter, Corin Hammond, Chris Goforth, and Jed Heuberger have also 
provided very useful suggestions on chapters of this manuscript. I thank Tara Hill, 
Natalie Findley, Andrew Wong, Christa Kirk, Virginia Harpold, Gopalan Unnithan, and 
Mark Carson for assistance in the laboratory and greenhouse. I especially thank Jed 
Heuberger, Corin Hammond, Ann Showalter, Christa Kirk, and Amanda Taylor for 
assisting with the field work described in Chapter 1, much of which was performed on 
very hot days and involved slogging through the mud. I thank David Crowder for 
assisting me with the simulation model presented in Chapter 2. I thank three anonymous 
growers for allowing me to perform the on-farm research included in Chapter 1, and the 
Arizona Cotton Research and Protection Council for providing GIS maps of the cotton 
fields. I am grateful to the Department of Entomology at the University of Arizona, to all 
of the graduate students in the Entomology program, and especially to Chris Goforth, 
Dave Crowder, Jennifer Williams, Jesse Hardin, Mark Asplen, Catherine Bartlett, and 
Tiffany Lucas for their moral support. I thank Congresswoman Gabrielle Giffords and 
her office staff for allowing me to intern in their office during spring semester 2010. That 
internship was an invaluable opportunity for me to learn more about the legislative 
process and inspired me to approach the final chapter of my dissertation from a policy 
angle. I owe a huge thank you to the Environmental Protection Agency and to Western 
Region Sustainable Agriculture Research and Education (WSARE) for financial support 
during my dissertation, although I note that these organizations have not officially 
endorsed this publication and the views expressed herein may not reflect their views. 
Finally, I would like to thank my parents, Timothy and Catherine Schowalter, for their 
moral support and for raising me to appreciate nature, to value sustainability and, most 
importantly, to love insects!   
 

 



 
 

5 
 

 
 

TABLE OF CONTENTS 

LIST OF FIGURES .........................................................................................................7 
 
LIST OF TABLES ...........................................................................................................10 
 
ABSTRACT .....................................................................................................................12 
 
GENERAL INTRODUCTION ........................................................................................14 
 
CHAPTER 1: POLLEN- AND SEED-MEDIATED TRANSGENE FLOW IN 
COMMERCIAL COTTON SEED PRODUCTION FIELDS .........................................18 

 
Abstract .................................................................................................................18 

 Introduction ..........................................................................................................20 

 Methods .................................................................................................................24 

Results ....................................................................................................................33 

 Discussion ..............................................................................................................38 

CHAPTER 2: MODELING THE EFFECTS OF PLANT-TO-PLANT GENE 
FLOW, LARVAL BEHAVIOR, AND NON-COTTON REFUGES ON PEST 
RESISTANCE TO BT COTTON  ...................................................................................50 
 
 Abstract .................................................................................................................50 
 
 Introduction ..........................................................................................................52 
 
 Methods .................................................................................................................54 
 
 Results ....................................................................................................................63 
 
 Discussion ..............................................................................................................67 
 
CHAPTER 3: EFFECT OF PLANT-TO-PLANT GENE FLOW AND LINKAGE OF 
TRANSGENES ON THE EVOLUTION OF PEST RESISTANCE TO TWO-TOXIN BT 
COTTON .........................................................................................................................84 
  

Abstract .................................................................................................................84 

 Introduction ..........................................................................................................86 



 
 

6 
 

 
 

TABLE OF CONTENTS- Continued 
 

 Methods .................................................................................................................89 

Results and Discussion .........................................................................................101 

 
CHAPTER 4: GENE FLOW FROM GENETICALLY MODIFIED CROPS IN THE 
UNITED STATES: THE POLITICS AND THE POLICY .............................................122 

 
Abstract .................................................................................................................122 

  
 Introduction ..........................................................................................................123 
  
 The Ecological and Economic Consequences of Gene Flow .............................124 

 
Methods of Limiting Gene Flow ..........................................................................130 

 
Economic Tradeoffs of Regulating Gene Flow ..................................................134 

  
 Government Approach to Gene Flow Policy in the United States ...................137 
  

Gene Flow Litigation in the United States .........................................................146 
 

Contrasting Approaches in other Countries ......................................................150 
  
 Summary and Future Directions ........................................................................152 
 
 
GENERAL CONCLUSIONS ..........................................................................................157 
 
REFERENCES ................................................................................................................160 
 



 
 

7 
 

 
 

LIST OF FIGURES 

 
FIGURE 1.1 Diagram of rings drawn around a hypothetical cotton field. The first ring 
is 250 m from the field edge, and each subsequent ring increases in radius by 250 m. 
The area of non-Bt and Bt cotton was measured at each increasing scale. Light and 
dark gray represent non-Bt and Bt cotton, respectively, and the black rectangle 
represents a monitored non-Bt cotton field. For actual monitored fields, some rings 
overlapped those of nearby monitored fields ...................................................................48 
 
FIGURE 1.2 Uncertainty coefficient of determination (R2) for multiple logistic regression 
of pollen-mediated gene flow. The area of Bt cotton at various distances from the edge of 
monitored non-Bt cotton fields was considered in separate analyses for each scale. Honey 
bee density, the proportion of plants in the monitored non-Bt cotton fields that were 
adventitious Bt plants, and the interaction between Bt cotton fields and adventitious 
plants were also in the analyses. Pollen-mediated gene flow of the cry1Ac transgene was 
the response variable for the analyses. Results with Fields A and B (solid line) and 
without Fields A and B (dashed line) are shown ..............................................................49 
 
FIGURE 2.1 Structure of the model for a simulated landscape with cotton only. The 
lower loop shows simulated changes in cotton plant genotypes, including homozygous Bt 
(BB), homozygous non-Bt (NN) and hemizygous (BN) cotton, in a year cycle. The upper 
loop shows selection on pest genotypes (rr , rs, and ss), which took place four generations 
per year. Plant frequencies were calculated separately for non-Bt cotton refuges and Bt 
cotton fields, but the change in the pest resistance allele frequency was calculated over 
the landscape ....................................................................................................................79 

 
FIGURE 2.2 Cumulative effects of PMGF in (A) a non-Bt cotton refuge and (B) the 
surrounding Bt cotton fields, for a landscape with 20% non-Bt cotton refuge and 80% Bt 
cotton fields. Lines show frequencies of homozygous Bt (solid), hemizygous (dashed), 
and homozygous non-Bt (dotted) cotton plants ...............................................................80 
 
FIGURE 2.3 Years to resistance evolution in simulations where PMGF affected (A) both 
patch types, or (B) the non-Bt cotton refuge but not the Bt cotton fields. Results are 
shown for sedentary (light gray, circles), indiscriminate (black, squares), or discriminate 
(dark gray, triangles) larvae. The dominance of resistance was recessive or intermediate. 
Non-Bt cotton refuges were 20% of the landscape and no non-cotton refuges were 
present. Note that the scale of years differs among panels ..............................................81 
 
FIGURE 2.4 Years to resistance evolution in simulations with SMGF in (A) the non-Bt 
cotton refuge, or (B) the Bt cotton fields. Results are shown for sedentary (light gray, 
circles), indiscriminate (black, squares) and discriminate (dark gray, triangles) larvae. 
The dominance of resistance was recessive or intermediate. Non-Bt cotton refuges were 



 
 

8 
 

 
 

20% of the landscape and no non-cotton refuges were present. Note that the scale of years 
differs among panels ........................................................................................................82 
 
FIGURE 2.5 Effects of non-Bt cotton refuge size (black line: 20% of cotton; gray line: 
50% of cotton) and non-cotton refuge size (x-axis; 100% minus the percentage of host 
plants that were cotton) on the years to resistance evolution in simulations of high gene 
flow. The three larval feeding strategies and three degrees of dominance are shown. Note 
that the scale of years differs among panels. High gene flow included 20% SMGF in the 
non-Bt cotton refuge and 3.25% or 0.81% PMGF for 20% or 50% non-Bt cotton refuges, 
respectively ......................................................................................................................83 
 
FIGURE 3.1 Number of years until resistance evolved when moderate (circles) or high 
(triangles) rates of pollen-mediated gene flow occurred between the non-Bt cotton 
refuges and two-toxin Bt cotton fields. Black lines show simulations where the Bt 
transgenes were unlinked while gray lines show simulations where the transgenes were 
linked. Results are shown for landscapes with (A) 5%, (B) 20%, and (C) 50% refuges. 
The dotted line shows results from simulations with no gene flow. For the 50% refuge, 
resistance always took >500 years with no gene flow .....................................................115 
 
FIGURE 3.2 Number of years until resistance evolved when the level of dominance 
differed for the two resistance alleles (upper axis versus lower axis). Otherwise, the 
conditions simulated were as in Figure 3.1B. Moderate (circles) and high (triangles) rates 
of pollen-mediated gene flow are shown, along with simulations of unlinked (black lines) 
and linked (gray lines) Bt transgenes. Under the conditions examined here, resistance 
always took over 100 years to evolve when there was no gene flow  .............................116 
 
FIGURE 3.3 Number of years until resistance evolved when recessive fitness costs were 
included in the simulations. Otherwise, the conditions were as in Figure 3.1B. Moderate 
(circles) and high (triangles) rates of pollen-mediated gene flow are shown, along with 
simulations of unlinked (black lines) and linked (gray lines) Bt transgenes. Under the 
conditions examined here, resistance always took 98 years or more to evolve when there 
was no gene flow .............................................................................................................117 
 
FIGURE 3.4 Composition of two-toxin (solid lines), one-toxin (dashed lines), or non-Bt 
(dotted lines) cotton plants following a high rate of yearly pollen-mediated gene flow 
between a 20% refuge of non-Bt cotton and the surrounding two-toxin Bt cotton fields 
(see Table 3.1). One-toxin cotton includes both T1 and T2 plants in equal proportions. 
Simulations where the Bt transgenes in two-toxin cotton were (A) linked, and (B) 
unlinked, are shown .........................................................................................................118 
 
FIGURE 3.5 Composition of two-toxin (solid lines), one-toxin (dashed lines), or non-Bt 
(dotted lines) cotton plants following a moderate rate of yearly pollen-mediated gene 
flow between a 20% refuge of non-Bt cotton and the surrounding two-toxin Bt cotton 
fields (see Table 3.1). One-toxin cotton includes both T1 and T2 plants in equal 



 
 

9 
 

 
 

proportions. Simulations where the Bt transgenes in two-toxin cotton were (A) linked, 
and (B) unlinked, are shown ............................................................................................119 
 
FIGURE 3.6 Number of years until resistance evolved under the conditions examined in 
Figure 3.1B, but with no recombination between resistance alleles (c = 0). Moderate 
(circles) and high (triangles) rates of pollen-mediated gene flow are shown, along with 
simulations of unlinked (black lines) and linked (gray lines) Bt transgenes. The dotted 
line represents simulations of no gene flow .....................................................................120 
 
FIGURE 3.7 Number of years until resistance evolved when 20% refuges of non-Bt 
cotton  contained fixed rates of two-toxin, T1, T2, and non-Bt cotton plants (see Table 
3.2). The rates of the various plant types resulted from simulations of 0% (diamonds), 1% 
(squares), 5% (triangles), 10% (circles), or 20% (asterisks) seed-mediated gene flow of 
unlinked two-toxin Bt cotton plants into seed production fields of non-Bt cotton ..........121 
 

 

 

 

 

 

 

  



 
 

10 
 

 
 

LIST OF TABLES 

TABLE 1.1 Pollen-mediated gene flow of the cry1Ac transgene in non-Bt cotton 
fields, sample sizes, and field attributes ...........................................................................43 
 
TABLE 1.2 Summary of variables included in the full logistic regression analysis. 
Variables that were not significant (α > 0.05) at any of the spatial scales in the model 
with all 15 fields were excluded from further analyses ...................................................44 
 
TABLE 1.3 Seed-mediated gene flow of the cry1Ac transgene in monitored non-Bt 
cotton fields ......................................................................................................................45 
 
TABLE 1.4 Effect likelihood ratio tests for pollen-mediated gene flow of the cry1Ac 
transgene in monitored non-Bt cotton fields. Significance levels (P-values) for each 
factor from models with and without Fields A and B (Table 1.1, Table 1.3) are given. See 
Table 1.2 for details on the explanatory variables ...........................................................46 
 
TABLE 1.5 Range odds ratios for the effects of the explanatory variables on outcrossing, 
from a simplified model without the interaction term (odds ratios of interactions are 
difficult to interpret). Results from models with and without Fields A and B are given .47 
 
TABLE 2.1 Values of input variables used in simulations ..............................................74 

 
TABLE 2.2 Rates of PMGF of transgenes in cotton .......................................................75 
 
TABLE 2.3 Effects of moderate or high rates of four types of gene flow on resistance 
evolution for landscapes with 20% non-Bt cotton refuges ..............................................76 
 
TABLE 2.4 Effects of dominance and larval feeding behavior on resistance to Bt cotton 
in simulations with both pollen-mediated gene flow (PMGF) and seed-mediated gene 
flow (SMGF) and 20% or 5% non-Bt cotton refuges ......................................................77 
 
TABLE 2.5 Years until resistance evolved for larvae encountering up to two or 10 plants 
(instead of five plants), with a 20% non-Bt cotton refuge. Compare to Table 2.2. Model 
equations were adapted from those for five plant encounters. NWij2 and BWij2, or NWij10 
and BWij10 (where NWij and BWij are per-stage survival of genotype ij on non-Bt or Bt 
cotton, respectively) equaled NWij5 and BWij5 for simulations of up to five plant 
movements. For sedentary larvae, results are as in Table 2.4, because larvae do not move 
between plants ..................................................................................................................78 
 
TABLE 3.1 Simulated pollen-mediated gene flow (pmgf) rates between non-Bt cotton 
refuges and two-toxin Bt cotton fields, based on parameters from Chapter 2 .................111 
 



 
 

11 
 

 
 

TABLE 3.2 Composition of plant types produced in a seed lot after five years of 
simulated pollen-mediated gene flow (PMGF) within the seed lot. I assumed that the 
specified percentage of two-toxin plants entered the non-Bt cotton seed lot via seed-
mediated gene flow (SMGF) at the start of a simulation, after which plants were 50% 
self-pollinated and 50% outcrossed by surrounding plants in the seed lot each year ......112 
 
TABLE 3.3 Per-stage survival of the pest genotypes on the various plant types. The total 
larval fitness for the specific condition where all five feeding stages are spent on the same 
plant type is shown parentheses. Parameters are shown for simulations of no fitness costs 
or recessive fitness costs. Parameters in shaded boxes vary depending on dominance (see 
Table 3.4), but parameters reflecting additive dominance (h = 0.5) are shown as an 
example. To conserve space, numbers are rounded off, but decimal places from 
calculations were kept in the model .................................................................................113 
 
TABLE 3.4 Survival of larvae with alleles r1s1 on T1 plants or r2s2 on T2 plants at various 
levels of dominance. Survivals for individual feeding stages are shown, along with total 
survival for larvae spending all five stages on the same plant type. These numbers do not 
account for simulations with fitness costs, where costs were applied to genotype r1r1r2s2 
on T2 plants and r1s1r2r2 on T1 plants (see Methods) .......................................................114 
 
 

 
 
  



 
 

12 
 

 
 

ABSTRACT 
 

Refuges of non-Bacillus thuringiensis (Bt) cotton are used to delay Bt resistance 

in several key insect pests. In 2004, I discovered that Bt cotton plants sometimes enter 

refuges via the seed bag, and hypothesized that this type of gene flow could have 

important effects on resistance evolution in insect pests. In the research described herein, 

I investigated the sources of Bt plants in the non-Bt cotton seed supply and assessed the 

potential implications of this gene flow on pest resistance evolution. I report results from 

an empirical study of gene flow in 15 non-Bt cotton seed production fields, as well as 

results from simulation modeling studies of gene flow from one-toxin and two-toxin Bt 

cotton. The current policy on gene flow from genetically engineered crops in the United 

States is also reviewed, including the implications of my research findings for 

policymakers. Key findings of this study included the prominent role of seed-mediated 

gene flow in the seed-production setting, and the utility of a geographic information 

system (GIS) ring analysis approach for describing pollen-mediated gene flow in cotton 

fields. Modeling results indicated that high rates of gene flow of Bt cotton into refuges 

could have large effects on pest resistance evolution under certain sets of assumptions, 

particularly in parts of the world where farm-saved seed is planted year after year in 

cotton fields. It appears that some of these effects could be mitigated by using non-cotton 

refuges or by using plants that contain linked transgenes that confer multiple toxins. 

There are no clear regulations in the United States regarding gene flow of Bt cotton into 

refuge seed or into seed production fields of non-Bt cotton, as Bt cotton has been 

deregulated following extensive safety testing. Nevertheless, results from this research 
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suggest that limiting gene flow into refuge seed could be important for sustaining the 

efficacy of Bt cotton against targeted insect pests in regions where refuges are used.      
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GENERAL INTRODUCTION 

Genetically engineered Bacillus thuringiensis (Bt) crops were grown on 50 

million hectares worldwide in 2009 (James 2009). Bt corn and cotton produce Bt proteins 

that kill lepidopteran or coleopteran larvae when they feed on the plant tissues. Bt cotton, 

which is the topic of my research, targets caterpillars and is planted extensively in the 

United States and in many cotton growing regions of the world (James 2009). Some 

varieties of Bt cotton produce only one Bt toxin, while newer varieties produce two 

toxins (Baker et al. 2008, Bravo and Soberón 2008, Matten et al. 2008, James 2009). 

Management strategies to prevent pest resistance evolution to Bt toxins are of 

utmost importance. Already, there is evidence of field-evolved resistance to Bt toxins in 

cereal stem borer (Busseola fusca, Fuller), the fall armyworm (Spodoptera frugiperda, 

J.E. Smith), the pink bollworm (Pectinophora gossypiella, Saunders), the cotton 

bollworm (Helicoverpa zea, Boddie), and the Australian bollworm (Helicoverpa 

punctigera, Wallengren) (Tabashnik et al. 2008, 2009, Bagla 2010, Carrière et al. 2010, 

Tabashnik and Carrière 2010, Downes et al. 2010). One of the main strategies for 

delaying pest resistance evolution involves the use of “refuge” fields of non-Bt crops 

planted near Bt crop fields. Such refuges harbor Bt-susceptible insects that can mate with 

rare resistant insects (Gould 1998, Carrière et al. 2010). This strategy works best when 

resistance to the Bt toxin(s) is recessive and larvae are exposed to a high dose of toxin(s) 

when they feed on Bt plants (Gould 1991).  

In 2004, Charles Chilcutt and Bruce Tabashnik proposed that gene flow between 

Bt crop plants and refuge plants could compromise the ability of refuges to delay 
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resistance, by introducing Bt toxins into the refuges (Chilcutt and Tabashnik 2004). Bt 

toxins occurring in the refuges could kill the susceptible pests that refuges are intended to 

produce. Moreover, for insects that move among seeds or plants, such gene flow could 

lower the effective “dose” of Bt toxins if the insects move from plants or seeds with 

toxins to plants or seeds without toxins (Mallet and Porter 1992, Chilcutt and Tabashnik 

2004).  

To investigate the extent to which plant-to-plant gene flow is a problem in 

refuges, during my Master’s thesis in 2004, I surveyed gene flow in commercial and 

experimental non-Bt cotton refuge fields. A key finding from that study was the presence 

of up to 8% Bt cotton plants in experimental refuge plots, apparently resulting from 

impurities in the planted seed (Heuberger et al. 2008a). To confirm seed bags as a 

possible source of gene flow into refuges, I tested samples from 11 bags of non-Bt cotton 

seed, and detected 1% Bt seed in three of the samples (Heuberger et al. 2008a). In 

addition to this “seed-mediated gene flow”, I found evidence of “pollen-mediated gene 

flow”, which occurs when bees transport pollen between Bt and non-Bt plants, resulting 

in Bt seed in non-Bt cotton plants (Heuberger et al. 2008a).  

Subsequent simulation modeling of resistance evolution in Pectinophora 

gossypiella (Lepidoptera: Gelechiidae), a seed eating cotton pest, indicated that the 

observed rates of gene flow would have little effect on resistance evolution in P. 

gossypiella (Heuberger et al. 2008b). However, I hypothesized that gene flow rates 

higher than those observed could have important effects, particularly for pests with larvae 

that move among plants (Heuberger et al. 2008b). 
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 Unanswered questions resulting from the work from my Master’s thesis have 

served as the basis of this dissertation. Questions that I wanted to answer included the 

following: 

• How is Bt cotton entering the non-Bt cotton seed supply? 

• If bee pollination is at least partially responsible for this gene flow, which fields 

are most susceptible to gene flow and how can it be minimized? 

• What are the effects of gene flow from one-toxin and two-toxin varieties of Bt 

cotton on resistance evolution in insect pests? How does insect movement 

among plants affect these patterns?  

• In two-toxin Bt cotton crops, what effect does genetic linkage between the 

transgenes have on gene flow between fields and, consequently, on resistance 

evolution? 

 

In the first three chapters of this dissertation, I will describe my approach to 

answering these questions and the key findings that resulted. The first chapter describes a 

field survey of 15 non-Bt cotton seed production fields across the state of Arizona, which 

allowed me to describe the factors that contributed to gene flow patterns. I then used 

computer simulation models to predict the effects that gene flow in refuges might have on 

pest resistance evolution under a variety of conditions. Simulation modeling is a valuable 

strategy for making field-scale predictions of resistance evolution, as the relevant field 

experiments would be prohibitively large in scale and could compromise resistance 

management strategies. Some of this modeling work focuses on pest resistance 
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management in the developing world, as gene flow is expected to be most common on 

small farms where farm-saved seed is used (see Chapter 2). 

Results from this dissertation have implications for policymakers, as is described 

in each of the first three chapters. In the final chapter, I will review the current state of 

policy on gene flow from genetically engineered crops and discuss ways that 

policymaking could be used to address the issues outlined in the first three chapters.  
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CHAPTER 1: POLLEN- AND SEED-MEDIATED TRANSGENE FLOW IN 
COMMERCIAL COTTON SEED PRODUCTION FIELDS* 

 

*Originally published in PLoS ONE as: Heuberger S, Ellers-Kirk C, Tabashnik BE, 
Carrière Y. 2010. Pollen- and Seed-Mediated Transgene Flow in Commercial Cotton 
Seed Production Fields. PLoS ONE 5(11): e14128. doi:10.1371/journal.pone.0014128.  

Abstract 

 Characterizing the spatial patterns of gene flow from transgenic crops is 

challenging, making it difficult to design containment strategies for markets that regulate 

the adventitious presence of transgenes. Insecticidal Bacillus thuringiensis (Bt) cotton is 

planted on millions of hectares annually and is a potential source of transgene flow. Here, 

I monitored 15 non-Bt cotton (Gossypium hirsutum, L.) seed production fields (some 

transgenic for herbicide resistance, some not) for gene flow of the Bt cotton cry1Ac 

transgene. I investigated seed-mediated gene flow, which yields adventitious Bt cotton 

plants, and pollen-mediated gene flow, which generates outcrossed seeds. A spatially-

explicit statistical analysis was used to quantify the effects of nearby Bt and non-Bt 

cotton fields at various spatial scales, along with the effects of pollinator abundance and 

adventitious Bt plants in fields, on pollen-mediated gene flow. Adventitious Bt cotton 

plants, resulting from seed bags and planting error, comprised over 15% of plants 

sampled from the edges of three seed production fields. In contrast, pollen-mediated gene 

flow affected less than 1% of the seed sampled from field edges. Variation in outcrossing 

was better explained by the area of Bt cotton fields within 750 m of the seed production 

fields than by the area of Bt cotton within larger or smaller spatial scales. Variation in 

outcrossing was also positively associated with the abundance of honey bees. A 
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comparison of statistical methods showed that my spatially-explicit analysis was more 

powerful for understanding the effects of surrounding fields than customary models 

based on distance. Given the low rates of pollen-mediated gene flow observed in this 

study, I conclude that careful planting and screening of seeds could be more important 

than field spacing for limiting gene flow. 
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Introduction 

 Gene flow between sexually compatible crops typically decreases as the distance 

between crops increases. Thus, growers who intend to minimize gene flow from 

surrounding crop varieties commonly do so by increasing the spacing between fields 

(Beckie and Hall 2008). Nevertheless, transgene flow (i.e., gene flow of a genetically 

engineered trait) into commercial agricultural seed lots is documented in maize, canola, 

soybean, and cotton (Friesen et al. 2003, Beckie et al. 2003, Mellon and Rissler 2004, 

Heuberger et al. 2008a). As transgenic plants, grown by 14 million farmers in 25 

countries (James 2009), are a dominant landscape feature in many regions, some 

transgene flow is inevitable (Snow et al. 2005, National Research Council 2004). 

However, substantial transgene flow could threaten the intellectual property rights of 

biotechnology companies, markets for non-transgenic products, and resistance 

management strategies for insects and weeds (Mellon and Rissler 2004, Smyth et al. 

2002, Heuberger et al. 2008b, Mallory-Smith and Zapiola 2008, National Research 

Council 2010). 

 Transgene flow can occur via pollen-mediated gene flow or seed-mediated gene 

flow (Mallory-Smith and Zapiola 2008). Pollen-mediated transgene flow (“outcrossing”) 

occurs when plants without a particular transgene are cross-pollinated by plants with the 

transgene. If the resulting seeds are planted, “adventitious presence” occurs in fields the 

following year. In contrast, seed-mediated transgene flow results from volunteer 

transgenic plants emerging in fields, adventitious presence in the planted seed, or human 

error during planting, harvesting, or seed processing. Seed-mediated gene flow can 
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enhance pollen-mediated gene flow when “adventitious plants” arising from seed-

mediated gene flow cross-pollinate surrounding plants (Goggi et al. 2006, Bannert and 

Stamp 2007, Beckie and Hall 2008, Heuberger et al. 2008). For cultivated cotton 

(Gossypium hirsutum, L.), which is the focus of my study, vegetative dispersal does not 

occur in the field (Llewellyn and Fitt 1996) and, therefore, is not considered here.  

 Empirical field data on transgene flow are critical for modelers and decision 

makers who wish to develop containment strategies (Beckie and Hall 2008). Most 

empirical studies have been relatively simple and focused on pollen-mediated gene flow 

(Beckie and Hall 2008). While simulation models have explored the simultaneous roles 

of pollen vectors, field spacing, and adventitious plants on pollen-mediated gene flow 

rates (Colbach 2009, Colbach et al. 2010), statistical analyses of empirical data have not 

simultaneously quantified these effects. Several empirical studies have statistically 

described the decline in transgene flow with distance from the nearest source of 

transgenic plants (e.g., Goggi et al. 2006, Ma et al. 2004, Watrud et al. 2004), but this 

approach can be imprecise in complex agricultural landscapes with many sources of 

transgenic plants. Thus, I saw a need for a spatially explicit model that would account for 

the area and distance of all relevant neighboring fields, along with the effects of pollen 

vectors and adventitious plants, to evaluate the causes of pollen-mediated gene flow in 

commercial fields.  

Relatively little gene flow research focuses on cotton, although it is the third most 

abundant genetically engineered crop (James 2009). This is likely because it is a self-

pollinating crop with low outcrossing rates. While the ability of transgenic Bacillus 
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thuringiensis (Bt) cultivars of G. hirsutum to cross-pollinate non-Bt G. hirsutum is well-

documented (Llewellyn and Fitt 1996, Umbeck et al. 1991, Zhang et al. 2005, Llewellyn 

et al. 2007), pollen-mediated transgene flow rates in cotton rarely exceed 1% of seeds at a 

distance of 10 meters into a field (Llewellyn and Fitt 1996, Umbeck et al. 1991, Zhang et 

al. 2005, Llewellyn et al. 2007, Van Deynze et al. 2005). Nevertheless, in 2004 I found 

7.5-8% adventitious presence of Bt cotton in non-Bt cotton experimental plots in 

Arizona, USA, likely resulting from adventitious presence in the planted seed (Heuberger 

et al. 2008a). In subsequent testing of commercial non-Bt cotton seed bags, three out of 

eleven bags contained 1% Bt seed, as indicated by presence of the Bt protein Cry1Ac 

(Heuberger et al. 2008a). The source of this gene flow was unknown (Heuberger et al. 

2008a).  

Outcrossing in cotton is mediated by bees and not by wind (Van Deynze et al. 

2005), which presents a challenge for modelers, because the precise relationship between 

pollinators and gene flow is difficult to quantify (Beckie and Hall 2008). Two studies of 

transgene flow in cotton each reported that a location with abundant bees had higher 

outcrossing than a location with few bees (Llewellyn et al. 2007, Van Deynze et al. 

2005). However, while knowledge of pollinator effects is crucial for modeling gene flow 

in insect-pollinated crops (Hayter and Cresswell 2006), previous field studies have not 

precisely quantified the effect of pollinator density on transgene flow rates in cotton or 

any other crop. 

Here, I evaluated the relative importance of pollen- and seed-mediated gene flow 

in the spread of the cry1Ac transgene into non-Bt cotton seed production fields, and 
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developed a spatially-explicit statistical model for characterizing gene flow from multiple 

fields. I used geographic information system (GIS) and multiple logistic regression tools 

to simultaneously test the hypotheses that pollen-mediated gene flow would: 1) increase 

as the area of nearby Bt cotton fields increased, 2) decrease as nearby non-Bt cotton 

increased (Ceddia et al. 2009), 3) increase as the abundance of pollinating insects 

increased, and 4) increase as the abundance of adventitious Bt cotton plants increased. I 

also evaluated the spatial scale of pollen-mediated gene flow, the extent of seed-mediated 

gene flow from volunteer plants, and adventitious presence in the planted seed.  
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Methods 

 Transgene flow from Bt cotton to non-Bt cotton was monitored in ca. 130 ha of 

non-Bt cotton seed production fields in Arizona, USA in 2007. Such fields are grown by 

farmers under contract with seed companies and are used to produce both lint and seed. I 

selected three farms in western, central, and eastern Arizona, respectively, that I believed 

to be representative of cotton seed production fields in Arizona. From these farms, 15 

non-Bt cotton seed production fields, which ranged from 2.5 to 16 ha, were selected 

based on, 1) availability of subsampled seed from the planted seed lot, 2) receiving news 

of the field before the rows were cultivated for weed management, 3) accessibility, and 4) 

maximizing the distance between monitored fields (no adjacent fields were selected). 

Although I used the Bt protein Cry1Ac as a marker for gene flow from Bt cotton, I note 

that some cotton grown in Arizona produces two Bt proteins: Cry1Ac and Cry2Ab. Five 

non-Bt cotton varieties were represented in the monitored fields, of which four varieties 

were transgenic for glyphosate resistance. 

 

Examining Sources of Seed-Mediated Gene Flow 

 I tested seed from the six seed lots used in planting the 15 monitored fields for 

Cry1Ac. Seed samples were provided by growers and were collected from seed bags or 

recently filled hoppers on the planting equipment. When possible, I collected multiple 

seed samples from a seed lot for archiving. From each seed lot, 200 seeds were tested 

with a lateral flow immunoassay (Cry1Ab/Ac ImmunoStrips, Agdia Inc., Elkhart, IN). 

Each seed was halved, with one half of the kernel tested in a pool and the other half 
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archived. Pools of 25 seed halves were tested together, with pools of 24 non-Bt seed 

halves plus one Bt seed half serving as positive controls, and buffer as the negative 

control. I followed the manufacturer’s protocol, but increased extraction time from 30 s 

to 2 h to yield clearer test results (Heuberger et al. 2008a). All controls (20 positive, 20 

negative) produced expected results. For pools testing positive, archived seed halves were 

tested with ImmunoStrips following the manufacturer’s guidelines to quantify the number 

of Bt seeds in the pool (Heuberger et al. 2008a). The proportion of adventitious presence 

of the cry1Ac transgene in each seed lot was estimated as the number of Cry1Ac positive 

seeds divided by the total number of seeds tested.  

 To quantify volunteer plants emerging from the soil seed bank, I walked a 

minimum of four transects through each field, inspecting a minimum of eight rows soon 

after plants emerged but before rows were cultivated to manage weeds. I noted and 

sampled cotton plants outside of rows and residual cotton lint with seeds in the soil.  

 

Assessing Factors that Enhance Pollen-Mediated Gene Flow  

 I monitored pollinator activity in fields every two weeks throughout peak 

flowering with visual surveys. Fields were monitored two to five times, depending on 

their flowering period and accessibility. Fields were inaccessible during flood irrigation 

and some fields were frequently flooded. For visual monitoring, I walked a consistent 

pace (~0.5m/s) along the centermost row of a field and both edge rows, counting the 

number of open white flowers and the number of pollinating insects (i.e., insects moving 

among flowers and foraging inside flowers) (McGregor 1959). Thus, approximately 
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5,000-13,000 plants, depending on field size, were surveyed during each monitoring, 

which lasted 20 min. to 1 hr. Honey bees Apis mellifera (L.) were identified to species 

while other pollinators were recorded and, when possible, collected for future 

identification. Nearly all pollinating insects were bees, with moths and wasps seen on 

rare occasion. Bumble bees (Bombus spp.) were not seen. For each field, the average 

number of honey bees and native bees per flower (i.e., bee densities) were separately 

calculated by dividing the total number of honey bees or native bees by the total number 

of flowers observed across monitoring dates (McGregor 1959).  

 Maps of all Arizona cotton fields in 2007, including identities of non-Bt and Bt 

cotton fields, were obtained from the Arizona Cotton Research and Protection Council 

(Carrière et al. 2005). Using ArcView GIS Version 3.1 (ESRI 1998), I drew twelve rings 

around the edge of each seed production field, with the first ring 250 m from the field 

edge, and each successive ring increasing in distance by 250 m (Fig. 1.1). The area of Bt 

and non-Bt cotton between the field edge and each ring (m2) was calculated with 

ArcView (Carrière et al. 2009). I observed substantial overlap in the flowering periods of 

monitored fields and neighboring Bt and non-Bt cotton fields.  

 

Plant Sampling and Analysis 

 While monitoring of pollinators and volunteer plants was performed in both edge 

and middle rows, I focused on sampling edge plants at the time of harvest. Pollen-

mediated gene flow rates in cotton tend to be low, and therefore are easiest to detect at 

the field edge where rates tend to be highest (Llewellyn et al. 2007). Therefore, focusing 
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on field edges allowed me to draw connections between explanatory variables and 

outcrossing rates by testing hundreds of seeds per field from the edges, rather than 

thousands of seeds from the center. 

 For each field, shortly before harvest, I sampled mature cotton bolls from each of 

100 plants (one boll per plant) from the four outer edges of the field (25 plants per edge). 

I equally sampled bolls from low, middle and high positions on the plants (Umbeck et al. 

1991). I sampled plants from the centermost 25 m of each field edge, as defined with 

GPS (eTrex Legend, Garmin). I also sampled 25 plants from corresponding interior 

sections 20 m into the field from each edge, but bolls from some of the interior sections 

were not analyzed (see below).    

 To assess pollen- and seed-mediated gene flow, bolls were tested for Cry1Ac with 

ImmunoStrips. I first tested bolls from field edges. Then, for each field from which 

outcrossing was identified at the edge, I randomly selected one edge with outcrossing and 

tested bolls from its corresponding interior sample. This method allowed me to 

investigate outcrossing levels further into the fields. Although I only collected full-sized 

bolls, some bolls from edge samples did not contain mature, testable seeds, decreasing 

the number of replicates (Table 1.1). In all, I analyzed samples from 1,211 plants (12,908 

seeds from 1,211 bolls) from edges and, from fields with detected outcrossing, 240 plants 

(2,400 seeds from 240 bolls) from the interiors (Table 1).  

  From each tested boll, I first tested 10 subsampled seeds as a pool and followed 

up with individual seed tests for Cry1Ac positive pools, as described above for seed bag 

samples. For bolls with <10 mature seeds, all seeds were tested in the pool. I also tested 
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tissue from the pericarp (i.e., fruit wall) of bolls with Bt seeds to differentiate between 

adventitious Bt plants and non-Bt plants outcrossed by Bt pollen (Heuberger et al. 

2008a). Bt-outcrossing (pollen-mediated gene flow) was identified by bolls with Bt toxin 

detected in some of the seeds but not in the maternal pericarp tissue. However, 

adventitious plants (seed-mediated gene flow) were identified by detectable Bt toxin in 

both seeds and pericarp tissues. Adventitious plants were further sorted by whether they 

contained only Bt seeds or both Bt and non-Bt seeds. Bt plants producing both seed types 

are hemizygous and average 75% seeds with the Bt trait when they self-pollinate (Zhang 

et al. 2000). Calculating the relative proportions of hemizygous versus homozygous 

plants yields insight into the source of adventitious plants, as hemizygous plants result 

from cross-pollination events between Bt and non-Bt cotton in previous generations 

(Heuberger et al. 2008a). 

  Controls were run simultaneously with ImmunoStrips tests. For seed pool tests, I 

used 10 pooled non-Bt cotton seeds as negative controls, and one Bt cotton seed plus nine 

non-Bt cotton seeds as positive controls. Seventy pairs of controls were run, and all 

produced expected results. For individual seed tests, 20 control pairs of individual Bt and 

non-Bt cotton seed halves were tested and produced expected results. For pericarp 

testing, pericarp samples from Bt and non-Bt cotton bolls were used as controls. Out of 

seven control pairs, one negative control produced a weak false positive result. As 

expected, all samples with positive pericarp tests contained >60% Bt seeds, while 

samples with negative pericarps had <20% Bt seeds, confirming the test’s utility for 

differentiating between pollen- and seed-mediated gene flow (Heuberger et al. 2008a).  
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Statistics 

 I used multiple logistic regression followed by likelihood ratio tests to assess the 

effects of the explanatory variables on the odds of pollen-mediated gene flow. To do this, 

I used the nominal logistic regression platform and the generalized linear model platform 

in JMP 8.0 (SAS Institute 2008). Both platforms produced the same results, but the 

nominal logistic regression platform provided odds ratios and their confidence intervals, 

while the generalized linear model platform facilitated tests for overdispersion. To avoid 

bias, the procedure for building my statistical model was determined in advance, 

including the experimental unit, response variable, statistical test, and criteria for 

excluding explanatory variables from the final model.   

 Because the same bee visit could result in cross-pollination of multiple ovules in a 

cotton flower, I considered individual bolls, rather than individual seeds, as the 

experimental unit in statistical analyses. This is identical to an analysis with individual 

plants as the experimental unit, as only one boll was collected from each sampled plant. 

The response variable was a binomial count of the number of Bt-outcrossed and non-

outcrossed seeds in individual bolls from non-Bt cotton plants at the edge of monitored 

fields. Explanatory variables included the total area of Bt cotton and the total area of non-

Bt cotton in a designated ring around each monitored field, pollinator density in the 

monitored field (honey bees or native bees per flower), and the proportion adventitious Bt 

cotton plants at the edge of the monitored field. Transformations of explanatory variables 

were performed, as needed, to meet assumptions of linearity and homogeneity of the 
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residuals. A summary of the explanatory variables and their transformations is included 

in Table 1.2. 

 The analysis was performed separately for each spatial scale (Fig. 1.1), with the 

area of nearby Bt and non-Bt cotton fields varying among spatial scales, while bee 

densities and the proportion of adventitious plants remained constant. I also considered 

the interaction between adventitious plants and the area of Bt cotton at each spatial scale, 

as I suspected that adventitious plants would diminish the association between nearby Bt 

cotton fields and outcrossing, based on findings from my 2004 field study (Heuberger et 

al. 2008a).   

 The uncertainty (U) coefficient of determination (R2) is the proportion of 

variation (uncertainty) in the dataset that is attributable to the logistic regression model. 

This parameter is equivalent to the R2 used in linear regression, but tends to be much 

lower in logistic regression because it depends on the negative sum of the logs of 

observed probabilities (SAS Institute 2008). As I increased the spatial scale of analysis 

(Fig. 1.1), I expected R2 to increase if the added area helped to explain outcrossing, but to 

decrease once the scale exceeded the distance to which outcrossing occurred. Thus, I 

plotted R2 for each spatial scale and used the scale with a maximum R2 in my final 

analysis (Carrière et al. 2009). Explanatory variables for which P>0.05 at all spatial 

scales of the analysis were excluded from the final model. 

Previous studies modeled gene flow as a function of distance from the nearest 

transgenic source field. To compare this method with my spatially-explicit approach, I 

performed a logistic regression analysis where the shortest distance from each monitored 
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field to the nearest Bt cotton field (log transformed) was substituted for the area of 

neighboring Bt cotton. For both the distance model and spatially-explicit model, deviance 

goodness-of-fit tests and overdispersion parameters (values ≠ 1 conflict with the 

assumption of binomial distribution) were used to determine whether the sample data 

followed a binomial distribution, and corrections for overdispersion were applied where 

needed (SAS Institute 2008). 

 Finally, I compared outcrossing in samples from the edge of fields versus the 

interior of fields (20 m inside of fields) to test the hypothesis that outcrossing declines 

with distance into a field. To do this, for each field I subtracted the proportion of sampled 

bolls from non-Bt cotton plants that contained Bt-outcrossed seeds in the interior samples 

from the proportion in their paired edge samples. I then used a one-tailed, paired t-test to 

determine whether this difference was greater than zero. All of the above statistics were 

performed with JMP 8.0 (SAS Institute 2008). 

 To determine the sampling power of my study, Yves Carrière ran a resampling 

program where 1000 samples of the sizes used in my study were drawn from a population 

with a hypothesized rate of Bt seeds or plants. Averaged across samples, adventitious 

presence was always equal to the rate specified in simulations, but some samples did not 

detect Bt seeds or plants. From these simulated samples, Dr. Carrière determined the 

proportion from which at least one positive seed or plant was detected. In my testing of 

seed lots (n = 200 seeds/lot), I had an 86% chance of detecting adventitious presence in a 

seed lot if the gene flow rate was 1%, and a 98.8% chance of detecting it if the rate was 

2%. My rate of detecting Bt-outcrossed seeds in any given cotton field (n = ~800 
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seeds/field) was 87.7% if the true outcrossing rate was 0.25%, and 98.1% if the 

outcrossing rate was 0.5%. The probability of detecting adventitious Bt cotton plants in 

an individual field at my sample size of ca. 80 plants per field was 96.5%, 86.8%, or 

62.3% if the true proportion of adventitious Bt cotton plants was 3.75% (3/80), 2.5% 

(2/80), or 1.25% (1/80), respectively. 
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Results 

 Two of the six seed lots used to plant the monitored non-Bt cotton seed 

production fields contained detectable levels of Bt cotton seed, as indicated by presence 

of the Cry1Ac protein. Seed Lot I contained 20% Bt seed, while Seed Lot II contained 

0.5% Bt seed (Table 1.3). After finding the seed bag with 20% Bt seed, I tested 25 seeds 

from a second seed bag from the same seed lot and found 28% Bt seed. Seed Lot I was 

used to plant two of the 15 monitored fields, from which 17% (Field A) and 23% (Field 

B) of plants sampled from field edges were adventitious Bt plants (Table 1.3). Thus, 

adventitious presence of the cry1Ac transgene was consistent throughout this seed lot 

based on two estimates from seed bags (mean = 24%) and two estimates from tested 

cotton plants (mean = 20%). Plotting the distribution of adventitious plants across fields 

revealed Fields A and B to be outlier data points. Therefore, logistic regression analyses 

for outcrossing were performed with and without these fields. 

 A high estimated rate of adventitious presence in a third field was attributed to 

planting error (Field C, Table 1.3). All plants tested from one edge were adventitious Bt 

plants (n = 24), yet no plants from the other three edges contained Cry1Ac (n = 63). I 

tested one plant from the corresponding interior sample to determine the extent of the 

planting mistake. It was negative, indicating that fewer than 20 rows were affected. 

Because adventitious presence was not uniform throughout Field C, the misplanted edge 

was considered to be part of an adjacent Bt cotton field for statistical analyses.  

Adventitious Bt plants were identified in 10 of the 15 fields, with a median rate of 1% of 

plants sampled from field edges (Table 1.3). 
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 Pollen-mediated gene flow from Bt cotton was rare (Table 1.1). On average, only 

0.23% of seeds from non-Bt cotton plants at field edges contained Cry1Ac (n = 15 fields, 

95% confidence interval (CI) = 0.092-0.37%). At any scale of analysis (Fig. 1.1), the area 

of neighboring non-Bt cotton and the density of native bees in monitored fields were not 

significantly associated with the odds of Bt-outcrossing of non-Bt cotton plants (P>0.05), 

after accounting for the effects of the other explanatory variables. Thus, these factors 

were excluded from the statistical model.  

 My final model of pollen-mediated gene flow included the density of honey bees 

in monitored fields, the proportion of adventitious Bt cotton plants in monitored fields, 

the area of Bt cotton fields surrounding the monitored fields (using various spatial scales 

of analysis, Fig. 1.1), and the interaction between these last two factors. The uncertainty 

coefficient of determination (R2) peaked at a scale of 750 m from the field edge for 

models with and without Fields A and B (Fig. 1.2). However, R2 was lower when scales 

beyond 750 m (1000-3000 m) were considered, suggesting that Bt cotton at distances of 

more than 750 m from the field edge did not affect outcrossing (Fig. 1.2). Therefore, I 

assessed factors affecting outcrossing at the 750 m scale.  

At the 750 m scale, the area of Bt cotton surrounding a seed production field and 

the density of foraging honey bees were positively associated with the odds of Bt-

outcrossing of non-Bt cotton plants for models with or without Fields A and B (Table 1.4, 

Table 1.5). For the model with all 15 fields, the proportion of adventitious Bt cotton 

plants in the monitored fields was also positively associated with Bt-outcrossing (Table 

1.4, Table 1.5), and there was a significant negative interaction between the area of 
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nearby Bt cotton fields and adventitious Bt plants (Table 1.4). Thus, as the proportion of 

adventitious Bt plants in seed production fields increased, the effect of nearby Bt cotton 

fields on outcrossing rates declined. However, the contribution of adventitious Bt cotton 

plants was not statistically significant in the model without Fields A and B (Table 1.4). 

The equation for the odds of pollen-mediated gene flow in the final model with all 15 

fields was: logit(π) = -11.7 + 22.0(honey bee density) + 0.40(area of Bt cotton within 750 

m) + 17.4(adventitious Bt plants) – 1.5(area of Bt cotton within 750 m)(adventitious Bt 

plants). The following very similar equation describes the model with 13 fields: logit(π) = 

-11.5 + 22.8(honey bee density) + 0.38(area of Bt cotton within 750 m) + 

10.7(adventitious Bt plants) – 1.1(area of Bt cotton within 750 m)(adventitious Bt plants). 

See Table 1.2 for details on the transformations of the above explanatory variables. There 

was no evidence of overdispersion, as the overdispersion statistic was 1.5 and lack of fit 

was not significant (χ2 = 15, P = 0.14 and χ2 = 14, P = 0.072 for the models with and 

without Fields A and B, respectively).  

 The distance between the monitored fields and their nearest Bt cotton fields (log 

transformed) was negatively correlated with the area of Bt cotton within 750 m of the 

monitored fields (log transformed) (r = -0.86, P<0.0001). For the analysis based on 

distance, lack of fit was significant (χ2 = 28, P = 0.0017 and χ2 = 24, P = 0.0022 for 

models with and without Fields A and B, respectively; overdispersion = 1.9 and 2.1, 

respectively). Because lack of fit was significant, I corrected for overdispersion in the 

distance model (SAS Institute 2008). With or without Fields A and B, after correcting for 

overdispersion, there was no significant association between outcrossing and distance to 
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the nearest Bt cotton field (P>0.12), or the other factors in the model, including honey 

bee density (P>0.12), adventitious Bt plants (P>0.11), and the interaction between 

distance and adventitious plants (P>0.28).   

 In the experiment comparing paired edge and interior field samples, there was a 

trend for a decline in the proportion of non-Bt cotton bolls containing Cry1Ac positive 

seeds from the edge to the interior of fields (Table 1.1), but this trend was not statistically 

significant (t9 = 1.6, one-sided P = 0.072). The presence of adventitious Bt plants (i.e., 

seed-mediated gene flow) did not differ between edge and interior samples either (paired 

t-test excluding the planting mistake in Field C, t9 = 0.39, two-sided P = 0.71). Similarly, 

honey bee densities appeared consistent across fields, with no difference between edge 

and middle rows (paired t-test, t14 = 1.1, two-sided P = 0.29). Honey bees comprised 88% 

of the observed foraging bees, while native bees were less abundant in all fields (<0.5 

native bees per 100 flowers). 

 The seed composition of bolls revealed that ten of the 74 identified adventitious 

Bt plants (13.5%) were hemizygous for the cry1Ac transgene (see Table 1.3). Bolls from 

these plants contained, on average, 79% (95% CI = 72-86%) Bt seeds, which is not 

significantly different from the 3:1 ratio for hemizygous cotton plants that self-pollinate 

(t9 = 1.3, P = 0.24). 

 I found no evidence that volunteer plants contributed to gene flow. Fewer than 

two plants per kilometer of monitored row (<0.01% of plants) emerged outside of planted 

rows, even in fields where residual cotton lint was visible. Moreover, rare plants outside 

of rows could have resulted from flaws in the planting machinery. As volunteer plants 
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were an unlikely source of gene flow, I did not follow up with ImmunoStrips tests of the 

plants occurring outside of rows. 
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Discussion 

 Although seed-mediated gene flow has received less attention than pollen-

mediated gene flow in the literature (Beckie and Hall 2008), it was clearly the most 

prominent source of cry1Ac transgene flow in this study (Table 1.1, Table 1.3). Seed-

mediated gene flow resulted primarily from adventitious presence in the planted seed and 

from planting error, although some fields with no evidence of these sources contained 

low percentages of adventitious plants (Table 1.3). Some adventitious plants were 

hemizygous for cry1Ac (Table 1.3), indicating pollen-mediated gene flow in previous 

generations, either of Bt pollen into non-Bt cotton plants, or of non-Bt pollen into 

adventitious Bt cotton plants (Heuberger et al. 2008a). In fields where gene flow entered 

via the planted seed, most adventitious Bt plants were homozygous, suggesting that seed-

mediated gene flow was the original source of gene flow (Table 1.3, Fields A-F).  

Pollen-mediated gene flow of the cry1Ac transgene was also observed, but 

occurred at rates below 1% at field edges (Table 1.1). While other authors have noted the 

relevance of pollinator abundance, adventitious plants, and the area of surrounding crops 

to pollen-mediated gene flow (Beckie and Hall 2008, Colbach 2009, Colbach et al. 2010), 

to my knowledge, this is the first empirical study to statistically describe the concurrent 

effects of these factors on gene flow rates. I showed that a spatially-explicit analysis 

based on the area of nearby crops compared favorably to the simplest distance-based 

analysis. Honey bees appeared to be the primary outcrossing agent in the seed production 

fields, which was also noted in previous cotton outcrossing studies (e.g., McGregor 1959, 

Free 1993, Llewellyn et al. 2007). Native bees did not appear to increase outcrossing 
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significantly, perhaps due to their low abundance. The area of Bt cotton fields within 750 

m of the monitored fields best explained outcrossing rates, as the explanatory power of 

the model was lower at smaller or larger scales (Fig. 1.2). The 750 m scale of outcrossing 

falls within the foraging range of honey bees, which has been documented at over 3000 m 

(Eckert 1933). I expected neighboring non-Bt cotton fields to reduce Bt-outcrossing by 

acting as an alternative sink for Bt pollen and as a competing pollen source, but did not 

observe this effect at the sample size used.    

I did not detect a significant difference in outcrossing between field edges and 

samples taken 20 m from the edge. I note that my study design could have potentially 

overestimated differences in outcrossing between the edge and interior samples, because I 

only tested interior samples if outcrossing was already detected at the corresponding 

edge. However, this would not affect my conclusion that no significant difference was 

observed at the sample size used. Similarly, in my 2004 study conducted in non-Bt cotton 

plots with 7.5-8% adventitious presence of Bt plants, I observed no significant decline in 

outcrossing with distance from the adjacent Bt cotton plots (Heuberger et al. 2008a). 

Small-scale field trials in other regions reported dramatic decreases in Bt-outcrossing 

with distances of 20 m or less into non-Bt cotton buffers surrounding Bt cotton test plots 

(Umbeck et al. 1991, Llewellyn and Fitt 1996, Zhang et al. 2005). Unharvested buffers of 

non-transgenic plants are commonly used as a sink to contain transgenic pollen (Beckie 

and Hall 2008). My study showed that gene flow rates did not always drop off at 20 m. 

However, this result does not imply that outcrossing at the edge of fields is representative 

of the entire field, as samples beyond 20 m from the field edge were not taken. 
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I expect that pollen-mediated gene flow rates would be lower in the center of 

fields (Llewellyn et al. 2007). However, edge sampling was the most efficient way to 

maximize detection of outcrossing in this study, as cotton is a low outcrossing crop. I 

assume that the significant association between my explanatory variables and pollen-

mediated gene flow rates extend to whole fields, as field edges are a point of entry into 

the rest of the field. A more extensive survey with higher sample sizes to detect low gene 

flow rates in the interior of fields would be needed to demonstrate that these explanatory 

variables are associated with pollen-mediated gene flow rates throughout the field. 

Adventitious Bt cotton plants may have acted as a source of pollen-mediated gene 

flow (Heuberger et al. 2008a, Goggi et al. 2006, Bannert and Stamp 2007) (Table 1.4), 

and enhanced outcrossing levels 20 m inside fields where little outcrossing from 

neighboring fields was expected. There was some evidence that adventitious Bt cotton 

plants diminished the association between neighboring Bt cotton fields and pollen-

mediated gene flow (Table 1.4), suggesting that the two pollen sources may compete to 

outcross non-Bt cotton plants. However, the contribution of adventitious Bt cotton plants 

and the interaction between the two Bt pollen sources were only significant when Fields 

A and B, which had high adventitious presence throughout (Table 1.3), were included in 

the analysis. Data from more fields with intermediate to high adventitious presence (i.e., 

3-28%; see Table 1.3) would be needed to more fully detail the contributions of 

adventitious Bt cotton plants to outcrossing.  

Other factors, in addition to those measured in this study, may also influence gene 

flow patterns. For example, the extent of overlap in flowering periods and characteristics 
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of specific crop varieties may influence the extent of cross-pollination between any two 

crop patches (Beckie and Hall 2008). The robust statistical association between the 

variables in my model (Table 1.4) suggests that pollinator abundance and the area of 

surrounding Bt cotton fields are key variables that influence pollen-mediated gene flow. 

 In the United States, non-transgenic crops do not require separation from 

transgenic crops that have received government approval (Van Deynze et al. 2005), 

unless they are labeled as “GE-free” or “organic” (National Research Council 2010). The 

seed examined in this study did not have these labels. Furthermore, most of the non-Bt 

cotton varieties included in this study were transgenic for herbicide resistance, and thus 

were not intended for the GE-free or organic markets. Nevertheless, adventitious 

presence of the Bt trait is a concern for non-Bt cotton refuges used in pest resistance 

management programs in many countries (Chilcutt and Tabashnik 2004, Heuberger et al. 

2008b, Showalter et al. 2009). Refuges are intended to increase the proportion of Bt-

susceptible insects in a pest population (Carrière et al. 2004a). Adventitious presence of 

Bt cotton in refuges could accelerate resistance by increasing the mortality of susceptible 

insects or shifting the dominance of resistance (Heuberger et al. 2008b, Chilcutt and 

Tabashnik 2004).   

 I note that the seed produced in monitored fields may not have been sold to 

growers. While the United States does not have strict labeling thresholds for adventitious 

presence of the Bt trait in seed, seed companies sometimes voluntarily reject seed lots 

with adventitious presence of transgenes. However, as I observed in fields planted with 
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the seed lot containing 20% adventitious presence (Table 1.3), gene flow can go 

overlooked and persist across generations in the seed production setting.  

Although one field season does not capture variability among years, it provides a 

detailed snapshot of the factors that contribute to transgene flow. Results from this study 

suggest that crop spacing can be used to limit unwanted gene flow, as Bt cotton fields 

>750 m from the edge of monitored fields did not appear to contribute to outcrossing. 

However, pollen-mediated transgene flow rates were always low in this study (i.e., <1% 

of seeds at the field edge), even in monitored fields that were near Bt cotton fields (Table 

1.1). This suggests that spacing fields hundreds of meters from transgenic crops is 

unnecessary for cotton, even in the European Union where the labeling threshold for 

adventitious presence in crops is 0.9% (European Union 2003). However, this study 

demonstrates the potential for seed-mediated gene flow to become prominent in settings 

where actions are not taken to keep adventitious presence in check. The ecological 

patterns underlying gene flow in this study could apply to related seed production 

systems, particularly for other insect-pollinated transgenic crops. In settings where seed 

purity is desirable, seed producers and decision makers should consider 1) screening 

seeds to monitor adventitious presence in the seed supply, and 2) communicating the 

importance of segregating seed types at planting to reduce human error.      
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Table 1.1: Pollen-mediated gene flow of the cry1Ac transgene in non-Bt cotton fields, sample sizes, and field 
attributes.  
 

 

 

 

 

 

 

 

 

 

 

aNumber of tested plants, including the total number of edge plants, the number of edge plants included in the paired 
analysis (where applicable), and the number of plants collected 20 m in from the field edge for paired analysis (where 
applicable).  

bHoney bee (HB) density from visual monitoring (honey bees/100 flowers).  

Field Plants (n)a  Distance to nearest 
Bt cotton field (m) 

HB/100 
flowersb 

Pollen-mediated gene flow 
(% of seeds)  

 Total 
Edge 

Paired 
Edge 

20 m   Total 
Edge 

Paired 
Edge 

20 m 

A 77 15 24 727 0.15 0.63 3.1 0 
B 78 15 24 245 0.25 0.17 1.0 0 
C 87 24 24 5 0.033 0.48  0.83 0 
D 78 --- --- 11 0 0 --- --- 
E 78 15 24 33 0 0.13 0.67 0 
F 96 24 24 8 0.014 0.42 1.7 0 
G 78 15 24 578 0.45 0.51 1.3 0 
H 78 --- --- 951 0.28 0 --- --- 
I 78 24 24 835 2.4 0.13 0.42 2.6 
J 67 24 24 666 1.5 0.15 0.42 0 
K 87 24 24 12 0.8 0.71 0.87 1.7 
L 78 24 24 943 2.5 0.13 0.44 0.83 
M 77 --- --- 1997 2.2 0 --- --- 
N 87 --- --- 9 0 0 --- --- 
O 87 --- --- 9 0 0 --- --- 
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Table 1.2: Summary of variables included in the full logistic regression analysis. 
Variables that were not significant (α > 0.05) at any of the spatial scales in the model 
with all 15 fields were excluded from further analyses. 
 

Variable Transformation Constant across scales of 

analysis? 

1. Honey bee density (bees per 

flower) 

arcsine√x Yes. Measurement was 

from inside the monitored 

field. 

2. Native bee density (bees per 

flower) 

arcsine√x Yes. Measurement was 

from inside the monitored 

field. 

3. Area of Bt cotton in 

neighboring fields (ha) 

log (x+1) No. Variable calculated 

separately for each spatial 

scale of analysis. 

4. Area of non-Bt cotton in 

neighboring fields (ha) 

log (x+1) No. Variable calculated 

separately for each spatial 

scale of analysis. 

5. Proportion of plants that 

were adventitious Bt cotton 

plants  

arcsine√x Yes. Measurement was 

from inside the monitored 

field. 

6. Interaction between 

variables 3 and 5  

N/A No. Contained variable 3, 

which changed with scale. 
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  Table 1.3: Seed-mediated gene flow of the cry1Ac transgene in monitored non-Bt cotton fields.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aPercentage of plants that were adventitious Bt cotton plants in samples taken from the field edge or 20 m in 
from a field edge, if applicable. 

bPercentage of adventitious Bt cotton plants that were hemizygous for the Bt trait. 
cPutative source of seed-mediated gene flow. 

Field Seed lot Adventitious presence 

in planted seed (%) 

Adventitious 

plantsa (%) 

Hemizygousb 

(%) 

Sourcec 

   Edge 20 m   

A I 20 17 17 5.9 Seed bag 
B I 20 23 25 4.2 Seed bag 
C II 0.5 28 0 13 Planting error 
D II 0.5 0 --- --- --- 
E II 0.5 0 0 --- --- 
F II 0.5 1.0 0 100 Seed bag 
G III 0 0 0 --- --- 
H III 0 0 --- --- --- 
I IV 0 0 4.2 100 Unknown 
J IV 0 0 4.2 100 Unknown 
K IV 0 2.3 0 100 Unknown 
L IV 0 1.3 0 0 Unknown 
M V 0 0 --- --- --- 
N VI 0 1.1 --- 0 Unknown 
O VI 0 2.3 --- 0 Unknown 
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Table 1.4: Effect likelihood ratio tests for pollen-mediated gene flow of the cry1Ac 
transgene in monitored non-Bt cotton fields. Significance levels (P-values) for each 
factor from models with and without Fields A and B (Table 1.1, Table 1.3) are given. See 
Table 1.2 for details on the explanatory variables. 
 

 

aArea of Bt cotton fields within 750 m of the edge of monitored non-Bt cotton fields.  

 

 

 

 

 

 

 

 

Explanatory variable 15 fields 13 fields 

 χ2 Significance χ2 Significance 

Honey bee density 10.4 P = 0.0013 10.4 P = 0.0013 

Area of Bt cotton within 750 ma  15.5 P < 0.0001 13.0 P = 0.0003 

Adventitious Bt plants (%)  11.5 P = 0.0007 0.66 P = 0.42 

Interaction 10.0 P = 0.0016 0.96 P = 0.33 
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Table 1.5: Range odds ratiosa for the effects of the explanatory variables on outcrossing, 
from a simplified model without the interaction term (odds ratios of interactions are 
difficult to interpret). Results from models with and without Fields A and B are given. 
 

 

aRange odds ratios estimate the change in the odds of an event (i.e., outcrossing) over the 
observed range of an explanatory variable (SAS Institute 2008). For instance, in the field 
with the most honey bees, plants had 6.4-fold higher odds of outcrossing than in the 
field with the fewest honey bees for the 15 field model.  

 

 

 

 

 

 

 

 
  

Explanatory variable 15 fields 13 fields 

 Odds 

ratioa 

Confidence 

interval 

Odds 

ratioa 

Confidence 

interval 

Honey bee density  6.4 1.1-39 30 3.7-270 

Area of Bt cotton within 750 m 9.1 1.5-65 84 6.3-2900 

Adventitious Bt plants (%)  2.3 0.63-6.9 --- --- 



 

 
 

Figure 1.1: Diagram of rings drawn around a hypothetical cotton field. 
250 m from the field edge, and each subsequent ring increases in radius by 250 m. The 
area of non-Bt and Bt cotton was measured at each increasing scale. Light and dark gray 
represent non-Bt and Bt cotton, respectively, and the black rectangle represents a 
monitored non-Bt cotton field. For actual monitored fields, some rings overlapped those 
of nearby monitored fields.

Diagram of rings drawn around a hypothetical cotton field. The first ring is 
250 m from the field edge, and each subsequent ring increases in radius by 250 m. The 

t cotton was measured at each increasing scale. Light and dark gray 
Bt and Bt cotton, respectively, and the black rectangle represents a 
Bt cotton field. For actual monitored fields, some rings overlapped those 

ed fields. 
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The first ring is 
250 m from the field edge, and each subsequent ring increases in radius by 250 m. The 

t cotton was measured at each increasing scale. Light and dark gray 
Bt and Bt cotton, respectively, and the black rectangle represents a 
Bt cotton field. For actual monitored fields, some rings overlapped those 
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Figure 1.2: Uncertainty coefficient of determination (R2) for multiple logistic regression 
of pollen-mediated gene flow. The area of Bt cotton at various distances from the edge of 
monitored non-Bt cotton fields was considered in separate analyses for each scale. Honey 
bee density, the proportion of plants in the monitored non-Bt cotton fields that were 
adventitious Bt plants, and the interaction between Bt cotton fields and adventitious 
plants were also in the analyses. Pollen-mediated gene flow of the cry1Ac transgene was 
the response variable for the analyses. Results with Fields A and B (solid line) and 
without Fields A and B (dashed line) are shown. 
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CHAPTER 2: MODELING THE EFFECTS OF PLANT-TO-PLANT GENE FLOW, 
LARVAL BEHAVIOR, AND NON-COTTON REFUGES ON PEST RESISTANCE TO 

BT COTTON* 
 

*A version of this manuscript is accepted for publication in Environmental Entomology 
as Heuberger S, Crowder DW, Brévault T, Tabashnik BE and Carrière Y. Modeling the 
effects of plant-to-plant gene flow, larval behavior, and non-cotton refuges on pest 
resistance to Bt cotton (In Press).  
 

Abstract 

 Growers of Bacillus thuringiensis (Bt) crops use refuges of non-Bt plants to delay 

pest resistance. Plant-to-plant gene flow between Bt and non-Bt crops, however, could 

reduce the benefits of this strategy. I used simulation modeling to explore how pollen- 

and seed-mediated gene flow could affect evolution of resistance in a generic pest 

exposed to small cotton fields, particularly in regions where growers use farm-saved 

seed. I examined the effects of moderate and high gene flow rates, which were based on 

empirical data, as well as the effects of larval feeding behavior, dominance of resistance, 

refuge type and abundance, and the interactions among these factors. With either 

completely dominant or completely recessive inheritance of resistance, gene flow among 

plants and larval feeding behavior had limited practical impact on resistance evolution. 

With intermediate dominance, however, moderate or high gene flow among plants 

substantially accelerated resistance evolution in some simulations where non-Bt cotton 

refuges were 5 or 20% of the cotton acreage. The acceleration was greater when larvae 

moved and fed indiscriminately among Bt and non-Bt cotton plants than when larvae 

were sedentary or discriminated among plant types. Adding non-cotton hosts to the 
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landscape delayed resistance, but increasing the non-Bt cotton refuge from 20% to 50% 

of the cotton acreage had positive, negative, or neutral effects, depending on dominance, 

the amount of non-cotton hosts, and larval feeding behavior. The results suggest that, 

under some conditions, reducing gene flow between refuges and Bt crops could help to 

delay pest resistance. 
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Introduction 

Transgenic Bacillus thuringiensis (Bt) cotton and corn are used worldwide to 

control key pests (James 2009). After more than a decade of commercial use, Bt crops 

remain effective against most pest populations, but reports of resistance in five pests 

underline the importance of rigorous resistance management (Tabashnik et al. 2008, 

2009, Bagla 2010, Carrière et al. 2010, Downes et al. 2010). Most resistance management 

programs use a high dose of Bt toxin in transgenic plants to lower the fitness conferred by 

resistance alleles, and "refuges" of non-Bt host plants near Bt crops to maintain high 

frequencies of susceptible insects (Gould 1998, Carrière et al. 2010). Previous modeling 

studies compared fields with a random mixture of Bt and non-Bt plants (seed mixtures) to 

pure fields of non-Bt plants (external refuges) near Bt fields and showed that, under 

certain conditions, resistance evolved faster with seed mixtures (Mallet and Porter 1992, 

Tabashnik 1994, Onstad and Gould 1998). Compared to external refuges, seed mixtures 

may increase the mortality of Bt-susceptible insects if larvae move randomly among 

plants (Mallet and Porter 1992).  

External refuges and pure Bt fields can unintentionally become mixtures of Bt, 

non-Bt, and hemizygous (i.e., containing one copy of the transgene) plants if gene flow 

between the fields is prominent (Chilcutt and Tabashnik 2004, Heuberger et al. 2008a). In 

cotton, pollen-mediated gene flow (PMGF) occurs when bees transport pollen between Bt 

and non-Bt fields, and the resulting outcrossed seeds are planted the next year. Seed-

mediated gene flow (SMGF) can result from impurities in the purchased seed, accidental 

mixing of seed types, or residual seed left in the soil from previous seasons (National 
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Research Council 2010). Both PMGF and SMGF have been documented in Arizona 

cotton, resulting in up to 20% Bt cotton plants in non-Bt cotton fields (National Research 

Council 2010). PMGF could be especially prominent in areas where fields are small and 

seed saving by farmers is common, as is true in much of the developing world (Bellon 

and Berthaud 2004, Huang et al. 2009, Showalter et al. 2009, Tripp 2009).           

As plant-to-plant gene flow is common in Arizona and perhaps other places, I 

used simulation models to assess its potential effects on pest resistance. Whereas the 

relevant large-scale field experiments are impractical and could compromise resistance 

management strategies, simulations can be helpful for addressing this issue. In previous 

modeling work, low rates of gene flow from Bt cotton fields to non-Bt cotton refuges had 

little effect on resistance in Pectinophora gossypiella (Saunders), a cotton pest with 

recessive resistance and seed-eating larvae that develop on a single plant (Heuberger et 

al. 2008b). I hypothesized that gene flow could have greater effects when it accumulated 

across years, larvae moved among plants, and resistance was not recessive (Heuberger et 

al. 2008b). Here, I simulated resistance evolution in a hypothetical cropping system 

where gene flow between single-toxin Bt cotton fields and non-Bt cotton refuges 

persisted or accumulated across years. Although Bt crops with multiple toxins are 

increasingly adopted, single-toxin Bt cotton continues to be used extensively in much of 

the developing world (James 2009). Specifically, I evaluated how resistance was affected 

by plant-to-plant gene flow, larval feeding behavior, the dominance of resistance, the 

abundance of non-Bt cotton and non-cotton refuges, and interactions among these factors.  
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Methods 

I performed simulations of a deterministic model in Visual Basic (Microsoft Excel 

2007) to explore the effects of plant-to-plant gene flow on resistance evolution in a 

generic pest (Fig. 2.1). Where possible, parameters came from empirical data. Natural 

selection on the pest population occurred every generation, resulting in a change in the 

frequency of resistance alleles. Meanwhile, plant-to-plant gene flow between the fields 

occurred yearly, resulting in a change in the phenotypic composition of plant patches 

(Fig. 2.1). The landscape consisted of three patch types: 1) Bt cotton fields, 2) non-Bt 

cotton refuges, and 3) non-cotton refuges. I define non-cotton refuges as plant species 

other than cotton that host pest larvae but are not sexually compatible with any Bt crop. 

Thus, they remain 100% non-Bt. 

 

Pest Assumptions 

Resistance to Bt cotton was conferred by one locus with two alleles: r (resistant) 

and s (susceptible) (Carrière et al. 2010) and was inherited as a recessive, intermediate, or 

dominant trait (Table 2.1). I modeled a generic pest with four generations per year and an 

initial r allele frequency of 0.001 (Tabashnik et al. 2008). Adults mated and oviposited 

randomly among patches, but larvae stayed in their natal patch. For simplicity, survival 

was the same on hemizygous or homozygous Bt cotton. I reported the time to resistance 

as years until the frequency of r alleles (p) reached 0.5. 

I assumed that larvae were 1) sedentary (fed only on the natal plant), 2) 

indiscriminate (fed on the natal plant plus four adjacent plants), or 3) discriminate (fed on 
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the natal plant and up to four adjacent plants but settled after encountering a non-Bt 

plant). Cotton plants are usually intertwined in the field, and some pests readily move 

between them (Halcomb et al. 2000, Men et al. 2005). I could not find published data on 

the full extent of larval movement among cotton plants and, therefore, I also conducted 

sensitivity analysis of movement to up to two or 10 plants in addition to the default value 

of five.  

 

Modeling the Change in Resistance Allele Frequency  

 The change in p over each generation was calculated as:  

WWWqWWpqpp ssrsrsrr /)](*)(*[** −+−=∆  

where q is the frequency of s alleles; Wrr, Wrs, Wss are fitnesses of insect genotypes rr , rs, 

and ss (Equation 2.9); and W  is the mean fitness of the three genotypes (Equation 2.10) 

(Carrière and Tabashnik 2001). Modeling results based on this simple population genetics 

equation matched field outcomes for resistance to Bt crops in six pest species (Tabashnik 

et al. 2008). 

 

Estimating Fitness of Sedentary, Indiscriminate, or Discriminate Larvae  

 Fitness of the modeled pest was based on average survival of key pest species, as 

calculated by Tabashnik et al. (2008). The parameters reflect incomplete resistance (i.e., 

fitness of rr  is lower on Bt plants than on non-Bt plants) and recessive fitness costs (i.e., 

fitness of rr is lower than rs and ss on non-Bt plants), which occur in many pests (Table 

2.1) (Gassmann et al. 2009, Carrière et al. 2010). I modified these parameters to allow 

2.1 
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larval movement among Bt and non-Bt cotton plants by considering larval fitness at each 

of five “feeding stages” (Table 2.1). Larvae that fed on five plants spent one feeding 

stage per plant, but those that settled spent one to five stages on the same plant. For an 

individual of genotype ij (where ij is ss, rs, or rr ), fitness for a single feeding stage was 

BWij on a Bt plant or NWij on a non-Bt plant (Table 2.1). Therefore, fitness of sedentary 

larvae in the Bt cotton fields (WijB) or non-Bt cotton refuge (WijN) was: 

WijB or N = [BWij5 * (PBt + PHemi)] + (NWij5 * PNBt) 

where PBt, PHemi, and PNBt are the proportions of Bt, hemizygous, and non-Bt cotton 

plants in the appropriate patch type (i.e., Bt cotton fields or non-Bt cotton refuge). BWij5 

and NWij5 are similar to fitnesses on Bt and non-Bt cotton from Tabashnik et al. (2008) 

(Table 2.1). Different from Tabashnik et al. (2008), however, ss fitness on Bt was >0, 

allowing me to simulate the small proportion of ss that moved from a Bt plant to an 

adjacent plant in discriminate or indiscriminate larvae. For some pests, a small percentage 

of ss can complete development on Bt plants by feeding on less toxic plant tissues 

(Adamczyk et al. 2001, Kranthi et al. 2005).  

 For larvae that moved indiscriminately among plants, fitness of the first feeding 

stage in the non-Bt cotton refuge (WijίN) or Bt cotton fields (WijίB) was: 

Wijί B or N = [BWij * (PBt + PHemi)] + (NWij * PNBt) 

Next, fitness on the four subsequent plants was calculated. I assumed that combinations 

resulting in exposure to the same number of Bt plants (“exposure level” = x, where x = 0 

to 4 Bt plants) caused the same mortality. For fields with both Bt and non-Bt plants, 16 

2.2 

2.3 
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scenarios of exposure were possible: four for x = 1 (i.e., BNNN, NBNN, NNBN, or 

NNNB), six for x = 2, four for x = 3, and one for x = 0 or x = 4. Fitness on subsequent 

plants in the Bt cotton fields (Wij σB) or non-Bt cotton refuge (Wij σN) was a sum of 

fitnesses at each exposure level x, weighted by the proportion of larvae exposed to each x:  

Wij σ B or N =∑
=

4

0x
T{ x} * ( PBt + PHemi)x * PNBt 4 –x * BWijx * NWij 4 –x 

where T{x} is the number of combinations resulting in each x (e.g., T{1} = 4). For 

indiscriminate larvae, fitness in the Bt cotton field (WijB) was (WijίB)*(WijσB) and fitness 

in the non-Bt cotton refuge (WijN) was (WijίN)*(WijσN). 

 Unlike indiscriminate larvae, discriminate larvae settled if they reached a non-Bt 

plant before the fifth feeding stage. Therefore, some underwent multiple stages of 

selection on the same non-Bt plant (Equations 2.5, 2.6). Individuals, including rr , that 

survived exposure to a Bt plant moved to another plant, up to a maximum of four 

movements. For discriminate larvae:  

For x = 0, Wijα = PNBt *NWij5         

For x = 1 to 4, Wijβ =∑
=

4

1x
(PBt + PHemi)x * PNBt * BWij x *  NWij 5 –x    

For x = 5, Wijγ = (PBt + PHemi)5 * BWij 5        

WijB or N = Wijα + Wijβ + Wijγ          

2.4 

2.5 

2.7 

2.8 

2.6 
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 When comparing sedentary, indiscriminate and discriminate larvae, NWij and 

BWij were consistent across simulations (Table 2.1). 

 

Weighting Fitness by the Landscape 

 Total fitness over the landscape (Wij) was calculated by weighting the fitness in 

each patch type by the composition of the landscape: 

Wij = (PCot * WijN * PNBtCot ) + [PCot * WijB * (1-PNBtCot)] + (POther * WijO)  

where PCot is the proportion of the host landscape planted to cotton, PNBtCot is the 

proportion of cotton that is non-Bt cotton refuge, and POther is the proportion of the 

landscape that is non-cotton refuge (i.e., 1 – PCot). WijO is fitness on non-cotton refuge 

plants, which I assumed was equal to fitness on non-Bt cotton plants (NWij5).  

 Using Wij for each genotype, W was calculated as: 

  = (p2 * Wrr) + (2 * p * q * Wrs) + (q2 * Wss)    (Carrière and Tabashnik 2001)  

 

Plant Assumptions  

Recommended refuge sizes range from 5 to 50% of cotton acreage, depending on 

the pest and assumptions about resistance evolution (Carrière et al. 2005, Showalter et al. 

2009, Tabashnik et al. 2009a). I focused primarily on 20% non-Bt cotton refuges because 

gene flow rates could readily be extrapolated from the literature (see “Pollen-Mediated 

Gene Flow Calculations”), but also simulated 5% non-Bt cotton refuges. For conditions 

W

2.9 

2.10 
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where resistance evolved fastest, I examined the utility of 50% non-Bt cotton refuges or 

non-cotton refuges to slow resistance. For simplicity, the abundance of Bt cotton fields, 

non-Bt cotton refuges, and non-cotton refuges was constant in a simulation; plants were 

always suitable hosts for larvae; and Bt cotton plants maintained the same toxin 

concentration through time. There was no difference in the number or viability of seeds 

produced by Bt plants versus non-Bt plants or by outcrossing versus self-pollination. Off-

type plants were randomly distributed in a patch, reflecting seed mixing that occurs 

during ginning. Bt and non-Bt cotton were perfectly sexually compatible (Zhang et al. 

2000) and had the same amount of bee pollination. 

I simulated: 1) no gene flow; 2) PMGF between Bt and non-Bt cotton patches, 3) 

SMGF in the non-Bt cotton refuge, 4) SMGF in the Bt cotton fields; 5) both PMGF and 

SMGF, and 6) PMGF affecting only the non-Bt cotton refuge while Bt patches were 

planted with pure seed each year. PMGF between Bt and non-Bt cotton patches occurred 

yearly at a constant rate, resulting in an accumulation of off-type plants. SMGF occurred 

once at the beginning of a simulation and persisted at a constant rate. However, plants 

resulting from SMGF outcrossed with other plants in simulations with PMGF.  

PMGF and SMGF varied between zero and “high” rates that were based on 

maximums found in the literature. “High SMGF” was 20%, which was the maximum rate 

of SMGF of Bt cotton plants in non-Bt cotton seed production fields in a study of 15 

fields in Arizona in 2007 (Chapter 1). “Moderate SMGF” was 1% Bt cotton seed in non-

Bt cotton refuges, as this was the median in my 2007 study (Chapter 1), and a common 

rate (three out of 11 bags) in a 2006 survey of seed bags (Heuberger et al. 2008a). I also 
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used 1% and 20% as moderate and high SMGF of non-Bt plants in Bt fields, although I 

know of no empirical data for SMGF in Bt cotton. For simplicity, I assumed that all 

plants were homozygous Bt or non-Bt at the beginning of simulations.  

 

 

Pollen-Mediated Gene Flow Calculations  

In simulations of PMGF, each year the composition of Bt versus non-Bt pollen 

(male gametes) was calculated separately for the Bt and non-Bt cotton patches. This was 

based on the proportion of plants that were Bt (100% Bt pollen), non-Bt (100% non-Bt 

pollen), and hemizygous (50% Bt and 50% non-Bt). Once pollen clouds were 

characterized, and before they were used to father a portion of the seeds, a designated 

percentage was exchanged between Bt and non-Bt cotton patches. Based on field data 

summarized in Free (1993), I assumed that all flowers were visited by bees in simulations 

with PMGF. For each patch type, plant genotype frequencies for the next generation were 

calculated based on the resulting pollen clouds, composition of ovules (Bt plants have Bt 

ovules, non-Bt plants have non-Bt ovules, and hemizygous plants are 50/50), and the 

percentage of self-pollination. I assumed that 50% of ovules in flowers were self-

pollinated, because maximum cross-pollination rates in empirical studies of cotton ranged 

from 1-90% (McGregor 1976). When multiple patches of Bt cotton existed, all contained 

the same composition of plants, pollen, and seeds. 

I defined “high PMGF” using an empirical study with particularly high 

outcrossing in a 4.5 ha non-Bt cotton plot bordered on two sides by Bt cotton (Llewellyn 
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et al. 2007). In that plot, the percentages of Bt-outcrossed seeds were ca. 15% and 30% in 

the edge rows, 1-2% 10m from the edge, and 0.7-1% 25m from the edge (Llewellyn et al. 

2007). Consequently, for a 20% refuge, I assumed that a 0.5 ha non-Bt cotton field (70 m 

x 70 m) with 0.5 ha Bt cotton fields on four sides, could have 22.5% [(15%+30%)/2] 

outcrossing in the outermost meter and 2% outcrossing in the remainder. Thus, my high 

rate of PMGF in 20% non-Bt cotton refuges was 3.25% of seeds, which were fathered by 

either Bt or non-Bt cotton plants from surrounding Bt cotton fields. Therefore, the 

maximum percentage of the pollen clouds that were exchanged between fields was 6.5% 

because 6.5% x 50% cross-pollination = 3.25% PMGF. For a 50% refuge, I imagined 0.5 

ha of non-Bt cotton bordered on one side by 0.5 ha of Bt cotton. “High PMGF” was 

3.25/4 = 0.81% of seeds, because there was one common field border instead of four.  

For “moderate PMGF,” I considered average PMGF from six studies measuring 

transgene flow in cotton (Table 2.2). These studies captured a broad range of 

geographical regions and field conditions, although most included non-transgenic cotton 

planted continuously with an adjacent plot of transgenic cotton. I excluded individual or 

collective fields with reported SMGF rates >0% as resulting plants could affect PMGF. 

Average PMGF was 5.3% of seeds at the field edge, 0.46% at 9-13 m, and 0.16% at 20-

30 m (Table 2.2). Assuming that outcrossing in a 0.5 ha non-Bt cotton refuge was 5.3% at 

the outermost meter and 0.3% in the remainder, I calculated a “moderate” rate of 0.6% 

gene flow in a 20% non-Bt cotton refuge. This agrees closely with the only PMGF study 

where plants throughout the non-Bt cotton plots were sampled (rather than at set 

distances). In that study, 0.74 and 0.80% of seeds were outcrossed in two 25 m x 185 m 
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plots, and 0.34% were outcrossed in each of two 22 m x 25 m plots (µ = 0.56%) (Umbeck 

et al. 1991).  

For simplicity, I label PMGF rates by the rate in the non-Bt cotton refuge. 

However, for 5% or 20% non-Bt cotton refuges, PMGF in the Bt cotton fields was 

smaller than for the non-Bt cotton refuge due to the greater area of Bt cotton fields. 

Relative to the non-Bt cotton refuge, there was four-fold less PMGF in the Bt cotton field 

for 20% refuges (e.g., 3.25/4 = 0.81%), and 19-fold less for 5% refuges. Because I did 

not have empirical data for estimating PMGF in 5% non-Bt cotton refuges, I used 

moderate and high rates of 0.6% and 3.25%, as for the 20% refuges. 
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Results 

Cumulative Effects of Pollen-Mediated Gene Flow 

Figure 2.2 illustrates the cumulative effects of PMGF in Bt cotton fields and an 

associated 20% non-Bt cotton refuge with high (3.25%) PMGF. The non-Bt cotton refuge 

experienced higher PMGF than the Bt cotton fields because there was 4-fold more Bt 

cotton than non-Bt cotton. Although there is no change in the overall frequency of the Bt 

transgene, larval exposure to Bt toxin increases because hemizygous plants contain Bt 

toxin. In simulations, PMGF affected both the non-Bt cotton refuge and Bt cotton fields, 

except where noted. 

  

Effects of Gene Flow among Plants on Pest Resistance  

With 20% non-Bt cotton refuges, PMGF always accelerated resistance, and 

results were similar when PMGF affected both the Bt and non-Bt cotton patches or the 

non-Bt cotton refuge only (Fig. 2.3). SMGF in the non-Bt cotton refuge also accelerated 

resistance by decreasing the proportion of non-Bt host plants (Fig. 2.4A). In contrast, 

SMGF in the Bt cotton fields delayed resistance for sedentary larvae and, when resistance 

was recessive, for discriminate larvae, by increasing the proportion of non-Bt host plants 

(Fig. 2.4B). Because SMGF in the non-Bt cotton refuge and PMGF were the two forms 

of gene flow that consistently accelerated resistance (Figs. 2.3 and 2.4), I also simulated 

these two forms of gene flow in combination to explore the worst-case scenario (Tables 

2.3 and 2.4). I defined “high gene flow” as the condition of high SMGF in the non-Bt 
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cotton refuge plus high PMGF, and “moderate gene flow” as moderate SMGF in the non-

Bt cotton refuge plus moderate PMGF. 

While gene flow accelerated resistance in many simulations (Table 2.3), this 

effect may be unimportant from a management standpoint in simulations where the 

change was small or the time to resistance remained >20 years. Most simulations where 

gene flow decreased the time to resistance below 20 years involved indiscriminately 

moving pests with moderate to high rates of gene flow (Table 2.3). When dominance was 

intermediate, gene flow also had an important effect on resistance in discriminate pests if 

PMGF or SMGF were high, and in sedentary pests if both SMGF in the non-Bt cotton 

refuge and PMGF were high (Table 2.3). Resistance evolved slightly faster if PMGF 

affected the refuges but not the Bt cotton fields (Fig. 2.3B). 

When 20% non-Bt cotton refuges were replaced by 5% non-Bt cotton refuges, 

resistance evolved faster and the proportional effect of gene flow on resistance was 

smaller (Table 2.4). With 5% non-Bt cotton refuges, high gene flow had important effects 

on resistance in indiscriminate larvae with recessive resistance, but not in discriminate or 

sedentary larvae (Table 2.4). With moderate gene flow rates, the years until resistance 

evolution did not drop below 20 if resistance was recessive, and did not change by more 

than one year if dominance was intermediate (Table 2.4).  

  The relationship between gene flow and resistance was affected by dominance. 

When resistance was recessive, it evolved slowly (> 20 years) regardless of gene flow, 

unless larvae moved indiscriminately and high gene flow occurred (Table 2.4). When 

resistance was dominant, it always took 2-4 years to evolve regardless of gene flow under 
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the conditions examined in Table 2.4. However, in simulations of 20% non-Bt cotton 

refuges, gene flow frequently brought the time to resistance from >20 years to <20 years 

when dominance was intermediate (Tables 2.3 and 2.4). When 5% non-Bt cotton refuges 

were used, resistance evolved in <10 years regardless of gene flow if dominance was 

intermediate, although high gene flow cut the years to resistance evolution from six to 

two in indiscriminate pests with intermediate dominance (Table 2.4). Therefore, gene 

flow tended to have the most important effects when dominance was intermediate for 

20% non-Bt cotton refuges, but this trend was not seen with 5% non-Bt cotton refuges 

(Tables 2.3 and 2.4). 

Holding the other factors constant, when gene flow was >0, larvae that moved 

indiscriminately among plants usually evolved resistance faster than sedentary or 

discriminate larvae (Table 2.4, Figs. 2.3 and 2.4). Compared to sedentary larvae, the rate 

of resistance in discriminate larvae was similar when resistance was recessive (Table 2.4, 

Figs. 2.3 and 2.4). In contrast, when resistance was intermediate, resistance evolved faster 

in discriminate larvae than in sedentary larvae if 20% non-Bt cotton refuges were used 

(Table 2.4, Figs. 2.3 and 2.4). When 5% non-Bt cotton refuges were used, sedentary and 

discriminate larvae evolved resistance at similar rates irrespective of dominance (Table 

2.4). Therefore, the effects of larval movement on resistance can vary depending on 

refuge size and dominance.  

In simulations where larval movement of indiscriminate and discriminate larvae 

was capped at two plants instead of five, gene flow only had important implications when 

both SMGF in the non-Bt cotton refuge and PMGF were high and dominance was 
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intermediate (Table 2.5). When movement was capped at 10 plants, the effects were 

qualitatively the same as simulations of five plants (Table 2.5).   

  

Remediating the Effects of Gene Flow with 50% Non-Bt Cotton Refuges or Non-Cotton 

Refuges  

I further explored high gene flow simulations to determine whether large non-Bt 

cotton refuges or non-cotton refuges could mitigate the effects of gene flow on resistance. 

When cotton was the only host plant (Fig. 2.5, x-intercept), increasing the size of non-Bt 

cotton refuges from 20% to 50% always delayed resistance, although the delay was 

sometimes slight. Planting up to 60% of the landscape with non-cotton refuges delayed 

the evolution of resistance to >20 years for all scenarios with recessive or intermediate 

dominance (Fig. 2.5). In contrast, when resistance was dominant, both 50% non-Bt cotton 

refuges and large non-cotton refuges (>50% of host plants) were needed to delay the 

evolution of resistance to >20 years for sedentary and discriminate larvae (Fig. 2.5). This 

strategy did not bring the time to resistance past 20 years for indiscriminate larvae when 

resistance was dominant (Fig. 2.5B). Surprisingly, for indiscriminate larvae, the time to 

resistance sometimes decreased when the size of the non-Bt cotton refuge increased if 

non-cotton refuges were available (Fig. 2.5B). This occurred when non-cotton refuges 

exceeded 20% of the landscape when resistance was recessive or 10% of the landscape 

when dominance was intermediate (Fig. 2.5B).  
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Discussion 

Under some of the conditions modeled here, moderate or high rates of gene flow 

among plants had important effects on pest resistance (Table 2.3). In particular, 

indiscriminate movement of larvae among plants consistently enhanced the association 

between gene flow and resistance compared to sedentary behavior. When high gene flow 

rates were simulated, increasing non-Bt cotton refuges to 50% of the cotton acreage and 

planting up to 60% of the landscape with non-cotton hosts brought the time to resistance 

past 20 years unless pests moved indiscriminately and resistance was dominant (Fig. 2.5).  

Interestingly, increasing the size of non-Bt cotton refuges from 20% of cotton 

acreage to 50% accelerated resistance in some simulations that included indiscriminate 

larvae, high gene flow, and non-cotton refuges (Fig. 2.5B). In those scenarios, non-cotton 

refuges produced enough ss individuals to delay resistance, but impure refuges of non-Bt 

cotton selected for resistance. Similarly, Mallet and Porter (1992) and Tabashnik (1994) 

modeled certain conditions under which resistance evolved faster with a seed mixture 

plus a non-Bt external refuge than with a pure Bt field and a non-Bt external refuge if 

larvae moved indiscriminately among plants.  

 

Effects of Seed Saving and Farm Size on Plant Gene Flow   

Use of farm-saved cotton and maize seed is common in developing countries, 

despite industry and government efforts to promote commercial seed use (Bellon and 

Berthaud 2004, Huang et al. 2009, Tripp 2009). Farm-saved seed is highly vulnerable to 

accumulating gene flow (Gaines et al. 2007). Furthermore, seed distributing companies in 



 
 

68 
 

 
 
 

developing regions often purchase from small farms where gene flow could be 

prominent. Here, I modeled PMGF in 0.5 ha non-Bt cotton refuges planted near Bt cotton 

fields. In developing countries, farms can be as small as 0.5-5 ha. (Showalter et al. 2009). 

I expect PMGF to be lower in large fields, because it is generally highest at field edges 

(Table 2.2), and a smaller proportion of plants are near the edge in large fields. I also 

expect PMGF to be lower in non-Bt cotton fields that are far from Bt cotton fields, but 

refuges should be no farther from Bt fields than the dispersal distance of target pests 

(Showalter et al. 2009).  

It appears that, at least for single-toxin Bt cotton, ensuring the quality of Bt 

cottonseed would not mitigate the effects of PMGF on resistance (compare Fig. 2.3A to 

Fig. 2.3B). Farmers may save non-Bt cottonseed more often than Bt cottonseed in 

countries such as Argentina, Colombia, and Mexico, where saving of Bt cottonseed, but 

not non-Bt cottonseed, is illegal (Tripp 2009). Farmers often ignore these restrictions, 

however. For example, in Argentina, most Bt cottonseed is either farm-saved or obtained 

from other farmers (Tripp 2009). Governments in China and India do not restrict the 

saving of transgenic cottonseed (Tripp 2009).  

 

Effects of Plant Gene Flow on ss Survival and Dominance of Resistance   

In most of my simulations, plant gene flow accelerated resistance by increasing ss 

mortality, thereby decreasing the effective size of refuges. In some of my simulations 

with intermediate dominance and mobile pests, plant gene flow also increased dominance 

because escape from Bt plants was higher for rs larvae than for ss larvae. Mallet and 
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Porter (1992) also modeled increased dominance in seed mixtures, but this effect has not 

been demonstrated empirically (reviewed by Carrière et al. 2004b). For example, in a 

study of mixed stands of Bt and non-Bt broccoli, all rs larvae of Plutella xylostella died 

after leaving Bt broccoli plants (Tang et al. 2001). Also, survival did not differ between 

rs and ss larvae of P. gossypiella in mixtures of Bt and non-Bt cottonseed (Heuberger et 

al. 2008b). Whereas both of the pests mentioned above had functionally recessive 

resistance to the Bt plants or seeds, other pests with high mobility and non-recessive 

resistance might show the hypothesized increase in dominance in seed mixtures 

(Heuberger et al. 2008b). Candidates include Helicoverpa zea (Boddie) and H. armigera 

(Hübner), both of which have non-recessive resistance to single-toxin Bt cotton that 

produces Cry1Ac (Burd et al. 2003, Nair et al. 2010). Studies comparing survival of ss 

and rs larvae of these species in seed mixtures versus pure stands of Bt and non-Bt plants 

would be useful for testing the dominance shift hypothesis. 

 

Effect of Larval Movement on Resistance  

While indiscriminate movement is generally assumed to accelerate resistance 

evolution in seed mixtures, Mallet and Porter (1992) noted that the effects of discriminate 

movement are harder to predict. In my simulations, resistance typically evolved slower 

for discriminate larvae than indiscriminate larvae because more discriminate ss larvae 

could escape Bt cotton plants. Resistance evolved faster in discriminate larvae than in 

sedentary larvae because rr individuals (and rs when resistance was not recessive) 

escaped Bt plants more often than ss did. Similarly, in an empirical study of Ostrinia 
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nubilalis (Hübner), resistant larvae moved from Bt corn plants to adjacent non-Bt corn 

plants more often than susceptible genotypes did (Prasifka et al. 2010).  

Pests with some ability to discriminately feed on non-Bt substrates as larvae 

include Heliothis virescens (F.), H. zea, Spodoptera exigua (Hübner), Trichoplusia ni 

(Hübner), O. nubilalis, and H. armigera (Gould et al. 1991, Jyoti et al. 1996, Stapel et al. 

1998, Parker and Luttrell 1999, Gore et al. 2002, Zhang et al. 2004, Gore et al. 2005, 

Men et al. 2005, Li et al. 2006, Prasifka et al. 2009). In studies of H. virescens and H. 

armigera, more larvae moved from transgenic Bt cotton plants to non-Bt cotton plants 

than vice versa (Parker and Luttrell 1999, Men et al. 2005). However, Halcomb et al. 

(2000) reported no increase in the number of H. zea or H. virescens larvae on non-Bt 

cotton plants in mixed stands of Bt and non-Bt cotton 48 hours after infestation, perhaps 

because many larvae that abandoned Bt plants never made it to another plant. 

In contrast to pests with mobile larvae, two pests targeted by Bt cotton, P. 

gossypiella and Cryptophlebia leucotreta (Meyrick), complete larval development in a 

single cotton boll. In my model, gene flow had straightforward effects on resistance in 

sedentary larvae: decreasing the effective size of refuges when it occurred in the non-Bt 

cotton refuge and increasing effective refuge size when it occurred in Bt cotton fields 

(Fig. 2.4). For larvae that feed on cottonseeds, exposure to Bt toxins is more complex 

than modeled here, as Bt-outcrossed non-Bt flowers and self-pollinating hemizygous 

flowers produce seeds with and without Bt toxin in the same boll (Heuberger et al. 

2008a). However, small numbers of off-type seeds in bolls probably have minimal effects 

on resistance in P. gossypiella (Heuberger et al. 2008b).  
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My decision to model movement of discriminate and indiscriminate larvae on up 

to five plants was arbitrary. Results from my sensitivity analysis suggest that pests 

moving among fewer than five plants could be at lower risk of evolving resistance in seed 

mixtures, but mobility among 10 plants instead of five did not qualitatively change my 

results (Table 2.5). While empirical studies have explored the tendency of larvae to move 

between two cotton plants, none measured the full potential for larval movement among 

cotton plants.  

 

Intentional Seed Mixtures and Two-Toxin Bt Crops  

I did not model intentional mixtures of Bt and non-Bt plants, nor did I consider Bt 

plants that produce more than one toxin in this chapter. In April 2010, the U.S. 

Environmental Protection Agency (EPA) approved intentional mixtures of corn seed with 

and without the coleopteran-active Cry34/35Ab1 toxins as a "seed blend" resistance 

management strategy for Diabrotica species (United States Environmental Protection 

Agency 2010). My modeling does not address this approach, because all simulations 

reported here included external non-Bt cotton refuges, whereas the seed mixture strategy 

approved by the EPA does not require external refuges for coleopteran pests. However, 

previous work has examined the potential consequences of intentional seed mixtures on 

resistance evolution (Mallet and Porter 1992, Tabashnik 1994, Onstad and Gould 1998, 

Davis and Onstad 2000, Onstad 2006). When external refuges are absent, the presence of 

non-Bt plants in a seed mixture is expected to slow the evolution of resistance (Tabashnik 

1994). 
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Two-toxin Bt cotton has replaced one-toxin Bt cotton in Australia and the United 

States, and similar replacements are expected eventually in other countries (Baker et al. 

2008, Bravo and Soberón 2008, Matten et al. 2008, Bagla 2010). The effects of plant-to-

plant gene flow on resistance may be more complicated for two-toxin Bt crops than for 

the one-toxin Bt cotton modeled here (see Chapter 3). If genes for the two toxins are not 

tightly linked genetically, gene flow from two-toxin crops could yield plants with one 

toxin, violating the key strategy of minimizing pest exposure to one-toxin plants (Fitt et 

al. 2004, Zhao et al. 2005). Bollgard II cotton was created by re-transforming the one-

toxin Bollgard cultivar (Monsanto 2003), so genes for the two toxins are unlikely to be 

tightly linked.  

 

Conclusions  

Results suggest that, under certain conditions, maintaining the purity of refuge 

seed may be important for delaying resistance evolution in pests. One way that growers 

can potentially increase the purity of their planted seeds is by obtaining seeds 

commercially rather than saving them (Gaines et al. 2007). Additionally, for polyphagous 

pests, refuges of non-Bt host plants other than cotton could potentially be useful in 

locations where high gene flow is expected, particularly if moths emerge synchronously 

from cotton and non-cotton host plants (Onstad et al. 2003, Crowder et al. 2006, Crowder 

et al. 2008). Refuges of non-cotton host plants that do not interbreed with Bt plants will 

be most effective for delaying resistance, because they will not attain Bt transgenes via 

plant-to-plant gene flow. Future empirical studies on the extent of larval movement 
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among plants in seed mixtures and of the effect of movement and feeding behavior on 

resistance evolution would be useful for testing predictions of this model. 
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Table 2.1: Values of input variables used in simulations.  

Variable Value(s) 

Insect pests  

Generations per year  4 

Initial resistance (r) allele frequency  0.001 

Plants fed on by an individual larva 1 to 5 

Fitness (W) per larval feeding stage  

(W5 = fitness for all five stages in parentheses) 

A. Bt cotton plants a (BW)   

rr 0.83 (0.39)  

rs recessive 

intermediate   

dominant 

0.1 (0.00001) 

0.4 (0.010) 

0.83 (0.39) 

ss 0.1 (0.00001) 

B. Non-Bt cotton and non-cotton host plants (NW)  

rr 0.96 (0.82) 

rs 1 (1) 

ss 1 (1) 

Plants  

% of cotton that is non-Bt cotton refuge 5, 20, 50 

% of landscape that is non-cotton refuge 0 to 60 (intervals of 5) 

% SMGF occurring once in non-Bt cotton refuge 0, 1, 5, 10, 15, 20 

% SMGF occurring once in Bt cotton fields 0, 1, 5, 10, 15, 20 

% self-pollination in outcrossed flowers 50 

% PMGF occurring annuallyb  0, 0.6, 0.813, 1.625, 

2.44, 3.25  
a Fitness on hemi- or homozygous Bt cotton.  

b Gene flow rate relative to the non-Bt cotton refuge (see Methods).  
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Table 2.2: Rates of PMGF of transgenes in cotton. 

Location No. fields 

or plotsa 

PMGF (%) Reference 

Distance into non-Bt field or plot 

  0 m 9-13 m 20-30 m  

China 2 9.15% 0.3% 0.17% Zhang et al. (2005) 

Australia 15 10.5% 1.29% 0.13%b Llewellyn et al. (2007) 

Australia 2 0.275% 0.01% 0% Llewellyn and Fitt (1996) 

Arizona, USA 5c 0.128%c N/A N/Ad unpublished data c 

Mississippi, USA 1 5.35% 0% 0.175% Umbeck et al. (1991) 

California, USA 2 6.26% 0.67% 0.32% Van Deynze et al. (2005) 

Average  5.28% 0.455% 0.159%  

a For some fields/plots, data were given for only one of the distances. 
b Some measurements were from the edge of 20 m buffers surrounding transgenic cotton fields.   
c PMGF of the Bt transgene was measured in non-Bt cotton seed production fields. PMGF was measured in 10 
additional fields, but they were not included because they contained SMGF.  

d I did not include samples that were taken 20 m into the fields, because samples were only taken if PMGF at the edge 
was >0%. 
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Table 2.3: Effects of moderate or high rates of four types of gene flow on resistance 
evolution for landscapes with 20% non-Bt cotton refuges.  
 
 

  Effect of gene flow between plants on resistance 

Dominance 

of 

resistance 

Larval feeding 

behavior 

PMGF SMGF in  

non-Bt cotton 

refuge  

SMGF in Bt 

cotton fields 

SMGF 

in non-

Bt + 

PMGF 

Moderate gene flow rate     

Recessive Sedentary + 0 0 + 

 Indiscriminate + 0 0 + 

 Discriminate + 0 0 + 

Intermediate Sedentary 0 0 0 0 

 Indiscriminate ++ + 0 ++ 

 Discriminate + 0 + + 

High gene flow rate     

Recessive Sedentary + + – + 

 Indiscriminate + + + ++ 

 Discriminate + + – + 

Intermediate Sedentary + + – ++ 

 Indiscriminate ++ ++ ++ ++ 

 Discriminate ++ ++ ++ ++ 

 

++, gene flow had a large accelerating effect on resistance evolution and brought the 
years to resistance below 20; +, resistance evolution was accelerated, but this effect was 
slight or the time to resistance remained >20 years); 0, effect on resistance was slight or 
nonexistent; –, resistance was slowed by gene flow.  
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Table 2.4: Effects of dominance and larval feeding behavior on resistance to Bt cotton in 
simulations with both pollen-mediated gene flow (PMGF) and seed-mediated gene flow 
(SMGF) and 20% or 5% non-Bt cotton refuges. 
 

Dominance of 

resistance 

Larval feeding 

behavior 

Years to resistance 

No gene flow Moderate 

gene flowa 

High gene 

flowb 

20% non-Bt cotton refuge    

Recessive Sedentary 183 132 69 

Indiscriminate 183 63 14 

Discriminate 183 129 68 

Intermediate Sedentary 23 22 14 

Indiscriminate 23 11 3 

Discriminate 23 18 8 

5% non-Bt cotton refuge    

Recessive Sedentary 36 34 21 

Indiscriminate 36 25 7 

Discriminate 36 34 22 

Intermediate Sedentary 6 6 5 

Indiscriminate 6 5 2 

Discriminate 6 6 4 
 

a PMGF = 0.6%; SMGF (in the non-Bt cotton refuge only) = 1% 

b PMGF = 3.25%; SMGF (in the non-Bt cotton refuge only) = 20% 
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Table 2.5: Years until resistance evolved for larvae encountering up to two or 10 plants 
(instead of five plants), with a 20% non-Bt cotton refuge. Compare to Table 2.2. Model 
equations were adapted from those for five plant encounters. NWij2 and BWij2, or NWij10 
and BWij10 (where NWij and BWij are per-stage survival of genotype ij on non-Bt or Bt 
cotton, respectively) equaled NWij5 and BWij5 for simulations of up to five plant 
movements. For sedentary larvae, results are as in Table 2.4, because larvae do not move 
between plants. 
   
 

Dominance of 

resistance 

Larval feeding 

behavior 

Years to resistance 

No gene flow Moderate gene 

flowa 

High gene 

flowb 

Up to Two Plants    

Recessive Indiscriminate 183 93 31 

Discriminate 183 129 67 

Intermediate Indiscriminate 23 18 7 

Discriminate 23 20 11 

Up to 10 Plants    

Recessive Indiscriminate 183 50 9 

Discriminate 183 138 78 

Intermediate Indiscriminate 23 9 2 

Discriminate 23 17 8 

 
a PMGF = 0.6%; SMGF (in the non-Bt cotton refuge only) = 1% 

b PMGF = 3.25%; SMGF (in the non-Bt cotton refuge only) = 20% 
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Figure 2.1: Structure of the model for a simulated landscape with cotton only. The lower 
loop shows simulated changes in cotton plant genotypes, including homozygous Bt (BB), 
homozygous non-Bt (NN) and hemizygous (BN) cotton, in a year cycle. The upper loop 
shows selection on pest genotypes (rr , rs, and ss), which took place four generations per 
year. Plant frequencies were calculated separately for non-Bt cotton refuges and Bt cotton 
fields, but the change in the pest resistance allele frequency was calculated over the 
landscape.  
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Figure 2.2: Cumulative effects of PMGF in (A) a non-Bt cotton refuge and (B) the 
surrounding Bt cotton fields, for a landscape with 20% non-Bt cotton refuge and 80% Bt 
cotton fields. Lines show frequencies of homozygous Bt (solid), hemizygous (dashed), 
and homozygous non-Bt (dotted) cotton plants.  
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Figure 2.3: Years to resistance evolution in simulations where PMGF affected (A) both 
patch types, or (B) the non-Bt cotton refuge but not the Bt cotton fields. Results are 
shown for sedentary (light gray, circles), indiscriminate (black, squares), or discriminate 
(dark gray, triangles) larvae. The dominance of resistance was recessive or intermediate. 
Non-Bt cotton refuges were 20% of the landscape and no non-cotton refuges were 
present. Note that the scale of years differs among panels. 
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Figure 2.4: Years to resistance evolution in simulations with SMGF in (A) the non-Bt 
cotton refuge, or (B) the Bt cotton fields. Results are shown for sedentary (light gray, 
circles), indiscriminate (black, squares) and discriminate (dark gray, triangles) larvae. 
The dominance of resistance was recessive or intermediate. Non-Bt cotton refuges were 
20% of the landscape and no non-cotton refuges were present. Note that the scale of years 
differs among panels. 
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Figure 2.5: Effects of non-Bt cotton refuge size (black line: 20% of cotton; gray line: 
50% of cotton) and non-cotton refuge size (x-axis; 100% minus the percentage of host 
plants that were cotton) on the years to resistance evolution in simulations of high gene 
flow. The three larval feeding strategies and three degrees of dominance are shown. Note 
that the scale of years differs among panels. High gene flow included 20% SMGF in the 
non-Bt cotton refuge and 3.25% or 0.81% PMGF for 20% or 50% non-Bt cotton refuges, 
respectively. 
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CHAPTER 3: EFFECT OF PLANT-TO-PLANT GENE FLOW AND LINKAGE OF 
TRANSGENES ON THE EVOLUTION OF PEST RESISTANCE TO TWO-TOXIN BT 

COTTON 
 

Abstract 

 Results from the model developed in Chapter 2 suggested that gene flow from 

one-toxin Bacillus thuringiensis (Bt) cotton into refuges of non-Bt cotton could have 

important consequences for pest resistance evolution, particularly when larvae moved 

indiscriminately among five cotton plants. In many parts of the world, growers are 

replacing one-toxin plants with two-toxin plants, as resistance is expected to be delayed 

when two toxins are present in the same plant. Here, I developed a simulation model to 

test whether gene flow from two-toxin cotton into refuges of non-Bt cotton could 

accelerate resistance in larvae that moved indiscriminately among plants, under 

conditions similar to those modeled in Chapter 2. In particular, I compared simulations 

where the Bt transgenes in two-toxin cotton were genetically linked together versus 

unlinked. Results suggest that, on small farms where seed is saved each year, gene flow 

between two-toxin cotton and non-Bt cotton could significantly accelerate resistance 

evolution, particularly when resistance is not recessive (h>0.05). Furthermore, in many 

simulations, resistance evolved faster if the transgenes in two-toxin cotton were unlinked 

than if they were linked. I also simulated seed-mediated gene flow of unlinked two-toxin 

cotton into the seed supply of non-Bt cotton, and found that rates of 5% or more could 

potentially compromise the ability of 20% refuges to delay resistance. Results suggest 

that protecting the purity of refuge seed is important, and that linking the transgenes in 
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two-toxin crops could enhance resistance management in agroecosystems where gene 

flow affects non-Bt cotton.  
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Introduction 

Genetically engineered Bacillus thuringiensis (Bt) crops, grown on 50 million 

hectares worldwide in 2009 (James 2009), provide control of many key pests. However, 

their widespread use raises concerns that pests will evolve resistance to the Bt toxins 

produced in these crops. In fact, resistance to Bt toxins has already evolved in five pests 

(Tabashnik et al. 2008, 2009a, Bagla 2010, Carrière et al. 2010, Tabashnik and Carrière 

2010, Downes et al. 2010). “Refuges” of non-Bt host plants near Bt crops can delay 

resistance by harboring Bt-susceptible insects that can mate with rare resistant insects 

(Gould 1998, Carrière et al. 2010). However, in previous modeling studies of one-toxin 

Bt cotton, I showed that unwanted plant-to-plant gene flow between Bt cotton fields and 

non-Bt cotton refuges could accelerate resistance evolution (Heuberger et al. 2008b, 

Chapter 2). Because most susceptible insects in refuges were killed after encountering a 

Bt plant, gene flow had the greatest effect when larvae fed randomly on several plants 

(Chapter 2). 

While most models of resistance to Bt cotton have focused on one-toxin cultivars, 

two-toxin Bt cotton is gradually replacing one-toxin cotton throughout the world (Baker 

et al. 2008, Bravo and Soberón 2008, Matten et al. 2008, James 2009, Bagla 2010). Two-

toxin crops delay resistance evolution best if resistance to each toxin is recessive, most 

insects resistant to one toxin are killed by the other toxin, and refuges of non-Bt host 

plants are available in close proximity to Bt crop fields (Gould 1991, Roush 1998, Bravo 

and Soberòn 2008, Carrière et al. 2010). Two-toxin crops are less effective at delaying 

resistance when they coexist with one-toxin crops in a landscape, because one-toxin 
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crops provide an opportunity for populations to evolve resistance to each toxin separately 

(Roush 1998, Zhao et al. 2005, Gould et al. 2006, Bravo and Soberón 2008, Onstad and 

Meinke 2010).  

In some parts of the world, refuges of non-Bt cotton are planted alongside two-

toxin Bt cotton to delay resistance to two-toxin cotton (Nibouche et al. 2007, Tabashnik 

et al. 2009a). If genes coding for the individual toxins in two-toxin crops are not tightly 

linked, unwanted cross-pollination (i.e., pollen-mediated gene flow) between two-toxin 

cotton plants and non-Bt cotton plants could result in some plants with only one toxin 

(Douglas and Halpin 2009, Chapter 2). Stacked (i.e., multiple trait) cultivars are often 

created either by sexually crossing plants that contain the individual traits or by inserting 

a second trait into a plant that already contains the first trait (i.e., “retransformation”) 

(Douglas and Halpin 2009). For example, the most common two-toxin cotton variety, 

Bollgard II, was created by retransforming one-toxin Bollgard cotton (Monsanto 2003). 

Two additional two-toxin Bt cotton varieties, Widestrike (Cry1Ac and Cry1F toxins) and 

VipCot (Vip3A and Cry1Ab), were created by sexually crossing cultivars that contained 

the individual transgenes (Showalter et al. 2009).  

When each transgene is inserted separately, as is the case when stacked varieties 

are created through retransformation or sexual crosses, the transgenes are unlikely to be 

tightly linked in the plant’s genome (Douglas and Halpin 2009). Plants can also be 

transformed with multiple transgenes simultaneously, by combining the transgenes in a 

single plasmid (Douglas and Halpin 2009). This method links the transgenes together in 

the plant’s genome, allowing them to be inherited as a unit in future generations (Douglas 
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and Halpin 2009). Fitt et al. (2004) noted that linking the transgenes could be useful for 

preventing segregation of individual toxin genes in transgenic plants in Kenya, where 

gene flow on small farms could be common. 

Here, I used a simulation model to investigate the potential effects of gene flow 

between two-toxin cotton and refuges of non-Bt cotton on resistance, considering 

scenarios where the transgenes were linked or unlinked. As in Chapter 2, most 

simulations focused on resistance evolution in developing countries, where plant-to-plant 

gene flow is expected to be highest based on small farm sizes and the practice of using 

farm-saved seed (see Chapter 2). However, I also simulated conditions where seed-

mediated gene flow entered through a commercial seed supply, which is the prevalent 

route of gene flow in developed countries like the United States, where seeds are 

purchased commercially each year (Chapter 1). In all simulations, larvae moved 

indiscriminately among five plants in a patch, to make a conservative assessment of 

whether gene flow and transgene linkage could affect resistance evolution in this worst-

case scenario (Chapter 2). Movement among five plants may illustrate an extreme case, 

although larval movement between cotton plants has been shown in Heliothis virescens, 

Helicoverpa zea, and Helicoverpa armigera (Parker and Luttrell 1999, Halcomb et al. 

2000, Men et al. 2005). I hypothesized that resistance would evolve fastest when gene 

flow rates were high and transgenes were unlinked. 
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Methods 

I performed simulations of a deterministic model using Visual Basic (Microsoft 

Excel 2007). The model was adapted from the single-toxin gene flow model in Chapter 2. 

I considered a generic Bt cotton variety, which produced two toxins that I arbitrarily 

called T1 and T2. The transgenes coding for these toxins were called T1 and T2, 

respectively. I modeled resistance to these toxins in a generic pest, where resistance to 

each toxin was conferred by a single gene with two alleles. Although the one-toxin model 

was based on commercial Bollgard cotton (Chapter 2), I favored a generic two-toxin 

model because empirical data are not available on the survival of all nine possible pest 

genotypes on the four possible plant phenotypes for a two-toxin plant variety (see below).  

 

Plant Assumptions  

The simulated percentage of refuge indicates the percentage of cotton that was 

planted as a non-Bt cotton refuge field. As in Chapter 2, I simulated refuge sizes of 5%, 

20%, and 50%, but focused mainly on 20% refuges. In some parts of the world, including 

the United States, refuge requirements were eliminated for two-toxin Bollgard II cotton, 

but refuges continue to be recommended for Bollgard II cotton in Australia and West 

Africa (Nibouche et al. 2007, Tabashnik et al. 2009a). For simplicity, I assumed that 

cotton was the only host plant in the landscape.  

Simulations began with pure fields of homozygous two-toxin cotton and 

accompanying refuges. Pollen-mediated gene flow occurred between two-toxin cotton 

fields and non-Bt cotton fields yearly (Chapter 2). In most simulations, I assumed that 
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farm-saved seed was planted in fields each year, which is a common practice in the 

developing world (Bellon and Berthaud 2004, Huang et al. 2009, Showalter et al. 2009, 

Tripp 2009). Thus, the pollen-mediated gene flow that occurred within and between 

fields in any given year directly affected the genotypes of plants in fields the following 

year (Chapter 2). Plant genotypes were assumed to produce the same number of seeds, 

and one- or two-toxin plants produced consistent levels of toxin through time (Chapter 2). 

  I modeled conditions under which the transgenes, T1 and T2, were either tightly 

linked in the plant genome or completely unlinked. When linkage is tight, as would be 

true for a two-toxin cultivar transformed with a single plasmid (Douglas and Halpin 

2009), the two genes can be treated as one in understanding their fate in future 

generations (Crow and Kimura 1970). Thus, I assumed no segregation of the transgenes 

in simulations of tight linkage. Because most pairs of naturally occurring genes are either 

unlinked or loosely linked to each other (Crow and Kimura 1970), I also assumed that 

transgenes inserted separately were completely unlinked in the plant’s genome, as would 

be true if they were on different chromosomes. Moderate and high rates of pollen-

mediated gene flow (Table 3.1) were extrapolated from field data and applied to a worst-

case condition of a small, 0.5 ha. non-Bt cotton field bordered by transgenic cotton on 

four sides (5% refuge or 20% refuge) or on one side (50% refuge) (see Chapter 2). These 

gene flow rates are specific to cotton, which is both self- and insect-pollinated (McGregor 

1976), and caution should be used in extrapolating results to other crops.  

As in Chapter 2, I calculated the composition of pollen (i.e., male gametes) in Bt 

and non-Bt cotton fields based on the pollen produced in each field and the proportion of 
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pollen exchanged between fields. I calculated the composition of ovules (i.e., female 

gametes) in each field type based on its composition of plant genotypes (Chapter 2). I 

inferred the next generation of plant genotypes based on the combinations of male and 

female gametes (Chapter 2). I assumed that all flowers were visited by bees, but that half 

of their ovules self-pollinated (Chapter 2). Self-pollinated ovules produced genotypes that 

were products of the composition of male and female gametes in the parent plant 

(Chapter 2). Where noted, I also performed some simulations where only the non-Bt 

cotton refuge was affected by gene flow, as was done in Chapter 2. 

 For simulations with linked transgenes, the plant phenotypic frequencies in fields 

changed in the same way as in the one-toxin model (Chapter 2). When the transgenes 

were linked, only three genotypes, T1T1T2T2, T1N1T2N2, and N1N1N2N2, were possible, 

where N1 denotes an absence of transgene T1 at one of the two allelic positions, and N2 

denotes an absence of transgene T2. I assumed equal toxin expression in plants 

homozygous versus hemizygous for either transgenic toxin (Chapter 2). Therefore, 

simulations with linked transgenes produced two plant phenotypes: two-toxin plants 

(T1T1T2T2 and T1N1T2N2), and non-Bt plants (N1N1N2N2).  

In contrast, for simulations with unlinked transgenes, there were nine possible 

plant genotypes (i.e., T1T1T2T2, T1T1T2N2, T1T1N2N2, T1N1T2T2, T1N1T2N2, T1N1N2N2, 

N1N1T2T2, N1N1T2N2, N1N1N2N2). Because the genes were unlinked, the double 

heterozygote, T1N1T2N2, resulted from combinations of gametes T1N2 and N1T2 or T1T2 

and N1N2, and produced gametes T1T2, T1N2, N1T2, and N1N2. Simulations of unlinked 

transgenes produced four plant phenotypes: two-toxin plants (T1T1T2T2, T1T1T2N2, 
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T1N1T2T2, and T1N1T2N2), one-toxin “T1 plants” (T1T1N2N2 and T1N1N2N2), one-toxin “ T2 

plants” (N1N1T2T2 and N1N1T2N2.), and non-Bt plants (N1N1N2N2). 

 

Effect of Seed-Mediated Gene Flow in the Commercial Seed Supply  

While I focused on simulations where growers used farm-saved seed, I also 

performed some simulations that were more representative of commercial seed use in 

developed countries. When seed is purchased yearly from seed companies, transgene 

flow does not accumulate in growers’ fields, but it could potentially accumulate in seed-

production fields (Chapter 1). In Chapter 1, I documented up to 20% adventitious 

presence of one-toxin Bt cotton plants in seed production fields of non-Bt cotton in 

Arizona, USA. To examine the potential effects of this type of gene flow from two-toxin 

crops with unlinked transgenes, I simulated a seed production field where a given 

proportion of two-toxin plants entered the non-transgenic cotton seed supply via seed-

mediated gene flow. Without any new gene flow from external sources, I allowed the 

plants in the seed-production field to cross-pollinate with each other over five years, with 

all flowers visited by bees and 50% of ovules self-pollinating (Chapter 2). Table 3.2 

shows the resulting composition of seeds after five years, for simulations where various 

percentages of two-toxin seed were included at the start. To represent farmers purchasing 

the seed and using it in fields each year, I ran simulations with 20% non-Bt cotton 

refuges and 80% Bt cotton fields, where the plant composition of non-Bt cotton refuges 

was as in Table 3.2 and did not change from year to year. This simulation assumed that 

adventitious presence went unnoticed in the seed supply for five years. Chapter 1 
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provides some evidence that adventitious presence can persist across years, although I do 

not know how long it would persist unnoticed.   

 

Pest Assumptions  

Insect populations were infinitely large, mated at random, and were not subject to 

genetic mutation. Eggs were laid at random among fields, but larvae fed within a single 

field (Chapter 2). There were four pest generations per year and selection occurred every 

generation (Tabashnik et al. 2008, Chapter 2). Plant frequencies at year 0 were used for 

the first year of pest selection, and so forth.  

The insect allele r1 at locus one was associated with resistance to toxin T1, and the 

allele r2 at locus two was associated with resistance to toxin T2. Alleles s1 and s2 were 

susceptibility alleles for toxins T1 and T2, respectively. Thus, as there were for plant 

genotypes, there were nine potential insect genotypes: r1r1r2r2, r1r1r2s2, r1r1s2s2, r1s1r2r2, 

r1s1r2s2, r1s1s2s2, s1s1r2r2, s1s1r2s2, and s1s1s2s2.  

Pest survival on toxins T1 and T2 was based on average survival of pest species on 

the Bt toxin Cry1Ac (from Tabashnik et al. 2008, see below), which is the only toxin 

present in Bollgard cotton plants, and is one of two Bt toxins in Bollgard II and 

Widestrike cotton varieties (Showalter et al. 2009). In Chapter 2, I assumed that survival 

of the generic pest larva on one-toxin cotton was 0.4 for homozygous resistant (i.e., rr ) 

larvae and 10-5 for homozygous susceptible (i.e., ss) larvae, which was similar to the 

parameters of 0.4 and 0, respectively, used by Tabashnik et al. (2008). Because the insect 

larvae moved among five cotton plants, the per-stage survivals of rr and ss genotypes 
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were √0.4�  = 0.83 and √0.00001�  = 0.1, respectively, on one-toxin cotton (Chapter 2). 

Here, in the two-toxin model, I assume that survivals of resistant (i.e., r1r1 or r2r2) and 

susceptible (i.e., s1s1 or s2s2) genotypes on their associated toxin were equal to these 

parameters (Table 3.3). In most simulations, I assumed that no fitness costs were 

associated with either resistance allele. This is in contrast to Chapter 2, where recessive 

fitness costs were always assumed. 

Survival of insects heterozygous for either resistance allele (i.e., r1s1 or r2s2) 

varied from 10-5 to 0.4 to reflect recessive to dominant resistance (Tabashnik et al. 2008, 

Table 3.4). From Liu and Tabashnik (1997), the dominance (h) of allele r1 (i.e., “h1”)  is 

the difference between r1s1 and s1s1 survival on T1 plants, divided by the difference 

between r1r1 and s1s1 survival on T1 plants. Similarly, h2 is the difference between r2s2 

and s2s2 survival on T2 plants, divided by the difference between r2r2 and s2s2 survival on 

T2 plants. Rounding the survival of s1s1 and s2s2 on Bt toxins down to zero, I was able to 

calculate survival of r1s1 on T1 plants as 0.4*h1, and survival of r2s2 on T2 plants as 0.4*h2 

(Table 3.4). However, for h = 0, the survival of r1s1 on T1 plants or r2s2 on T2 plants was 

10-5 (0.1 per feeding stage) (Table 3.4), to match the survival of susceptible genotypes 

(Chapter 2). Except where noted, h1 = h2 , and is simply referred to as “h”. I increased h in 

increments of 0.1 between simulations. I also explored h = 0.05, because there were large 

changes in the time to resistance between h = 0 and h = 0.1 (See Results).  

For simulations with no fitness costs, larval survival on two-toxin plants was the 

product of survival on the individual toxins (Table 3.3). Onstad and Meinke (2010) and 

Nibouche et al. (2007) also performed simulations where survival on two toxins was the 
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product of survival on individual toxins. Modelers have also explored other possible 

relationships, including a situation where survival on both toxins was the minimum 

survival from the individual toxins (Onstad and Meinke 2010), or where mortality on two 

toxins was the sum of mortalities on the individual toxins (Gould et al. 1986). For 

simplicity, I assumed that there was no cross resistance conferred by either resistance 

allele. 

In select simulations, I included recessive fitness costs for resistance alleles at 

both loci (Chapter 2). Fitness costs occur when insects with resistance alleles have 

lowered survival on non-Bt host plants. They are commonly associated with Bt resistance 

and are often recessive (Gassmann et al. 2009). In simulations with fitness costs, larvae 

with r1r1 or r2r2 had 0.82 survival (0.96 per feeding stage) on non-Bt plants (Table 3.3), 

based on the parameters used in Chapter 2. For larvae with both r1r1 and r2r2 (i.e., 

genotype r1r1r2r2), fitness on non-Bt cotton was 0.822 = 0.67 (0.92 per feeding stage) 

(Table 3.3). Larvae with r1r1 and/or r2r2 experienced fitness costs on any plant lacking the 

toxin that they resisted. For example, for r1r1r2r2 larvae on T1 plants, survival was the 

product of survival conferred by r1r1 (i.e., 0.83 survival per feeding stage) and by r2r2 in 

which a cost was present (i.e., 0.96 survival per feeding stage) (Table 3.3). Survival on 

two-toxin cotton was the same with or without fitness costs. Therefore, it was not the 

product of survival on each toxin, as in simulations without fitness costs. However, when 

I performed simulations of fitness costs where survival on two-toxin cotton was the 

product of survival on the individual toxins, results were practically unchanged.  
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Simulations of Resistance Evolution  

I kept track of changes in the frequencies of gametes in the pest population. The 

four gametes included r1r2, r1s2, s1r2, and s1s2, and resistance was defined as r1r2 reaching 

a frequency >0.5. This is equivalent to keeping track of the frequency of resistance alleles 

in a one-toxin model (Chapter 2). When resistance took over 1,000 years to evolve, I 

plotted the years to resistance as 1,000, and in simulations where resistance never 

evolved I plotted 10,000 years. These simplifications had negligible effects on the 

appearance of my graphs based on a 100 year scale. At the beginning of a simulation, the 

frequency of each gamete was the product of the frequencies of the two alleles in the 

gamete (i.e., a population in “gametic equilibrium”) (Gould 1986). For example, the 

initial frequency of r1r2 gametes was (10-3)2 = 10-6.   

In calculating the overall fitness of the various pest genotypes in Bt fields and 

non-Bt fields, we accounted for larval exposure to two-toxin, T1, T2, and non-Bt plants in 

the fields. Equations were as in Chapter 2, but expanded to account for the nine pest 

genotypes and, in the case of plants with unlinked transgenes, the four plant phenotypes. I 

made one modification that simplified the equations without changing results of the 

simulation model. Instead of calculating fitness of a genotype in each cotton field as the 

sum of each possible exposure level (see Chapter 2), I calculated the fitness of any 

genotype ij in Bt cotton fields (i.e., wijB) or non-Bt cotton fields (i.e., wijN) as a product of 

the five feeding stages:  

 

wijB or N = [(wijT1T2 * xT1T2) + (wijT1 * xT1) + ( wijT2 * xT2) + (wijN * xN)]5 3.1 
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where wijT1T2, wijT1, wijT2, and wijN are the per-stage survivals of genotype ij on two-toxin, 

T1, T2, or non-Bt cotton plants, respectively. xT1T2, xT1, xT2, and xN are the proportions of 

two-toxin, T1, T2, or non-Bt cotton plants in the refuge or Bt cotton fields. I verified that 

this equation produced the same outcomes as the equation used in Chapter 2 by 

performing some simulations with both models. The average fitness of each larval 

genotype across the host plant landscape was calculated as in Chapter 2. 

 Using these fitness parameters, selection at both loci was simulated for each 

generation with a set of equations that can be found in Karlin (1975), Futuyma (1979), 

Hastings (1981), Hedrick (1983), or Gillespie (2004). First, the average fitness of each 

gamete i, where i is r1r2, r1s2, s1r2, or s1s2, was calculated based on the weighted average 

fitness of each genotype containing gamete i:  

��	 
  � �
�

���
�	� 

where j1, j2, j3, and  j4 represent r1r2, r1s2, s1r2, and s1s2, respectively; xj is the frequency of 

any gamete j; and wij is the fitness of the larval genotype containing gametes i and j. I 

made the standard assumption that genotypes containing the same alleles had the same 

fitness (Hamilton 2009). For example, the fitness of genotype r1s1r2s2 was always the 

same, regardless of whether it resulted from the r1s2 x s1r2 cross or the r1r2 x s1s2 cross. I 

also assumed no sex linkage (i.e., wij  = wji). 

 

3.2 
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Next, I calculated the average fitness of the pest population as the sum of average 

fitnesses of the gametes, weighted by the frequencies of the gametes: 

�� 
  � 	
�

	��
��	 

where i1, i2, i3, and i4 represent r1r2, r1s2, s1r2, and s1s2, respectively; and xi is the 

frequency of any gamete i. 

Although simulations began with a state of gametic equilibrium (Gould 1986), 

directional selection at two loci usually generates gametic disequilibrium in subsequent 

generations, meaning that the gametic frequencies differ from what would be expected 

under independent assortment (Karlin 1975, Hedrick 1983, Gillespie 2004). This occurs 

when the simultaneous selection of two alleles causes them to be associated even if they 

are not genetically linked. Gametic disequilibrium (D) was calculated each generation as: 

D = (xr1r2 * xs1s2) – (xr1s2 * xs1r2) 

The rate of recombination, c, describes the probability of recombination occurring 

between the two resistance loci in a gamete during meiosis. Except where noted, I let c = 

0.5 to reflect unlinked resistance loci that segregate independently (Gillespie 2004, 

Hamilton 2009). As mentioned previously, most pairs of genes in an organism are not 

linked (Crow and Kimura 1970). Nevertheless, I also performed some simulations of 

totally linked resistance loci (i.e., c =0), still initiating simulations with gametic 

equilibrium (Gould 1986).   

 

3.3 

3.4 
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Using parameters D and c, the new frequency of a gamete i after a generation of 

selection is given by: 

	′ 
 	��	 � ����
��  

 

 when xi is the frequency of r1r2 or s1s2 gametes, or: 

	′ 
 	��	 � ����
��  

when xi is the frequency of r1s2 or s1r2 gametes. wH is the fitness of the double 

heterozygote genotype r1s1r2s2. 

 

Model Validation 

I checked results from simplified simulations with no plant-to-plant gene flow 

against results generated in the two-gene model platform from Populus (Alstad 2005), a 

free population genetics software package, and also against results from two-gene 

spreadsheet simulations created by Hamilton (2009), and got identical results. I checked 

my results using 14 of the conditions (i.e., various refuge sizes, fitness costs, toxicity 

levels, and initial resistance frequencies) that were simulated by Gould et al. (2006), and 

got similar results in most cases. However, results varied substantially from Gould et al. 

(2006) in three simulations of high toxicity, with the most extreme example including a 

10%  refuge and initial resistance allele frequencies of 0.1, where my model reported 27 

generations to resistance evolution and Gould et al. reported 44 generations. I am unsure 

of the reason for this large discrepancy, because the equations used in Gould et al. (2006) 

3.5 

3.6 
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were not published. My results from this particular simulation matched results generated 

with Alstad (2005) and Hamilton (2009) models.  

I performed simulations with one resistance locus and gene flow between plants 

with linked transgenes in both my two-gene and one-gene (Chapter 2) models and got 

identical results. I also performed some simulations of the conditions used in Gould 

(1998) (i.e., one gene model) and got identical results.  

 

 

  



 
 

101 
 

 
 
 

Results and Discussion 

Effect of Gene Flow from Two-Toxin Crops on Resistance  

In many of the simulations, which included small cotton fields planted with farm-

saved seed and indiscriminately moving pest larvae, pollen-mediated gene flow greatly 

decreased the number of years to resistance evolution (Fig. 3.1). Gene flow had large 

effects when h ranged from 0.05 to 0.5 for 5% refuges, or when h >0.05 for 20% or 50% 

refuges (Fig. 3.1). However, when resistance to each toxin was completely recessive (h = 

0), resistance always took >40 years regardless of the other factors and, in simulations of 

5% refuges, resistance evolution was fast regardless of gene flow if h > 0.5 (Fig. 3.1).  

 In the one-toxin model, the effects of gene flow on resistance were driven mainly 

by the refuge (Chapter 2). To see whether this was true for two-toxin crops, I performed 

simulations of the conditions examined in Fig. 3.1B, but where gene flow affected only 

the non-Bt cotton refuge. These simulations represented farms that purchased pure 

transgenic seed yearly but saved non-transgenic seed (Chapter 2). When only the refuge 

was affected by gene flow, results were nearly identical to Figure 3.1B, although 

resistance evolved slightly faster (data not shown). This showed that the effects of gene 

flow on resistance were driven by adventitious presence of Bt transgenes in the refuge. 

 Similar to the one-toxin model (Chapter 2), gene flow had less of an effect on 

resistance when dominance was high or when refuges were small (Figs. 3.1-3.3). 

Resistance evolved fastest under these circumstances and, therefore, gene flow had less 

time to accumulate before resistance evolved (see Figs. 3.4 and 3.5). Although I used the 

same pollen-mediated gene flow rates for 5% and 20% refuges (Table 3.1), in reality, 5% 
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refuges could undergo more pollen-mediated gene flow than 20% refuges due to their 

smaller size relative to the surrounding Bt crop (Chapter 2). 

 

Effect of Transgene Linkage on Resistance  

In general, resistance evolved faster when the transgenes were unlinked than 

when they were linked, and this difference was most noticeable when gene flow rates 

were moderate (Fig. 3.1). The effect of linkage on resistance became smaller as the 

dominance of resistance increased and, for 5% refuges, was practically absent when 

h>0.5 (Fig. 3.1A). When 50% refuges were used, linkage had a large effect on resistance 

evolution for simulations of both moderate and high gene flow (Fig. 3.1C). However, 

resistance evolution always took 16 years or more with high gene flow and 32 years or 

more with moderate gene flow when 50% refuges were used. Therefore, under most of 

the conditions examined here for 50% refuges, gene flow had a small effect on resistance 

from a crop management standpoint.   

In some simulations of 5% or 20% refuges, however, the difference in time to 

resistance evolution with linked versus unlinked Bt transgenes was of a timescale that 

could be important from a management standpoint. For example, with a 20% refuge and 

moderate gene flow, resistance evolved in ≤ 20 years with unlinked transgenes but in >35 

years with linked transgenes when h ranged from 0.2 and 0.4 (Fig. 3.1B). For a 5% 

refuge and moderate gene flow, resistance evolved in ≤ 20 years with unlinked transgenes 

but in > 35 years with linked transgenes when h was 0.1 or 0.2 (Fig. 3.1A).  When I 

simulated conditions with no gene flow between plants, the time to resistance was 
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identical regardless of linkage of Bt transgenes, because fields of two-toxin cotton and 

refuges of non-Bt cotton remained pure (dashed lines in Figs. 3.1-3.3 and Fig. 3.6). 

 I simulated some conditions where the dominance h2 of allele r2 was h1 +0.2. 

While resistance evolved a little faster than when h2 = h1, the qualitative effects of gene 

flow and linkage on resistance did not change (compare Fig. 3.1B to Fig. 3.2). Adding 

recessive fitness costs slowed the time to resistance by a small amount, but also did not 

change the effects of gene flow or linkage on resistance (Compare Fig. 3.1B to Fig. 3.3). 

In simulations where the recombination rate c for the two resistance alleles was 

zero, resistance evolved faster, particularly when there was no gene flow (compare Fig. 

3.1B to Fig. 3.6). This is not surprising, because the proportion of r1r2 gametes increases 

faster when recombination does not act to separate the two resistance loci (Gould 1986, 

Roush 1998). Linkage of the Bt transgenes had a greater effect when recombination 

between the resistance alleles was high (c = 0.5) than when c = 0. This was probably due 

to the faster resistance evolution when c = 0, and also because r1s2 and s1r2 gametes, 

which were increased by recombination when c = 0.5, had a selective advantage on one-

toxin plants when resistance was not recessive.  

 

Effect of Gene Flow and Linkage on Composition of Fields of Bt and Non-Bt Cotton  

Plant-to-plant gene flow between fields of two-toxin cotton and non-Bt cotton 

refuges, which was cumulative over multiple years, resulted in off-type plants in both the 

refuges and Bt cotton fields (Figs. 3.4 and 3.5, Chapter 2). Because, in most of the 

simulations, there was more acreage of Bt crop than refuges, and also because the 
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transgenes were dominantly inherited, plants with Bt toxins accumulated in the refuge 

much more rapidly than non-Bt plants accumulated in the two-toxin cotton fields (Figs. 

3.4 and 3.5, Chapter 2).   

 There were two key differences in the composition of plants following years of 

pollen-mediated gene flow in simulations of linked versus unlinked transgenes. First, the 

proportion of non-Bt plants in both the refuge and Bt fields was smaller when the 

transgenes were unlinked than when they were linked (Figs. 3.4 and 3.5). To understand 

this phenomenon, consider double heterozygous T1N1T2N2 plants that self-pollinate. If the 

Bt transgenes are linked, these plants will produce 50% N1N2 gametes but, if the 

transgenes are unlinked, they will produce only 25% N1N2 gametes. Second, simulations 

of unlinked transgenes resulted in fewer two-toxin plants than simulations of linked 

transgenes but, importantly, unlinked simulations also generated one-toxin plants (Figs. 

3.4 and 3.5). 

Therefore, unlinked transgenes created two potential problems: a faster reduction 

of non-Bt cotton plants in the refuges and the introduction of one-toxin plants that could 

select for resistance to the individual toxins. To determine which of these factors was 

responsible for the faster resistance in simulations of unlinked transgenes, I considered 

the composition of plants in a 20% refuge following 30 years of high gene flow (Fig. 

3.4). When the transgenes were unlinked, I ended up with approximately 30% two-toxin 

plants, 22.5% T1 plants, 22.5% T2 plants, and 25% non-Bt plants. Using this as the 

constant plant composition in refuges throughout a simulation, assuming Bt fields 

remained pure, and considering the conditions examined in Figure 3.1B for recessive 
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resistance, resistance took 26 years to evolve. When I substituted two-toxin plants for the 

one-toxin plants (i.e., 75% two-toxin plants and 25% non-Bt plants in the refuge), the 

years to resistance evolution increased from 26 to 145.   

In a parallel simulation of linked transgenes, I determined that refuges would 

contain approximately 48% non-Bt plants and 52% two-toxin plants after 30 years of 

high gene flow. Substituting these percentages in for the values used in the previous 

simulation, the years to resistance increased from 145 to 541, showing that the smaller 

number of non-Bt plants in refuges also contributed to accelerating resistance evolution 

when the transgenes were unlinked. 

Therefore, in simulations of pollen-mediated gene flow, resistance evolution was 

faster for unlinked transgenes for two reasons: because one-toxin plants were produced, 

and because the proportion of non-Bt plants in refuges disappeared faster than in 

simulations of linked transgenes. Reducing the proportion of non-Bt plants in refuges 

decreases the ability of refuges to produce susceptible pests (Chilcutt and Tabashnik 

2004, Heuberger et al. 2008b, Chapter 2). Meanwhile, introducing one-toxin plants into 

the environment can facilitate selection for each resistance allele separately (Roush 1998, 

Zhao et al. 2005, Gould et al. 2006, Bravo and Soberón 2008, Onstad and Meinke 2010).  

 

Effect of Seed-Mediated Gene Flow in the Commercial Seed Supply  

In simulations of commercially purchased seed, I included fixed proportions of 

two-toxin, one-toxin, and non-Bt plants (Table 3.2) in a 20% refuge, resulting from seed-

mediated gene flow in the commercial seed supply. Adventitious presence in the seed 



 
 

106 
 

 
 
 

supply, resulting from 5% or more seed-mediated gene flow, reduced the time to 

resistance evolution from >90 years to under 20 years when h>0.05 (Fig. 3.7). However, 

when resistance was completely recessive, it always took >100 years for resistance to 

evolve regardless of adventitious presence in the purchased seed (Fig. 3.7).  

 

Coexistence of One- and Two-Toxin Plants  

Roush (1998) noted the potential for impurities to exist in seed lines of two-toxin 

plants and modeled the effect of such impurities on resistance evolution. In his study, he 

assumed that given percentages of seeds (varied from 90-100%) contained each 

transgene. Therefore, in most simulations, some seeds had one or zero transgenes. When 

he simulated conditions where all susceptible pests were killed by either toxin, the time to 

resistance was cut from 160 generations to 75 generations when the two transgenes were 

unlinked and each trait was found in 99% of the transgenic plants instead of 100%. Roush 

(1998) assumed that larvae did not move between plants, although interplant movement 

occurs in some key pests species (Parker and Luttrell 1999, Halcomb et al. 2000, Men et 

al. 2005, Prasifka et al. 2010; see Chapter 2), and larval movement between transgenic 

and non-transgenic plants may accelerate resistance evolution (Chapter 2 and results 

herein). 

 Like Roush (1998), I showed that even small amounts of impurities in seed can 

have large effects on the time to resistance evolution to two-toxin crops (Fig. 3.7). Other 

simulation models have also shown that the coexistence of one- and two-toxin plants can 

accelerate resistance evolution (Zhao et al. 2005, Gould et al. 2006, Onstad and Meinke 
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2010). Moreover, in a greenhouse study of Plutella xylostella, resistance to two-toxin 

broccoli evolved after 24-26 generations when two-toxin plants were grown concurrently 

with one-toxin plants, but not when one-toxin plants were not present (Zhao et al. 2005). 

Here, I showed that gene flow between two-toxin crops with unlinked transgenes and 

non-Bt crops could potentially lead to numerous one-toxin plants in the landscape (Figs. 

3.4 and 3.5). 

 

Gene Flow and Resistance in Two-Toxin versus One-Toxin Crops  

Regardless of whether the two transgenes were linked or unlinked, resistance was 

much slower for two-toxin crops than for the one-toxin crop modeled in Chapter 2. For 

example, with 20% refuges, recessive resistance, recessive fitness costs, and high gene 

flow, resistance evolved in 26 years for one-toxin cotton, but took 43 or 118 years for 

two-toxin cotton if the transgenes were unlinked or linked, respectively (Compare Fig. 

3.3 to Fig. 2.3A). When resistance was dominant in the same scenario, it took 3 years to 

evolve for one-toxin cotton (unpublished data), and eight or 10 years for two-toxin 

cotton. It is not surprising that resistance was slower for two toxin crops, because per-

stage survival of r1r1r2r2 on two-toxin cotton was 0.962 = 0.92 (Table 3.3), but per-stage 

survival of r1r1 on one-toxin cotton, from Chapter 2, was 0.96.  

 

Model Limitations  

In the absence of some empirical pest data that would be useful for refining the 

model parameters, I have created a general model meant to enhance understanding of the 
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potential effects of gene flow from two-toxin crops. The parameters used here, including 

initial resistance allele frequencies, recombination rates for resistance alleles, and larval 

movement among plants, do not reflect measurements in individual pests. Therefore, the 

results reported here are most useful in terms of the general patterns and hypotheses, and 

should not be interpreted as predictions of the number of years for resistance to evolve in 

specific pests under different management scenarios. Also, as mentioned in the 

introduction, modeling a pest where all larvae move randomly among five plants, and 

modeling farms that are very small and save seed each year, represent worst-case 

scenarios. Nevertheless, these results underline the potential for gene flow from two-

toxin crops to affect pest resistance evolution. 

 I did not perform any simulations where an allele conferred cross resistance to the 

two toxins. However, laboratory experiments have demonstrated the potential for pests to 

develop cross resistance to two Bt toxins, even when the two toxins are structurally 

different (Gould et al. 1992, Tabashnik et al. 2009b). I assumed that the two toxins in the 

model had no epistatic effects on pest mortality but, in reality, two toxins could have 

synergistic, antagonistic, or redundant effects (Gould 1986), and these effects could 

potentially change the effect of linkage and gene flow rates on resistance.  

It is also possible for the concentration of a Bt toxin to decline during the life of a 

Bt cotton plant, as has been shown for the Cry1Ac toxin in Bollgard and Bollgard II 

cotton (Nibouche et al. 2007, Carrière et al. 2010). Accordingly, levels of resistance 

conferred by specific alleles may vary through the growing season. Considering this 
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factor in the simulations could have potentially accelerated the evolution of resistance 

and changed the effects of transgene linkage (Carrière et al. 2010). 

 

Conclusions  

For small farms where seed is saved each year, as well as farms where seeds are 

purchased each year, the results suggest that gene flow between two-toxin cotton and 

non-Bt cotton could potentially accelerate resistance evolution in pests that move 

indiscriminately among plants (Figs. 3.1-3.3 and Fig. 3.7). In my simulations, resistance 

was often faster when the two transgenes were unlinked than when they were linked 

(Figs. 3.1-3.3). Gould (1991) noted that two-toxin crops are most likely to delay 

resistance when the dominance of resistance is recessive, transgenic plants provide high 

doses of both toxins, and refuges of non-Bt crop plants are available. Gene flow between 

refuges of non-Bt cotton and two-toxin Bt cotton has the potential to affect all of these 

assumptions. The presence of toxic plants in refuges (Figs. 3.4 and 3.5) decreases the 

effective size of refuges and, accordingly, decreases the survival of susceptible larvae. 

Moreover, indiscriminate larval movement from two-toxin plants to one-toxin or non-Bt 

plants could decrease larval exposure to plants with two toxins and increase the 

dominance of resistance (although there is some debate on this; see Chapter 2). 

Therefore, it should not be surprising that gene flow had large effects on resistance in 

many of the scenarios modeled here, particularly when the transgenes were unlinked.  

Modern biotechnology techniques allow multiple transgenes to be inserted into 

plants simultaneously (Douglas and Halpin 2009). Results from this study illustrate the 
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utility of two-toxin cultivars for delaying resistance, and suggest that linking the 

transgenes could be useful if the potential for sexual crossing with non-transgenic crops 

is high.  
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Table 3.1: Simulated pollen-mediated gene flow (pmgf) rates between non-Bt cotton refuges and two-toxin Bt cotton 
fields, based on parameters from Chapter 2. 
 
 
 

Refuge 

size 

High pmgf (%) Moderate pmgf (%) 

Refuge Bt cotton field Refuge Bt cotton field 

5% 3.25 3.25/19 = 0.17 0.6 0.6/19 = 0.032 

20% 3.25 3.25/4 = 0.81 0.6 0.6/4 = 0.15 

50% 0.81 0.81 (0.6/3.25)*0.81 = 0.15 (0.6/3.25)*0.81 = 0.15 
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Table 3.2: Composition of plant types produced in a seed lot after five years of simulated 
pollen-mediated gene flow (PMGF) within the seed lot. I assumed that the specified 
percentage of two-toxin plants entered the non-Bt cotton seed lot via seed-mediated gene 
flow (SMGF) at the start of a simulation, after which plants were 50% self-pollinated and 
50% outcrossed by surrounding plants in the seed lot each year.  
 

SMGF of two-

toxin plants (%) 

Composition of plant types after five years of PMGF (%) 

Two-toxin T1 T2 Non-Bt 

0 0 0 0 1 

1 0.0077 0.0089 0.0089 0.9745 

5 0.0404 0.0411 0.0411 0.8774 

10 0.0858 0.0740 0.0740 0.7662 

20 0.1880 0.1183 0.1183 0.5754 
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Table 3.3: Per-stage survival of the pest genotypes on the various plant types. The total larval fitness for the specific 
condition where all five feeding stages are spent on the same plant type is shown parentheses. Parameters are shown for 
simulations of no fitness costs or recessive fitness costs. Parameters in shaded boxes vary depending on dominance (see 
Table 3.4), but parameters reflecting additive dominance (h = 0.5) are shown as an example. To conserve space, 
numbers are rounded off, but decimal places from calculations were kept in the model. 
 
Toxin Cost Larval Genotype 

r1r1r2r2 r1r1r2s2 r1r1s2s2 r1s1r2r2 r1s1r2s2 r1s1s2s2 s1s1r2r2 s1s1r2s2 s1s1s2s2 

Non-

Bt 

none 1         

(1) 

1 

(1) 

1        

(1) 

1         

(1) 

1         

(1) 

1         

(1) 

1         

(1) 

1          

(1) 

1         

(1) 

recessive .92  

(.67) 

.96  

(.82) 

.96  

(.82) 

.96  

(.82) 

1         

(1) 

1         

(1) 

.96 

 (.82) 

1         

(1) 

1          

(1) 

T1 none 0.83 

(0.39) 

0.83 

(0.39) 

0.83 

(0.39) 

0.72 

(0.19) 

0.72 

(0.19) 

0.72 

(0.19) 

0.10  

(1x10-5) 

0.10 

(1x10-5) 

0.10 

(1x10-5) 

recessive 0.80 

(0.32) 

0.83 

(0.39) 

0.83 

(0.39) 

0.69 

(0.16) 

0.72 

(0.19) 

0.72 

(0.19) 

0.096 

(8 x10-6) 

0.10 

(1x10-5) 

0.10 

(1x10-5) 

T2 none 0.83 

(0.39) 

0.72 

(0.19) 

0.10 

(1x10-5) 

0.83 

(0.39) 

0.72 

(0.19) 

0.10 

(1x10-5) 

0.83 

(0.39) 

0.72 

(0.19) 

0.10 

(1x10-5) 

recessive 0.80 

(0.32) 

0.69 

(0.16) 

0.096 

(8 x10-6) 

0.83 

(0.39) 

0.72 

(0.19) 

0.10 

(1x10-5) 

0.83 

(0.39) 

0.72 

(0.19) 

0.10 

(1x10-5) 

Both  none 0.69 

(0.16) 

0.60 

(0.076) 

0.083 

(4x10-6) 

0.60 

(0.076)      

0.52 

(0.037) 

0.072 

(2x10-6) 

0.083 

(4x10-6) 

0.072 

(2x10-6) 

0.010  

(1x10-10) 

recessive 0.69 

(0.16) 

0.60 

(0.076) 

0.083 

(4x10-6) 

0.60 

(0.076)      

0.52 

(0.037) 

0.072 

(2x10-6) 

0.083 

(4x10-6) 

0.072 

(2x10-6) 

0.010  

(1x10-10) 
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Table 3.4: Survival of larvae with alleles r1s1 on T1 plants or r2s2 on T2 plants at various 
levels of dominance. Survivals for individual feeding stages are shown, along with total 
survival for larvae spending all five stages on the same plant type. These numbers do not 
account for simulations with fitness costs, where costs were applied to genotype r1r1r2s2 
on T2 plants and r1s1r2r2 on T1 plants (see Methods).    
 
 
 

 

 

 

 

Dominance 

(h) 

Survival per 

feeding stage 

Survival for all 

five stages 

1 0.83 0.40 

0.9 0.82 0.36 

0.8 0.80 0.32 

0.7 0.78 0.28 

0.6 0.75 0.24 

0.5 0.72 0.2 

0.4 0.69 0.16 

0.3 0.65 0.12 

0.2 0.60 0.08 

0.1 0.53 0.04 

0.05 0.46 0.02 

0 0.10 10-5 
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Figure 3.1: Number of years until resistance evolved when moderate (circles) or high 
(triangles) rates of pollen-mediated gene flow occurred between the non-Bt cotton 
refuges and two-toxin Bt cotton fields. Black lines show simulations where the Bt 
transgenes were unlinked while gray lines show simulations where the transgenes were 
linked. Results are shown for landscapes with (A) 5%, (B) 20%, and (C) 50% refuges. 
The dotted line shows results from simulations with no gene flow. For the 50% refuge, 
resistance always took >500 years with no gene flow. 
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Figure 3.2: Number of years until resistance evolved when the level of dominance 
differed for the two resistance alleles (upper axis versus lower axis). Otherwise, the 
conditions simulated were as in Figure 3.1B. Moderate (circles) and high (triangles) rates 
of pollen-mediated gene flow are shown, along with simulations of unlinked (black lines) 
and linked (gray lines) Bt transgenes. Under the conditions examined here, resistance 
always took over 100 years to evolve when there was no gene flow.  
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Figure 3.3: Number of years until resistance evolved when recessive fitness costs were 
included in the simulations. Otherwise, the conditions were as in Figure 3.1B. Moderate 
(circles) and high (triangles) rates of pollen-mediated gene flow are shown, along with 
simulations of unlinked (black lines) and linked (gray lines) Bt transgenes. Under the 
conditions examined here, resistance always took 98 years or more to evolve when there 
was no gene flow. 
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Figure 3.4: Composition of two-toxin (solid lines), one-toxin (dashed lines), or non-Bt 
(dotted lines) cotton plants following a high rate of yearly pollen-mediated gene flow 
between a 20% refuge of non-Bt cotton and the surrounding two-toxin Bt cotton fields 
(see Table 3.1). One-toxin cotton includes both T1 and T2 plants in equal proportions. 
Simulations where the Bt transgenes in two-toxin cotton were (A) linked, and (B) 
unlinked, are shown.  
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Figure 3.5: Composition of two-toxin (solid lines), one-toxin (dashed lines), or non-Bt 
(dotted lines) cotton plants following a moderate rate of yearly pollen-mediated gene 
flow between a 20% refuge of non-Bt cotton and the surrounding two-toxin Bt cotton 
fields (see Table 3.1). One-toxin cotton includes both T1 and T2 plants in equal 
proportions. Simulations where the Bt transgenes in two-toxin cotton were (A) linked, 
and (B) unlinked, are shown.  
 
 
A. Linked 

 

B. Unlinked 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100

Non-Bt refuge Two-toxin fields 

Non-Bt refuge Two-toxin fields 

Year of simulation 

P
ro

p
o

rt
io

n
 o

f 
p

la
n

ts
 

P
ro

p
o

rt
io

n
 o

f 
p

la
n

ts
 



 
 

120 
 

 
 
 

Figure 3.6: Number of years until resistance evolved under the conditions examined in 
Figure 3.1B, but with no recombination between resistance alleles (c = 0). Moderate 
(circles) and high (triangles) rates of pollen-mediated gene flow are shown, along with 
simulations of unlinked (black lines) and linked (gray lines) Bt transgenes. The dotted 
line represents simulations of no gene flow. 
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Figure 3.7: Number of years until resistance evolved when 20% refuges of non-Bt cotton  
contained fixed rates of two-toxin, T1, T2, and non-Bt cotton plants (see Table 3.2). The 
rates of the various plant types resulted from simulations of 0% (diamonds), 1% 
(squares), 5% (triangles), 10% (circles), or 20% (asterisks) seed-mediated gene flow of 
unlinked two-toxin Bt cotton plants into seed production fields of non-Bt cotton (see 
Methods). 
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CHAPTER 4: GENE FLOW FROM GENETICALLY MODIFIED CROPS IN THE 
UNITED STATES: THE POLITICS AND THE POLICY 

 

Abstract 

 The previous chapters provide information on factors that can contribute to gene 

flow from genetically engineered crops and the potential implications of transgene flow 

from Bacillus thuringiensis (Bt) crops on pest resistance management strategies. Results 

from my research suggest that limiting gene flow from Bt crops to non-Bt seed 

production fields could be important for preserving the value of refuges. However, in 

drawing this conclusion, it is also important to note the political pressures and economic 

tradeoffs that complicate the regulation of transgene flow. In this chapter, I will review 

the current policy on crop-to-crop gene flow from genetically modified plants in the 

United States, as well as the science and politics behind the policy. I will also discuss 

issues that are likely to steer gene flow policy in the near future. 
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Introduction 

 Since their commercial introduction in the mid 1990’s, genetically engineered 

(GE) crops have come to play a major role in agriculture in the United States and other 

parts of the world (James 2009). While these crops offer possibilities for increasing 

agricultural productivity, adding desirable traits to foods, or producing novel compounds, 

there is some concern over their potential to breed with sexually compatible crop plants 

or wild plants (Smyth et al. 2002, Snow et al. 2005, National Research Council 2010). 

Such gene flow can occur if GE plants cross-pollinate related plants, or if GE seeds or 

plant propagules are accidentally introduced into plant patches of non-GE plant relatives. 

Potential for gene flow is particularly high in the United States, where sexually 

compatible GE and non-GE crops are often grown in close proximity and handled by the 

same processors (Kalaitzandonakes and Magnier 2004).  

Such gene flow can produce negative consequences that are discussed in detail 

below, yet government oversight on this issue is limited once a GE crop has been 

approved for commercial use. In this chapter, I will review both the economic and 

ecological factors that have contributed to policymaking on gene flow, and point out gaps 

in the current regulatory framework. Gene flow policies will undoubtedly evolve as more 

crop varieties with GE traits are developed. In particular, new policies will be needed to 

address the next generation of GE crop plants that produce novel pharmaceutical and 

industrial compounds. Both scientific and economic arguments are likely to influence the 

direction of gene flow policy in coming years.  
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The Ecological and Economic Consequences of Gene Flow 

Ecological Consequences of Gene Flow   

Gene flow from GE crops to sexually compatible wild or weedy relatives raises 

ecological concerns, including potential to affect the ecology of native plants, exacerbate 

weed problems in managed systems, and accelerate resistance evolution in some pest 

populations (Smyth et al. 2002, Chilcutt and Tabashnik 2004, Marvier and Van Acker 

2005, Heuberger et al. 2008b, National Research Council 2010).  

Gene flow into wild plant populations could affect the ecology of wild plants if 

the introduced traits affect their relative fitness in their natural environment (National 

Research Council 2010). Moreover, gene flow into plants that are weeds, or likely to 

become weeds, could give them advantageous traits that would complicate their 

management in agriculture. Fortunately, corn and soybean, the most abundant GE crops, 

do not have sexually compatible wild or weedy relatives (Wolfenbarger et al. 2010). 

However, at least 15 crops in the United States (including crops that are not yet 

genetically engineered) can interbreed with weedy plants (National Research Council 

2010).      

The main GE crops used at present are insect-resistant (IR) crops and herbicide-

resistant (HR) crops (James 2009). IR crops are protected against certain insects, and 

wild plants cross-pollinated by IR relatives could possess a selective advantage in the 

presence of those insects, leading to proliferation of the transgene in wild populations 

(Snow et al. 2003, Vacher et al. 2004). In a field study, backcrossed wild sunflowers 

containing an IR Bacillus thuringiensis (Bt) transgene produced more seeds than their 
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wild type counterparts due to reduced insect damage (Snow et al. 2003). HR crops are 

resistant to the effects of specific herbicides, and gene flow from these plants could 

produce weeds that have an advantage in managed systems where those herbicides are 

used (National Research Council 2010). This could increase the cost of weed control for 

farmers, and has been an argument against the use of HR bentgrass, sugarbeets, and 

canola, because all of them have sexually compatible wild relatives in the United States 

(Mallory-Smith and Zapiola 2008).  

Cultivated plants can become weeds if they propagate in fields of other crops. HR 

crop plants have extra weed potential since they cannot be controlled with certain 

herbicides (Mallory-Smith and Zapiola 2008). As early as 1999, canola plants resistant to 

three different herbicides, resulting from gene flow between HR canola varieties, were 

identified in Canada (Smyth et al. 2002).  

As discussed in Chapters 2 and 3, gene flow from IR crops into “refuges” of non-

IR crop could compromise pest resistance management strategies. Such refuges are used 

to produce susceptible insects that can mate with rare resistant insects, but the presence of 

IR traits in the refuges could increase mortality of these susceptible insects (Chapters 2 

and 3).  

 Many transgenic crop plants are currently being developed to produce novel 

pharmaceutical or industrial compounds (Basaran and Rodríguez-Cerezo 2008, Cowan 

and Becker 2010). Gene flow from these crops could have complex ecological impacts 

that must be assessed on a trait-by-trait basis. Government agencies consider potential 

risks of a GE crop before approving it for field testing, and then further evaluate its risks 
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before approving it for commercial use (see “Government Approach”). However, if 

containment procedures used during field testing are insufficient, gene flow could occur 

before the crop is approved for commercialization (Cowan and Becker 2010). Many 

pharmaceutical plants are being developed from food crop plants (Basaran and 

Rodríguez-Cerezo 2008). Corn has been a favorite crop for pharmaceutical engineering 

because it is efficient to produce, has known genetics, and is safe to eat (Ramessar et al. 

2008). Moreover, its large seeds allow it to store large amounts of protein without 

affecting the rest of the plant, and it is easy to process and extract proteins from corn after 

harvest (Ramessar et al. 2008). However, the cultivation of food crops with 

pharmaceutical or industrial properties raises concerns that these transgenes could enter 

the food supply (Cowan and Becker 2010). It can be extremely difficult and expensive to 

remove transgenes from the environment after gene flow has occurred (Marvier and Van 

Acker 2005, Cannon 2010).  

 

Economic Consequences of Gene Flow 

Some niche markets restrict the use of genetically engineered materials in foods, 

and growers targeting those markets can be economically harmed if gene flow from GE 

crops affects their fields. Last year (April 2009 to April 2010), sales of packaged foods 

advertised as non-GE totaled $787 million in the United States (Greene and Smith 2010). 

In the United States, much of the demand for non-GE foods occurs in the organic sector, 

which commands premium food prices and has rapidly expanded in recent years (Greene 

and Smith 2010). The National Organic Program (NOP) of the United States Department 
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of Agriculture (USDA) does not allow producers to use GE foods in organically labeled 

products (United States Department of Agriculture 2008). However, it also does not 

penalize growers for the unintentional presence (“adventitious presence” or “AP”) of GE 

materials in organic foods, provided that growers followed NOP production guidelines 

(see “Government Approach” for more information) (United States Department of 

Agriculture 2008, 2010).1  

While the NOP has not taken a hard line approach to limiting AP, consumers 

paying premium prices for organic foods, or foods otherwise marketed as non-GE, want 

assurance that the food does not exceed acceptable levels of GE material. The United 

States Food and Drug Administration (FDA) does not require companies to mention the 

use of GE material on food product labels (United States Food and Drug Administration 

2001).2 Thus, in the United States, private groups have set their own labeling standards to 

meet consumer demands for products that are assured to be free (or nearly free) of GE 

material. For example, the Non-GMO Project is a non-profit organization that awards a 

“Non-GMO Project Verified” label to food products that are below AP thresholds of 

0.1%-0.25% GE material in commercial seed, 0.5-0.9% in food products, or 0.9-1.5% in 

animal feed (Non-GMO Project 2010). Additionally, some foreign governments have set 

thresholds for AP. Most notably, the European Union requires most food and feed crops 

                                                 
1
 Some food industry officials have challenged the legality of non-GE labels, due to the burden of proving that 

foods are non-GE, and because some types of labels could imply that GE foods are somehow inferior 

(Hamilton 2005). However, consumers expect organically labeled products to be non-GE, given the NOP 

standards for their production (Hamilton 2005). See United States Food and Drug Administration (2001) for 

more information on voluntary labeling. 

 
2
 However, unique traits that change the quality of a food must be labeled. 
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with more than 0.9% material from GE organisms to be labeled as GE products 

(Commission of the European Communities 2003). A key challenge of enforcing 

thresholds is that tests may not be available for brand new GE traits (Endres 2005). 

Wholesalers that target organic or non-GE markets, including the European 

market or niche markets in the United States, often reject agricultural commodities if AP 

exceeds their thresholds (Greene and Smith 2010). Growers failing to meet these 

thresholds can lose the premium pricing for their products and can incur additional costs 

in transporting their goods to another wholesaler once their product is rejected (Greene 

and Smith 2010). This loss is especially significant if the grower took expensive 

precautions to limit gene flow (see “Economic Tradeoffs”). Fears of these economic 

losses have driven many producers away from selling to the organic or European markets 

(Hanrahan 2010). 

Gene flow from GE crop varieties that are still in the experimental phase can have 

particularly devastating economic consequences. Because experimental crops could still 

be undergoing safety testing, their unwanted presence in the food supply (of either GE or 

non-GE foods) can trigger expensive product recalls, drops in the prices of a commodity, 

and lawsuits (Endres and Gardner 2006; see “Gene Flow Litigation”).  

Even the threat of gene flow can have important economic consequences. For 

example, in Canada, buyers shied away from buying organic canola once GE canola 

entered the market, because they assumed that gene flow between the crops would occur 

(Smyth et al. 2002). In the United States, the perceived potential for high gene flow has 

led some food manufacturers to import raw agricultural goods from other countries where 
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fewer GE crops are grown (Devos et al. 2009, Greene and Smith 2010). Similarly, some 

foreign countries have refused to buy certain products from the United States, citing 

potential for AP of unapproved traits (Greene and Smith 2010, Hanrahan 2010). 

Therefore, actively limiting gene flow could strengthen both domestic and international 

markets for GE and non-GE crops grown in the United States. 
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Methods of Limiting Gene Flow 

 Gene flow from GE crops can occur via cross-pollination between crop fields, AP 

in the planted seed, seed mixing through human error, or the germination of “volunteer” 

GE plants from residual seed or vegetative propagules in the soil (Chapter 1, Marvier and 

Van Acker 2005). Of these potential sources, cross-pollination has received the most 

attention, due to the potential for long distance gene dispersal and the difficulty of 

limiting pollen escape from a field (Beckie and Hall 2008, Watrud et al. 2004, Peck 

2008). In an extreme example, Watrud et al. (2004) documented gene flow from GE 

creeping bentgrass at up to 21 km.3  

Because gene flow decreases with distance from a GE crop, it can be limited by 

separating crops by appropriate distances in the landscape (Chapter 1, Beckie and Hall 

2008). The amount of space required to reasonably limit cross-pollination varies among 

crops and depends on ecological variables such as pollen size, wind speed and direction, 

or the abundance of pollinating insects (Chapter 1, Beckie and Hall 2008). In Europe, 

where fewer fields are GE, growers are encouraged to cluster their GE fields together in 

an area so that they are all distant from non-GE fields (Ceddia et al. 2009). In the United 

States, where GE fields are abundant, producers sometimes agree to designate certain 

areas as non-GE, to facilitate spatial clustering of non-GE fields (National Research 

Council 2010). Of course, the clustering strategy may not be feasible if growers of GE or 

non-GE crops do not already possess land in the same areas.  

                                                 
3 In its non-GE form, bentgrass is grown for golf courses and forage. 
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As a related strategy, some growers intentionally offset the planting dates of non-

GE versus neighboring GE fields in hopes that the fields will flower at different times 

and, therefore, will not cross-pollinate (Norton 2005, Greene and Smith 2010). For plants 

that are not grown for flowers or seeds, cross-pollination may be preventable simply by 

harvesting the plants before flowering (Moon et al. 2009). 

Another strategy for limiting cross-pollination involves the use of “pollen 

barriers” or “buffers” of non-GE plants surrounding either the GE or non-GE field 

(Beckie and Hall 2008). Pollen barriers consist of the same plant species as the GE crop, 

and are either unharvested or are harvested and sold as a GE crop at the end of the season 

(Beckie and Hall 2008, Demont et al. 2009). They limit pollen exchange with 

surrounding fields by acting as a sink for pollen coming in or out of the field and by 

providing non-GE pollen that competes with GE pollen to fertilize non-GE crops (Ceddia 

2009). Pollen barriers are more effective at containing gene flow than the same amount of 

area left as bare ground (Llewellyn et al. 2007, Demont et al. 2009).  

Researchers are currently using biotechnology to develop genetic methods for 

containing gene flow. Examples include GE plants that do not produce viable pollen or 

plants where site-specific DNA recombinases remove transgenes from the pollen (Moon 

et al. 2009). Another option involves inserting the desired transgenic trait into maternal 

plant DNA in plant organelles, rather than into the plant’s nuclear genome (Basaran and 

Rodríguez-Cerezo 2008, Moon et al. 2009). With this technique, transgenes are 

maternally inherited and do not occur in the pollen (Basaran and Rodríguez-Ceroezo 

2008). While these techniques have been demonstrated experimentally, more work is 



 
 

132 
 

 
 
 

needed before they can be used commercially (Moon et al. 2009). Currently, researchers 

are addressing unwanted drawbacks of these techniques, which can include abnormal 

flower formation, production of cytoplasmic toxins, or occasional formation of transgenic 

pollen in plants (Moon et al. 2009).  

Simpler genetic methods have also been proposed. Conventional breeding can be 

used to develop crop varieties that are fertilized only by pollen from the same plant 

variety, thus limiting crossing with related GE plants (Norton 2005). Another option is to 

use GE plants that have a visibly identifiable trait, such as seed color, which would make 

it easier to identify AP (Greene and Smith 2010). 

While cross-pollination between fields can be very difficult to predict and 

prevent, other forms of gene flow can be limited with straightforward approaches of 

proper handling (details in Chapter 1). At the farm level, AP can be reduced by 

rigorously cleaning planting equipment when switching between crop varieties and 

carefully disposing of crop residues between field plantings (Chapter 1, Devos et al. 

2009). The problem of volunteer GE plants is mostly limited to fields where GE crops 

were previously grown, and is minimized by avoiding those areas in future plantings of 

non-GE crops. AP in the planted seed can be reduced by screening seed lots before they 

are used to plant fields (Chapter 1). Processers and wholesalers can reduce AP by using 

separate equipment for handling and storing different crop types. 

 Limiting gene flow is particularly important in the seed production setting 

(Chapter 1). Because seed is collected and planted in future years, AP may accumulate 

year after year (Chapter 1). Agricultural seed producers have used pollen barriers and 
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distancing strategies to limit unwanted gene flow since long before GE crops were 

introduced. Varietal purity of commercial seed has always been a priority 

(Kalaitzandonakes and Magnier 2004).  

 
  



 
 

134 
 

 
 
 

Economic Tradeoffs of Regulating Gene Flow 

 Implementing gene flow containment strategies increases agricultural production 

costs. Therefore, policymakers and producers must weigh those costs against the 

potential costs and environmental impacts of unwanted gene flow. In this section, I will 

describe some of the costs that are incurred by the agricultural and commercial sector and 

by government when requirements for separating GE and non-GE crops are imposed by 

private or government entities. Many of these costs are hypothetical for the United States, 

where the AP of commercial GE crops is not regulated by government in most cases (see 

“Government Approach”). However, in the United States, some of these costs are 

incurred by growers targeting specialized markets with AP thresholds (Greene and Smith 

2010). 

One of the main gene flow mitigation strategies, spatially separating GE and non-

GE crops, can cause significant hardship for growers by limiting the areas that can be 

used for particular crop types (Devos et al. 2007, Demont and Devos 2008). In addition to 

the opportunity costs of avoiding planting in certain areas, either growers or government 

incur administrative costs associated with coordinating plantings between farms (Sanvido 

et al. 2008, Demont et al. 2009). When spacing requirements are large, some growers 

may not have the planting flexibility required to use a particular variety that they wish to 

plant. Specifically, growers could be discouraged from trying out a new GE crop on a 

small piece of land, as it could be impractical to surround a small field with a large zone 

of pollen barrier or bare ground (Greene and Smith 2010). Additionally, growers who 
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cultivate both GE and non-GE crops lose efficiency if they must use separate planting 

and harvesting equipment to keep the crops separate.   

 The costs of separating commercial GE crops from non-GE crops falls not only 

on growers, but also on the processors, wholesalers, and others who handle products 

before they are sold to consumers (Hanrahan 2010). This is particularly difficult for 

companies that handle both GE and non-GE products, as they must either use separate 

equipment for handling and storing GE and non-GE products, or rigorously clean 

equipment between crop types (Hanrahan 2010). Additional costs are incurred in the 

testing of products for GE material (Greene and Smith 2010). Food labeling costs fall on 

the non-GE producer, and are ultimately passed on to the consumer in the form of high 

prices for organic or otherwise non-GE foods (Greene and Smith 2010).  

 Use of pollen barriers around fields can be costly because growers must either 

destroy that portion of the crop, or sell it to non-premium markets that permit AP of GE 

crop material. If a pollen barrier is planted around a non-GE field, the grower may lose 

the economy of scale at harvest in handling the pollen barrier and the main crop 

separately. Extra transportation costs could be incurred if the grower must sell the main 

crop and pollen barrier portions to separate wholesalers. If the non-GE pollen barrier is 

instead planted around a GE field to contain gene flow, the GE producer may face added 

costs in treating the barrier separately from the main crop for pest management of insects 

or weeds (Devos et al. 2009).  

The lower the threshold for AP, the higher the production costs (National 

Research Council 2010). Kalaitzandonakes and Magnier (2004) estimated that United 
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States corn growers could increase their costs by approximately 9%, 27% or 35% to meet 

AP thresholds of 1%, 0.5%, or 0.3%, respectively. Most of these costs are associated with 

controlling cross-pollination during the crop production stage (Kalaitzandonakes and 

Magnier 2004). Therefore, even small changes in threshold can translate into huge costs 

for producers. Some wholesalers meet thresholds by testing for AP in various product lots 

and selling only the purest to markets with thresholds (Kalaitzandonakes and Magnier 

2004). Other companies may be driven out of organic markets or European export 

markets due to the high costs involved in meeting thresholds. 

 In the near future, genetic methods could be an important tool for preventing gene 

escape from GE crops, and could reduce the need for costly on-farm procedures such as 

crop spacing and pollen barriers. However, the significant upfront costs of these 

technologies, which are still in the early development phase, include those associated 

with research and development, licensing, and testing of the new traits (Moon et al. 

2009). The development costs will be highest for the first such crops, but will become 

less costly once the technology is readily available (Moon et al. 2009).  

Given that there is at least some consumer demand for non-GE foods, the question 

of who should bear the costs of segregating GE and non-GE crops has generated 

extensive debate. As mentioned previously, in the absence of government intervention, 

this responsibility falls on the growers, processors, wholesalers, and consumers of non-

GE crops (Greene and Smith 2010). This differs from the approach in Europe, where GE 

producers are required to bear most of these costs (Demont et al. 2009) (see “Contrasting 

Approaches”). 
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Government Approach to Gene Flow Policy in the United States 

Regulatory Structure 

The United States government recognizes GE crops as being “substantially 

equivalent” to their conventional counterparts. Therefore, GE crops are regulated 

according to their novel traits and intended use, rather than by their process of creation 

(United States Department of Agriculture 2006). Because the government assumes that 

the process of genetically engineering plants does not pose any inherent risks, it also 

assumes that existing laws on health, safety, efficacy, and environmental protection are 

adequate for this new technology (Hanrahan 2010, Cowan and Becker 2010). Under 

current laws, the USDA Animal and Plant Inspection Service (APHIS) has the broadest 

regulatory authority over GE crops, with some crops also falling under the regulatory 

authority of the FDA and/or the Environmental Protection Agency (EPA) (United States 

Department of Agriculture 2006). In 1986, the Office of Science and Technology Policy 

(OSTP) established the Coordinated Framework for Regulation of Biotechnology, which 

gives these agencies authority to regulate biotechnology and establishes a working group 

consisting of members from the three agencies (United States Department of Agriculture 

2006, 2007).  

APHIS (and, more specifically, the division of Biotechnology Regulatory 

Services), under the regulatory authority of the Plant Protection Act (PPA), regulates GE 

crops if they contain DNA from an organism that is a potential “plant pest” (Cowan and 

Becker 2010). GE crops are considered potential plant pests until APHIS judges that they 

pose no risks to plant health or the environment (United States Department of Agriculture 
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2006, 2007). GE plants that were transformed using Agrobacterium tumefaciens fall 

under the definition, as the genus Agrobacterium contains potential plant pests (Cowan 

and Alexander 2010). Virtually all GE plants have been transformed using A. 

tumefaciens, giving APHIS far-reaching authority over current GE crops (Cowan and 

Alexander 2010). However, future GE crops that are developed using other methods will 

not necessarily be categorized as potential plant pests (Cowan and Alexander 2010). 

Therefore, APHIS has proposed that the plant pest definition be broadened to include any 

plants with potential to become weeds (Cowan and Alexander 2010).  

Under the authority of the Federal Food, Drug, and Cosmetic Act, the FDA 

considers potential food safety risks associated with GE crops (United States Food and 

Drug Administration 1992). Specifically, GE crops that produce a “food additive,” or that 

may otherwise differ in food quality from their conventional counterparts, must follow 

FDA regulations of product safety and labeling (United States Food and Drug 

Administration 1992, Cowan and Becker 2010). To date, most commercialized GE crops 

have not technically contained a “food additive”, but all were reviewed by FDA via a 

voluntary consultation program (United States Food and Drug Administration 1992, 

Cowan and Becker 2010).  

The EPA regulates GE crops that contain pesticides, including IR crops and 

disease resistant crops, under the authority of the Federal Insecticide, Fungicide, and 

Rodenticide Act (FIFRA) and the Federal Food, Drug, and Cosmetic Act (United States 

Environmental Protection Agency 2003). The EPA does not have authority over HR 
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crops, because HR plants tolerate, but do not produce, herbicides (United States 

Environmental Protection Agency 2003).  

To summarize, APHIS has regulatory authority over all GE crops (until they 

actively deregulate a crop, as described below), while the EPA evaluates the effects of 

crops that produce pesticides, and the FDA evaluates food safety risks associated with 

GE crops. In contrast to the European Union, which has applied the precautionary 

principle to the adoption of GE crops, the United States government does not ban a GE 

crop without scientific evidence that it could be harmful (Peck 2008, Hanrahan 2010). 

The policies of United States regulatory agencies have evolved as the use of GE crops 

has expanded (United States Department of Agriculture 2007, Cowan and Becker 2010), 

but many critics argue that policy has not kept up with the growth of the biotech industry 

(Cowan and Becker 2010).    

 

Assessing Gene Flow as a Potential Risk of New GE Crops 

Before a new GE plant can be tested outdoors, the biotech company must gain 

permission from APHIS and describe the precautions that will be taken to contain gene 

flow (United States Department of Agriculture 2007, Cowan and Becker 2010). 

Regulations pertaining to gene flow can be strict at this stage, particularly if the GE crop 

is pharmaceutical, or if it is not similar to a previously approved GE crop (Cannon 2010, 

Cowan and Becker 2010). Some common containment strategies mandated by APHIS 

can include minimum separation distances, use of physical barriers, restrictions on 

planting future crops in the area, and protocols for cleaning field equipment (Marvier and 
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Van Acker 2005, Cowan and Becker 2010). Mandatory fines can result if companies do 

not follow these containment requirements or if they fail to report gene flow events 

(United States Department of Agriculture 2006). When gene flow from experimental 

varieties occurs, APHIS takes remedial actions that are in proportion to the perceived risk 

(United States Department of Agriculture 2007).  

When a new GE plant is very similar to a previous variety, a company can gain 

permission for field testing via a “notification” process that is much faster than applying 

for a testing permit (United States Department of Agriculture 2006). In 2005, this 

shortcut was criticized by the USDA Office of Inspector General due to the lack of 

oversight on transgene containment when this process was used (Cowan and Becker 

2010). In response, APHIS proposed discontinuing the notification option and reported 

that efforts were currently underway to update their regulatory framework (United States 

Department of Agriculture 2007, Cowan and Alexander 2010). However, they have also 

proposed the use of thresholds to allow small amounts of AP of regulated plants into the 

commercial seed supply, in cases where the risks associated with the trait are perceived to 

be low (United States Department of Agriculture 2007, Cowan and Becker 2010). These 

proposed changes appear to have not yet been implemented. 

In a highly publicized gene flow event in 2002, an experimental variety of 

vaccine-producing corn was inadvertently mixed with a commercial soybean crop after 

the corn plants emerged as volunteers in fields. The USDA successfully contained the 

incident before any of the experimental corn reached the food supply (Cowan and Becker 

2010). While the USDA called this a success story, critics argued that this incident 
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illustrates the danger of growing pharmaceutical plants near food crops (Cowan and 

Becker 2010). Following this event, the FDA stated that it would become more involved 

in the oversight of experimental pharmaceutical crops during the testing phase, to protect 

the food supply (Hamilton 2005). To do this, they have encouraged companies to consult 

with them about potential human health risks of a crop before the crop reaches a testing 

phase where it could leak into the food supply (United States Food and Drug 

Administration 2006). Critics have argued that the FDA does not go far enough to protect 

the food supply, since this early consultation program is voluntary (Clapp 2006).  

 

Considerations of Gene Flow in Approving GE Crops for Commercial Sale 

 After a GE plant variety has completed field testing, which typically takes several 

years, a company can apply to APHIS for “deregulated” status (United States Department 

of Agriculture 2006). This is the final stage before full-scale commercialization of a GE 

crop (Cowan and Alexander 2010). If a variety is successfully deregulated, it will no 

longer fall under the regulatory oversight of APHIS as a potential plant pest (Endres and 

Gardner 2006, Hanrahan 2010). However, deregulation can be reversed if new concerns 

arise regarding the plant’s safety (Cannon 2010). APHIS can also “partially deregulate” a 

crop, meaning that growers may use it within certain limitations (Cowan and Alexander 

2010). 

As a critical part of the deregulation process, APHIS must assess the 

environmental impacts of a crop under the authority of the National Environmental 

Policy Act (NEPA) (Cowan and Alexander 2010). According to NEPA, if a federal 
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action (in this case, deregulation) does not pose a significant risk to the human 

environment, a shorter environmental assessment (EA) can be substituted for the longer 

environmental impact statement (EIS) (Cowan and Alexander 2010). Recent court rulings 

found that APHIS had not fully assessed the environmental impacts of GE alfalfa and 

sugarbeets in preparing EA’s in lieu of EIS’s (Cowan and Alexander 2010) (see “Gene 

Flow Litigation”).  

In addition to APHIS approval, GE crops that contain pesticides must gain EPA 

approval before they can be marketed (United States Environmental Protection Agency 

2003). This requires registering the crop just as a pesticide would be registered (United 

States Environmental Protection Agency 2003). Before a crop can be registered, the EPA 

examines the potential risks to human health and the environment that are associated with 

the pesticide trait, which includes any negative impacts associated with potential gene 

flow (United States Environmental Protection Agency 2003). Like APHIS, the EPA may 

impose specific restrictions on an approved crop. For example, the EPA prohibits the 

commercial production of Bt cotton in Hawaii, to prevent gene flow with a sexually 

compatible native cotton species (Showalter et al. 2009).  

In 1998, the EPA approved the IR corn variety “StarLink” for commercial use in 

animal feed but not in human food, as they suspected that its particular IR trait could be 

allergenic (Cannon 2010). To keep StarLink out of the human food supply, the EPA 

mandated the use of pollen barriers around fields and careful segregation from other 

varieties after harvest (Endres and Gardner 2006). Nevertheless, widespread gene flow 

from StarLink corn into the human food supply was documented in 2000, and resulted in 
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large-scale product recalls and a drop in the price of corn (Cannon 2010). Following this 

embarrassing incident, the EPA announced that it would no longer consider this type of 

“split pesticide registration” for GE crops (United States Environmental Protection 

Agency 2001). 

Concerns over potential gene flow have prevented some crops from ever reaching 

the commercial stage. For example, concerns over gene flow from GE bentgrass and 

wheat have slowed commercialization of these crops (National Research Council 2010).  

 

Gene Flow from Commercialized GE Crops 

Important to gene flow policy, a deregulated crop no longer requires separation 

from non-GE varieties under PPA authority (Endres and Gardner 2006, Hanrahan 2010). 

While the federal government does not regulate AP of deregulated GE plants in non-GE 

foods, there is some debate over whether current laws apply to AP in commercial seed. 

Under the Federal Seed Act (FSA), which predates modern biotechnology, any plant 

variety comprising 5% or more of a commercial seed lot must be included on the label 

(Endres 2005). However, a safe-harbor provision in FSA allows for off-type seeds that 

are indistinguishable from the intended variety, provided that the seed producer took 

reasonable precautions to limit unwanted gene flow (Endres 2005). The implications of 

the safe-harbor provision for AP of GE material in seed are unclear (Endres 2005). 

Importantly, the FSA is enforced in cooperation with state governments, and states differ 

in their sampling rigor, whether or not they test for GE traits, and their definition of a 

“variety” (Endres 2005).  
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As mentioned previously, the United States Department of Agriculture’s National 

Organic Program (NOP) does not allow products to be labeled as organic if genetic 

engineering was used in their production (United States Department of Agriculture 2008). 

However, they also do not penalize growers for unintentionally acquiring AP if they have 

followed organic production procedures (United States Department of Agriculture 2010). 

Importantly, organic certification by NOP is based on the agricultural process rather than 

the end product (United States Department of Agriculture 2010). Nevertheless, some 

growers have claimed that their crops were denied organic certification due to AP 

(Norton 2005).  

 

Gene Flow Legislation before Congress 

In June 2010, Rep. Kucinich (D-OH) introduced two bills addressing gene flow 

from GE crops (Library of Congress 2010). The Genetically Engineered Safety Act (HR 

5578) would prohibit pharmaceutical and industrial GE crops from being grown outdoors 

and from being developed with common food crops (Library of Congress 2010). It would 

also increase the responsibility of the USDA to track pharmaceutical and industrial GE 

plant materials to prevent contamination of foods (Library of Congress 2010). The 

second bill, the Genetically Engineered Technology Farmer Protection Act (HR 5579), 

would require the Secretary of Agriculture (USDA) to set rules for mitigating gene flow 

from highly outcrossing GE crops and would require sellers of GE seed to communicate 

these rules to growers (Library of Congress 2010). It would also prohibit the labeling of 

seed as non-GE if it contained any GE seed and establish grounds for liability claims for 
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parties harmed by the release of GE organisms (Library of Congress 2010). Although 

little time remains in the 111th Congress, we are likely to see these bills again as, 

according to Rep. Kucinich’s website (http://kucinich.house.gov/), he also introduced 

them in 2003 and 2008.   

Gene flow legislation has also been introduced in many states (Norton 2005, 

Endres 2005, Hamilton 2005, Endres and Gardner 2006, Cannon 2010). In 2004, 

Vermont modified its seed laws to require seed bags to be labeled if they contained GE 

seed (Endres 2005). In another example, Maine established requirements for vendors of 

GE seed to provide instructions on limiting cross-pollination with surrounding fields 

(Endres 2005). California has been particularly active in its efforts to minimize gene flow 

from GE crops, with several counties having established “GMO free zones” where GE 

crops are not cultivated (Endres 2005, Cannon 2010). However, many states have been 

unsuccessful in their attempts to pass gene flow laws (Endres 2005).  
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Gene Flow Litigation in the United States 

 

 Numerous lawsuits have addressed actual or potential gene flow from GE crops in 

the United States. This section describes publicized cases that are likely to influence 

policymaking.  

 

Civil Liability from Gene Flow Events 

The significant economic losses that can result from AP of GE crops have led 

many growers to appeal to the courts for compensation. For example, in the famous case 

of gene flow from StarLink corn (mentioned above in “Government Approach”), growers 

filed a class action lawsuit against Aventis CropScience on the grounds of  negligence, 

public and private nuisance, strict liability, and conversion, for their losses due to recalls 

and fallen corn prices (Cannon 2010). To claim negligence on part of a defendant, 

plaintiffs must prove that a regulation was violated and that damages resulted (Cannon 

2010). Aventis motioned that the complaint be dismissed, but the court ruled that 

negligence was an appropriate claim here, since Aventis was required by law to prevent 

gene flow of StarLink into the human food supply (Endres and Gardner 2006, Cannon 

2010). The court stated that growers whose crops were affected by cross-pollination or 

accidental post-harvest seed mixing could claim damages, but not growers who 

purchased impure seed, because they failed to negotiate contracts for seed purity (Endres 

and Gardner 2006, Cannon 2010). Growers also couldn’t claim damages for fallen corn 

prices (Cannon 2010).  



 
 

147 
 

 
 
 

Although the StarLink case was ultimately settled out of court, it may set some 

degree of precedent for similar lawsuits (Cannon 2010). In a similar case, growers are 

suing Bayer CropScience for a widespread gene flow event from experimental HR rice 

varieties called “LibertyLink” (Endres and Gardner 2006, Cannon 2010). News of gene 

flow from LibertyLink rice affected United States rice exports to Japan, Taiwan, Russia, 

Iraq, Canada, the Philippines, and the European Union (Cannon 2010). The plaintiffs 

claim that Bayer CropScience had a duty to keep LibertyLink varieties separate from the 

food supply, since they were not yet approved for sale (Endres and Gardner 2006). These 

claims are not yet settled, but seem to have some potential for success based on the 

StarLink precedent for making negligence claims (Endres and Gardner 2006). In contrast, 

there are not clear legal grounds for suing over gene flow from an unregulated crop, since 

no laws are broken by growers who fail to contain gene flow from these crops (Hamilton 

2005). Moreover, it could be very difficult to prove which farmer’s field was the source 

of gene flow in a landscape where cultivation of a particular GE crop is common (Devos 

et al. 2009, Cannon 2010). 

Just as growers have sued biotech firms for damages related to unwanted gene 

flow, biotech firms have successfully sued growers for cultivating GE plants without 

entering into technology use agreements (Hamilton 2005, Cowan and Becker 2010). 

Many such growers have claimed that they acquired the GE plants unknowingly via gene 

flow from GE fields (Hamilton 2005, Cowan and Becker 2010). This has become a 

sensitive issue and gained large amounts of publicity when a Canadian farmer, Percy 

Schmeiser, was sued by Monsanto for illegally growing HR canola (Weiss 1999). 
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Schmeiser claimed that the GE canola entered his field via unwanted gene flow (Weiss 

1999, Peck 2008). The Canadian federal courts ruled that he had infringed on Monsanto’s 

patent rights but, upon appeal to the Supreme Court of Canada, he was released from 

paying damages because he did not profit from using the technology (LexUM 2004). 

According to the author of a 1999 Washington Post article, a vice president for Monsanto 

Canada acknowledged “the awkwardness of prosecuting growers who may be 

inadvertently growing Monsanto seed through cross-pollination…,” but also noted the 

crucial nature of protecting their patent rights (Weiss 1999).   

 

Lawsuits against Government Agencies  

In 2006, the Center for Food Safety, which is a coalition of farmers and 

consumers, sued APHIS for deregulating an HR variety of alfalfa (Cowan and Becker 

2010). APHIS had prepared an EA for this crop but not an EIS (Cowan and Alexander 

2010). The Center argued that gene flow from the crop could harm organic crop 

production and destroy export markets to Japan and South Korea (Cowan and Becker 

2010). APHIS argued that the burden of separating organic and GE crops falls on organic 

producers according to NOP guidelines for organic crop production (Peck 2008). In 2007, 

a California district court ruled in favor of the Center for Food Safety, claiming that 

APHIS violated NEPA by failing to explore containment measures for long-distance bee 

pollination between crops and by failing to prepare an EIS (Peck 2008, Cowan and 

Alexander 2010). Notably, the court considered potential economic consequences to 

organic agriculture to be an “environmental impact” of the GE alfalfa, because such 
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losses could result from changes in the cropping landscape (Peck 2008, Cowan and 

Alexander 2010). The Supreme Court upheld the decision that an EIS was necessary, but 

overturned a temporary injunction against growing GE alfalfa (Cowan and Alexander 

2010).  

In 2008, the Center for Food Safety, together with Earthjustice, filed a similar 

case in the same California district court, this time for HR sugarbeets. They cited the 

same concerns as with GE alfalfa. In 2009, a district judge made a similar ruling as in the 

alfalfa case, stating that eliminating a farmer’s choice to grow non-GE crops and a 

consumer’s choice to buy non-GE foods “potentially eliminates or reduces the 

availability of a particular plant [and] has a significant effect on the human environment” 

(Cowan and Becker 2010).     

These court rulings were significant from a policy perspective in safeguarding the 

ability of growers to produce non-GE crops. By requiring APHIS to address potential 

gene flow issues, these rulings could remove some of the burden of segregating GE and 

non-GE varieties from the organic grower. Importantly, these decisions challenged the 

federal government’s assumptions that GE crops do not differ from non-GE crops and 

that those choosing to label goods for a specific market must incur all of the associated 

costs. 
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Contrasting Approaches in other Countries 

 In the European Union, member states have adopted “coexistence” strategies to 

keep GE and non-GE crops separate. Coexistence policy applies to commercialized crops 

and is based on the economic concerns of maintaining organic and non-GE markets 

(Ceddia et al. 2009). All safety concerns of GE crops are addressed during the pre-

approval phase before they are released into the environment (Ceddia et al 2009). This 

strict regulatory approach, which includes set thresholds for AP, has led to significant 

trade disputes between the European Union and the United States (Hanrahan 2010).  

In Europe, liability associated with gene flow is based on the “newcomer 

principle” where growers of GE crops are seen as the newcomer, and must carry the costs 

and liability associated with coexistence (Devos et al. 2009). This differs from the United 

States, where organic growers are solely responsible for segregating their crops from 

commercial GE fields (Cowan and Becker 2010, Greene and Smith 2010). In Europe, a 

grower of GE crops who does not follow mandated coexistence strategies must 

compensate growers of non-GE crops who suffer from those inactions (Devos et al. 

2009). Most member states have set up a fund that growers of GE crops (and sometimes 

also retailers, governments, growers of non-GE crops, etc.) pay into, and that fund is used 

to compensate growers of non-GE crops for accidental gene flow from unknown sources 

(Devos et al. 2007, 2009).   

 The European Union applies a “proportionality condition” in developing 

coexistence strategies, meaning that regulations should not be any more stringent than is 

necessary to meet the 0.9% threshold for AP in non-GE foods (Demont et al. 2009). This 
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approach is a balancing act, because overregulation incurs excess costs for growers of GE 

crops, while underregulation incurs costs for growers of non-GE crops when their 

products exceed the labeling threshold (Demont et al. 2009). Member states differ in their 

strategies for minimizing gene flow, and many are still working to develop policies based 

on the available data (Demont et al. 2009). Most strategies employ minimum distance 

requirements and/or pollen barriers, and aggregating GE fields in the landscape to 

separate them from non-GE fields is also popular (Demont et al. 2009). The relative 

merits of ex ante versus ex post regulations are also being discussed, with the former 

applying penalties for violating coexistence regulations, and the latter applying penalties 

only when those violations result in economic injury (Demont et al. 2009).  

In addition to the European Union; Japan, South Korea, and New Zealand have 

labeling requirements for GE products or are in the process of developing thresholds 

(Cowan and Becker 2010). In contrast, many developing countries lack the resources and 

regulatory framework to address gene flow concerns, and this has slowed their adoption 

of GE crops (Moon et al. 2009).  
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Summary and Future Directions 

 Although some degree of gene flow from GE crops may be unavoidable, under 

certain conditions, gene flow could affect economic markets for non-GE foods, food 

safety (if the gene flow is from an experimental variety), resistance management 

strategies for insects and weeds, and the genetic integrity of wild plants. Many science-

based approaches are useful for limiting gene flow, and sophisticated techniques for 

preventing gene flow with genetic tools may soon be available. Producers and 

policymakers must balance the costs of containment strategies against the costs incurred 

if unwanted gene flow takes place. While federal agencies work to prevent gene flow 

from experimental crop varieties, once a crop has been deregulated, the responsibility of 

preventing gene flow into non-GE crops falls on the producers of organic or otherwise 

non-GE crops. However, recent court rulings on the deregulation of GE alfalfa and GE 

sugarbeets have brought this system into question.  

 Stakeholders who benefit from decreasing gene flow between GE and non-GE 

crops include growers, processors, and sellers of non-GE and organic products, and 

consumers who wish to purchase those products. Many producers are willing to bear the 

costs of minimizing gene flow, in order to sell their products to niche markets that 

regulate AP and offer premium prices. Legislation has been introduced at both federal 

and state levels to require certain types of labeling of GE products or to transfer some of 

the costs or liability associated with gene flow to growers of GE crops. Biotechnology 

firms, growers of GE crops, and many food industry officials oppose these ideas, 

claiming that coexistence strategies like those used in Europe would greatly increase the 
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costs of food production and would arouse consumer fears regarding the safety of GE 

crops (Hamilton 2005).         

 Forces that are likely to shape gene flow policy in the near future include the 

continued development of pharmaceutical and industrial crops and pressure to satisfy 

international trade partners. As more plant species are transformed and new traits are 

introduced, we will inevitably discover new ecological consequences of gene flow, and 

some may require new policies. It appears that litigation could be an important driving 

force behind policymaking, as the lack of clarity in some of the agricultural laws transfers 

much of the decision making power to the courts. State laws could also influence federal 

policymaking, as they highlight the current gaps in federal policy and tend to reflect the 

direction of public interest.   

 

Gene Flow from IR Crops and Resistance Management 

The EPA continues to regulate the cultivation of Bacillus thuringiensis (Bt) IR 

corn and cotton to lower the risk of pest adaptation to these crops (National Research 

Council 2010). In some areas, this is done through EPA-mandated refuges of non-IR 

crops that are planted near IR fields (National Research Council 2010).4 In Chapters 2 

and 3, I showed that, in areas where refuges are planted for resistance management, 

ensuring the purity of non-IR seed could be important to preserving the efficacy of the 

refuge strategy. It would seem natural for the EPA to oversee this objective, since it 
                                                 
4
 The EPA waived this requirement for some large regions for which data suggested that refuges of non-

cultivated plants or crops other than corn and cotton were sufficiently abundant to delay the evolution of 

resistance (National Research Council 2010). 
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oversees resistance management strategies for IR crops. The EPA does not usually 

regulate gene flow from IR crops once they are approved and commercialized, with 

exceptions including its restriction on growing IR cotton in Hawaii (Showalter et al. 

2009).  

Limiting AP in non-IR seed could prove to be expensive (see “Economic 

Tradeoffs”), but achieving 100% seed purity is not necessary. Results from Chapters 2 

and 3 suggest that keeping AP levels below 1-5% in non-Bt cotton refuges would protect 

their value for delaying resistance under most conditions (see Figs. 2.4A, 3.7). At this 

time, most non-Bt cotton seed lots probably fall well below these thresholds (Chapter 1, 

Heuberger et al. 2008a), suggesting that safeguarding refuge seed is a very realistic goal. 

 

Implications of Gene Flow between Deregulated GE Crops 

In the experiment described in Chapter 1, many of the seed production fields that 

contained AP of Bt cotton were HR varieties. The subject of gene flow from deregulated 

GE crops into other varieties of deregulated GE crops has not received much attention, 

probably because this form of gene flow does not threaten non-GE markets and because 

widely commercialized GE crops are deemed safe. However, gene flow into refuges 

would have identical effects on resistance management regardless of whether the refuge 

plants are HR or non-HR. It is the presence of the IR trait, and not the mere presence of 

GE material, that threatens refuge purity.     

There may be other cases, as well, where gene flow between deregulated GE 

crops could have ecological consequences. Consider, for example, the restriction on 
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growing GE cotton in Hawaii. As mentioned previously, the EPA restricts the cultivation 

of IR cotton near native cotton plants, but there are apparently no such restrictions on HR 

cotton (National Research Council 2010). IR traits could provide an ecological advantage 

to wild plants that acquire those traits via gene flow (Snow et al. 2003), but HR traits are 

not expected to affect plant ecology outside of the agricultural setting (Mallory-Smith and 

Zapiola 2008). If HR cotton fields in Hawaii were to contain high AP of IR traits (see 

Chapter 1), they could facilitate transfer of IR genes to native plants, thus potentially 

affecting native plant ecology.  

These examples illustrate the importance of considering, and perhaps monitoring, 

gene flow from IR crops into other GE crops. It seems impossible for EPA to maintain 

oversight over all IR crops when IR traits have moved to unexpected places via gene 

flow.    

 

Conclusions 

Clearly, the issues surrounding gene flow policy in the United States are complex. 

Policies on gene flow from GE crops are influenced by the involvement of three 

regulatory agencies and the use of previously existing laws to guide the progress of this 

new technology. While there are many strengths of the current system in assessing the 

impacts of gene flow from GE crops and limiting gene flow from experimental GE crops, 

there is certainly room for further development of these policies, particularly as 

pharmaceutical and industrial crops become more common. Specifically, policy is needed 

to clarify the role of government in limiting unwanted gene flow into “non-GE” foods 
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and to clarify the meaning of voluntary “non-GE” food labels. Also, policy is needed to 

ensure that all new GE crops (not just those transformed with Agrobacterium) will fall 

under the regulatory oversight of at least one federal agency. Moreover, systematic 

monitoring of AP in GE and non-GE crops would be useful for ensuring that seed lots 

containing high levels of AP will properly fall under the regulatory authority of agencies 

that oversee those traits. Such monitoring would be useful, for example, in safeguarding 

the purity of refuges for resistance management in IR crops (Chapters 1-3).  
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GENERAL CONCLUSIONS 

  In this study, I confirmed the high potential for non-Bt cotton seed in the United 

States to acquire Bt transgenes, primarily via seed-mediated gene flow (Chapter 1). Non-

Bt cotton refuges are used in resistance management strategies in some parts of the 

world (Nibouche et al. 2007, Tabashnik et al. 2009), and my discovery of gene flow in 

the seed production setting confirms the potential for Bt cotton plants to enter these 

refuges through the planted seed. The extent of pollen-mediated gene flow was low in 

the seed-production fields. Nevertheless, my spatially explicit statistical analysis 

revealed relationships between pollen-mediated gene flow and bee densities, the area of 

surrounding Bt cotton fields, and Bt plants occurring within seed production fields from 

seed-mediated gene flow. While low levels of pollen-mediated gene flow are unlikely to 

have important effects on resistance management, results from my spatially-explicit 

statistical analysis could be useful for growers who are attempting to keep adventitious 

presence of transgenes at low levels. For example, transgene containment is particularly 

important for experimental transgenic varieties, or for marketplaces that heavily restrict 

the adventitious presence of transgenes (Chapter 4).  

  My computer simulation models predicted that gene flow from one-toxin or two-

toxin Bt crops could have important effects on resistance evolution in insect pests 

(Chapters 2 and 3). This effect was greatest in simulations where gene flow rates were 

very high, pests larvae fed indiscriminately among multiple plants, and resistance was 

not recessive. As expected, resistance evolved much faster when one-toxin cotton was 

simulated than when two-toxin cotton was simulated. For one-toxin cotton, I found that 
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the effects of gene flow could be mitigated in many cases by using very large refuges of 

non-Bt cotton or by planting non-cotton host plants in the landscape (Chapter 2). When 

gene flow between two-toxin cotton and refuges was simulated, resistance evolved faster 

when the two transgenes were unlinked in the plant than when they were genetically 

linked (Chapter 3). 

  To summarize, the following policy-relevant conclusions have resulted from the 

first 3 Chapters of this dissertation. These conclusions may apply to agriculture in the 

United States, as well as other countries where refuges are used to delay pest resistance 

evolution: 

• Refuges of non-Bt cotton are most effective at delaying resistance when the 

adventitious presence of Bt cotton plants is kept at a minimum (Chapters 2 

and 3). 

• Seed production fields of non-Bt cotton are a potential point of entry for 

adventitious presence (Chapter 1). 

• Screening seeds for adventitious presence before planting and limiting human 

error at planting are important strategies for minimizing gene flow of Bt 

cotton into non-Bt cotton seed production fields (Chapter 1). 

• In regions, such as the developing world, where gene flow could be difficult 

to minimize, planting refuges of crops other than cotton could be useful. 

However, this strategy is only useful if the target pest can feed on plants other 

than corn and cotton, and also depends on a variety of other assumptions 

(Chapter 2). 
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• When future insect resistant crops are being developed, it may be useful to 

link multiple insecticidal transgenes together in the plant genome, to minimize 

the effects of gene flow on pest resistance evolution (Chapter 3).  

In Chapter 4, I reviewed the issues surrounding gene flow policy in the United 

States. Three federal agencies are charged with assessing the risks of new GE crops, 

including any environmental or human health risks posed by gene flow. However, at this 

time, there is no policy to specifically limit gene flow from Bt crops into non-Bt crop 

refuges. Policy addressing this issue could be important for safeguarding refuge 

strategies that are used in resistance management programs.  
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