
INHERITANCE, FITNESS COSTS, AND POTENTIAL MECHANISMS OF 

RESISTANCE FOR WESTERN CORN ROOTWORM LARVAE SURVIVING BT 

CORN 

 

 

A Dissertation 

presented to 

the Faculty of the Graduate School 

at the University of Missouri 

 

 

In Partial Fulfillment 

of the Requirements for the Degree  

Doctor of Philosophy 

 

 

by 

RYAN W. GEISERT 

Dr. Bruce E. Hibbard, Dissertation Supervisor 

MAY 2015 

 

 

 

 



 

The undersigned, appointed by the dean of the Graduate School, have examined the 
dissertation entitled 

INHERITANCE, FITNESS COSTS, AND POTENTIAL MECHANISMS OF 
RESISTANCE FOR WESTERN CORN ROOTWORM LARVAE SURVIVING BT 

CORN 

Presented by Ryan W. Geisert 

A candidate for the degree of  

Doctor of Philosophy 

and hereby certify that, in their opinion, it is worthy of acceptance. 

 

____________________________________________________ 

Dr. Bruce E. Hibbard 

 

____________________________________________________ 

Dr. Wayne C. Bailey 

 

____________________________________________________ 

Dr. Bruce A. Barrett 

 

_____________________________________________________ 

Dr. Mark R. Ellersieck 

 

 

 

 



ii 
 

ACKNOWLEDGEMENTS 

  

I would like to thank my co-advisors Dr. Bruce Hibbard and Dr. Wayne Bailey 

for the mentorship and support they provided me throughout my program.  I would also 

like to thank the other members of my committee Dr. Bruce Barrett and Dr. Mark 

Ellersieck.  Special thanks to Dr. Barrett for providing me the opportunity to teach 

undergraduate students here at the University of Missouri.  A special thanks to Dr. 

Ellersieck as well for his help with the statistical analysis of my research data.   

 I would also like to thank the lab technicians Julie Barry, Matt Higdon, and 

Anthony Zukoff as well as all the staff in the Hibbard lab for all of their help in the set up 

and maintenance of my research projects.  Finally, I would like to thank my family for all 

of their love and support throughout the years.     

 

 

 

 

 

 

 

 



iii 
 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ............................................................................................................. ii 

LIST OF FIGURES ........................................................................................................................ vi 

LIST OF TABLES ......................................................................................................................... vii 

ABSTRACT .................................................................................................................................. viii 

CHAPTER I: INTRODUCTION AND LITERATURE REVIEW ................................................. 1 

Introduction ...................................................................................................................................... 1 

Life Cycle ........................................................................................................................................ 2 

Adult Morphology ........................................................................................................................... 4 

Larval Host Finding ......................................................................................................................... 5 

Larval Feeding Behavior .................................................................................................................. 7 

Management ..................................................................................................................................... 9 

Crop Rotation ............................................................................................................................... 9 

Chemical Insecticides .................................................................................................................. 9 

Transgenic Corn ......................................................................................................................... 11 

Resistance ...................................................................................................................................... 11 

Crop Rotation ............................................................................................................................. 11 

Chemical Insecticides ................................................................................................................ 13 

Transgenic Corn ......................................................................................................................... 14 

References ...................................................................................................................................... 18 

CHAPTER II: EVALUATION OF POTENTIAL BEHAVIORAL ADAPTATIONS OF THE 
WESTERN CORN ROOTWORM IN RESPONSE TO THE BT HYBRID CRY3BB1 .............. 35 

Introduction .................................................................................................................................... 35 

Materials and Methods ................................................................................................................... 39 

Insects ........................................................................................................................................ 39 

Field Experiments ...................................................................................................................... 39 

Greenhouse Experiment ............................................................................................................. 41 

Data Analysis ............................................................................................................................. 42 

Results ............................................................................................................................................ 43 

Diapausing Field Experiment .................................................................................................... 43 

Nondiapausing Field experiment ............................................................................................... 43 



iv 
 

Greenhouse Experiment ............................................................................................................. 44 

Discussion ...................................................................................................................................... 44 

CHAPTER III: TOLERANCE OF ECRY3.1AB IN RECIPROCAL CROSS OFFSPRING OF 
ECRY3.1AB-SELECTED AND CONTROL COLONIES OF THE WESTERN CORN 
ROOTWORM ................................................................................................................................ 61 

Introduction .................................................................................................................................... 61 

Materials and Methods ................................................................................................................... 63 

Insects ........................................................................................................................................ 63 

Reciprocal Cross ........................................................................................................................ 64 

Seedling Assays ......................................................................................................................... 64 

Data Collection .......................................................................................................................... 65 

Diet Toxicity Bioassays ............................................................................................................. 65 

Data Analysis ............................................................................................................................. 66 

Results ............................................................................................................................................ 67 

Diet Assays ................................................................................................................................ 67 

Dominance Value (h) Calculations ............................................................................................ 67 

Seedling Assays ......................................................................................................................... 68 

Discussion ...................................................................................................................................... 68 

References Cited ............................................................................................................................ 74 

CHAPTER IV: EVALUATION OF POTENTIAL FITNESS COSTS ASSOCIATED WITH 
ECRY3.1AB RESISTANCE IN THE WESTERN CORN ROOTWORM ................................... 80 

Introduction .................................................................................................................................... 80 

Materials and Methods ................................................................................................................... 82 

Insects ........................................................................................................................................ 82 

Development Time Experiment ................................................................................................. 82 

Adult Longevity and Egg Production ........................................................................................ 84 

Data Analysis ............................................................................................................................. 85 

Development Time ................................................................................................................. 85 

Adult Longevity ..................................................................................................................... 86 

Egg Viability .......................................................................................................................... 86 

Results ............................................................................................................................................ 86 

Development Time..................................................................................................................... 86 

Adult Longevity, Fecundity, and Egg Viability ......................................................................... 87 

Discussion ...................................................................................................................................... 87 



v 
 

References ...................................................................................................................................... 96 

VITA......................................................................................................................................... ....102 

 

 



vi 
 

LIST OF FIGURES 

Figure 1.  Mean (± SE) root damage ratings of experimental plants from the diapausing 
field experiment from each of the ten different infestation types. .................................... 51 

Figure 2.  Mean (± SE) root damage ratings of experimental plants from the 
nondiapausing field experiment from each of the ten different infestation types. The 
uppercase letters indicate significant differences between infestation types (P≤0.05). ... 52 

Figure 3.  Mean (± SE) root damage ratings of experimental plants from the greenhouse 
experiment from each of the six different infestation types. ............................................ 53 

Figure 4.  Mean (±SE) larval recovery (A), head capsule width (B), and dry weight (C) of 
larvae recovered from laboratory seedling assays. Lowercase letters indicate comparisons 
between corn types within colony types (P≤0.05). ........................................................... 72 

Figure 5. Mean (±SE) larval recovery (A), head capsule width (B), and dry weight (C) of 
larvae recovered from development time assays. ............................................................. 91 

Figure 6. Mean (±SE) adult recovery (A), head capsule width (B), and dry weight (C) of 
adults recovered from development time assays. ............................................................. 92 

Figure 7.  Average adult longevity of male and female western corn rootworms from the 
eCry3.1Ab-selected and control colonies. ........................................................................ 93 

Figure 8.  Average eggs recovered per female from adult longevity experiement ........... 94 

Figure 9.  Average viability of eggs collected from adult longevity experiment.  The 
uppercase letters indicate significant differences between colony types (P≤0.05). ......... 95 

 

 

 

 

 

 

 



vii 
 

LIST OF TABLES 

Table 1.  Reference key for infestation types of diapausing field, nondiapausing field, and 
greenhouse experiments. ................................................................................................... 49 

Table 2.  Analysis of variance for field and greenhouse root rating data ......................... 50 

Table 3. Analysis of variance for seedling bioassays of reciprocal cross and parent 
colonies. ............................................................................................................................ 70 

Table 4.  LC50 (95% CIs) and EC50 (95% CIs) of eCry3.1Ab toxin on neonate western 
corn rootworm larvae from reciprocal cross and parent colonies. .................................... 71 

Table 5. Analysis of variance for development time bioassays of eCry3.1Ab-selected and 

control colonies..................................................................................................................90  

 

 

 

 

 

 

 

 

 

 

 



viii 
 

ABSTRACT 

The western corn rootworm, Diabrotica virgifera virgifera LeConte, has 

developed resistance to most control tactics used to manage it.  Transgenic corn varieties 

that express insecticidal proteins from the bacterium Bacillus thuringiensis Berliner (Bt), 

cause mortality to target pests when ingested.  In an attempt to delay resistance formation 

to these Bt products, the Environmental Protection Agency mandates the development of 

an insect resistance management program prior to registration for commercial sale.  

Despite plans to delay resistance being in place, resistance has developed in the field for 

both Cry3Bb1 and mCry3A-expressing hybrids.  Resistance to these products could be 

due to physiological adaptations or through behavioral avoidance of the toxin in the plant.  

For the first portion of this work, we investigated a behavioral avoidance hypothesis for 

resistance.  We hypothesized that later hatching western corn rootworm larvae could 

utilize previous feeding damage on Bt corn roots by early hatching larvae as an entry 

point into the root cortex containing lower levels of the Bt protein.  Field and greenhouse 

tests involving infestation staggering to facilitate previous feeding damage did not 

support our hypothesis and did not indicate any effect of previous root feeding on the 

ability of this pest to establish on Bt plants and cause damage.  We also evaluated 

resistance dynamics in the western corn rootworm in response to the most recent Bt 

protein commercialized for rootworm management, eCry3.1Ab.  For one experiment, an 

eCry3.1Ab-selected and a paired control western corn rootworm colony were utilized to 

determine the potential fitness costs associated with eCry3.1Ab resistance.  Adult 

longevity, egg viability, and larval development time results indicated a lack of fitness 

costs associated with eCry3.1Ab resistance in the western corn rootworm.  Reciprocally 
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crossed colonies of the eCry3.1Ab-selected and control colonies were created in order to 

evaluate whether the resistance trait to eCry3.1Ab was recessive, dominant, or something 

in between.  Each reciprocal cross and their parent colonies were evaluated in diet 

toxicity and plant assays.  Results indicated that the eCry3.1Ab resistance trait we 

selected for under laboratory conditions is dominantly inherited.   
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW 

Introduction 

Diabrotica Chevrolat (Coleoptera: Chrysomelidae: Galerucinae), a largely 

Neotropical genus, is comprised of 354 reported species (Wilcox 1972, Krysan and Smith 

1987, Krysan 1999, Branson and Krysan 1981).  Three species groups make up the genus 

Diabrotica: fucata, signifera and virgifera (Wilcox 1972).  The fucata group includes 

more than 300 species, and ranges from South America to the United States in North 

America.  The signifera group includes 11 species and is only found in Central and South 

America, while the 35 species in the virgifera group are found primarily in North and 

Central America (Krysan and Smith 1987, Cabrera Walsh 2003).  Five species of the 

virgifera group occur in the United States, and Diabrotica virgifera virgifera LeConte 

(western corn rootworm) and Diabrotica barberi Smith and Lawrence (northern corn 

rootworm) are key pests of corn, Zea mays L. (Krysan 1986).  These two species are 

commonly referred to as corn rootworms because the larvae primarily feed on the roots of 

corn (Branson and Krysan 1981).   

The western corn rootworm was first described by LeConte in 1868 after he 

collected the first specimens near the western border of Kansas (Chiang 1973, Meinke et 

al. 2009).  The first recorded instance of western corn rootworm attacking corn was in 

1909 by Gillette (1912) who was alerted that the beetles were found in abundance in a 

damaged corn field.  Gillette was told that the roots were heavily damaged by small white 

grubs that were in high density around July (Gillette 1912).  By 1940, reports of root 

injury to maize by the western corn rootworm larvae had become far more common 
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(Meinke et al. 2009).    Currently, the western corn rootworm is considered one of the 

most economically important insect pests in the world due to the costs of pest control and 

crop yield losses estimated to be in the billions of dollars for the United States alone 

(Metcalf 1986, Sappington et al. 2006, Gray et al. 2009).   

Life Cycle 

 The western corn rootworm is univoltine, with oviposition primarily occurring in 

the soil of corn fields from July to early September (Levine and Oloumi-Sadeghi 1991).  

The eggs overwinter in the soil during which time they enter a state of diapause.  

Diapause is broken sometime around midwinter when the soil temperature is still below 

11°C (Levine et al. 1992, Meinke et al. 2009).  During this time, the eggs enter a state of 

chill-quiescence where they wait to hatch until the soil temperature is above 11ºC and 

approximately 400 degree days have accumulated above that temperature (Meinke et al. 

2009).  Egg hatch typically occurs between late May and early June producing 

subterranean neonate larvae (Levine and Oloumi-Sadeghi 1991).  Larvae of the western 

corn rootworm have three distinct larval instar stages, all of which are spent either in 

plant roots or the soil surrounding them (George and Hintz 1966, Hammack et al. 2003, 

Meinke et al. 2009).  Immediately after hatching, the larvae seek out the roots of a 

suitable host plant.  While western corn rootworms have a greater preference for the roots 

of corn, there are a few other grass species that can also serve as host plants (Branson and 

Ortman 1970, Clark and Hibbard 2004, Oyediran et al. 2004).  Once neonate larvae come 

in contact with the roots of a corn host plant, they begin feeding on the root hairs and the 

outer cortical tissue of the root system while later instars will move towards the cortical 

parenchyma (Chiang 1973).   
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The larval stage of the western corn rootworm is the most damaging to corn plants 

due to the detrimental effects root feeding has on nutrient and water uptake (Kahler et al. 

1985), photosynthetic rates (Godfrey et al. 1993, Urias-Lopez et al. 2000), and yield 

(Godfrey et al. 1993, Sutter et al. 1990).  As larvae develop, they show a behavioral 

feeding preference for newly forming roots at the plant base (Strnad and Bergman 

1987a).  Significant feeding causes reduced structural stability that can cause the plant to 

fall over or become lodged in the field (Levine and Oloumi-Sadeghi 1991).  Rates of 

plant lodging will increase in the presence of heavy winds and precipitation which can 

put increased stress on the plant’s base.  While plants that lodge can potentially re-

establish their root system, they normally grow at an angle low to the ground which 

makes them difficult to pick up with mechanical harvesters thus reducing plant yield.  

The degree of larval feeding damage is easily determined through the use of a node-

injury scale which determines level of feeding based on the number of damaged root 

nodes.  The scale described by Oleson et al. (2005) rates plants from 0 to 3 with 0 

indicating no feeding damage to root nodes and a 3 indicating 3 nodes of roots with 

significant feeding damage are present.  The correlation between nodal damage and plant 

yield was determined to be a loss of 15 to 17.9% yield for each missing node under 

average rainfall conditions (Dun et al. 2010, Tingsley et al. 2013).  

Once the third instar larvae enters the pre-pupal stage they will leave the corn 

roots and form an earthen cell close by in the soil in which to pupate (Chiang 1973, 

Meinke et al. 2009).   At 20°C, pupal development takes approximately 15 days to 

complete (George and Hintz 1966).  After pupal development, the adult rootworms 

emerge from the soil and spend the remainder of their lifecycle above ground.  Adult 
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emergence can begin in late June to early July with peak beetle emergence occurring in 

July (Meinke et al. 2009).  Western corn rootworms are protandrous with males emerging 

approximately 5 days before females in the field (Branson 1987).  This occurs primarily 

due to the males having faster postdiapause embryonic development in the egg stage 

(Branson 1987, Jackson and Elliott 1988), as well as faster development time from the 

larvae to adult stages than females (Quiring and Timmins 1990).  Approximately 97.8% 

of male emergence occurs alongside female emergence (Quiring and Timmins 1990).  

Male western corn rootworm are not sexually mature upon emergence and require 

approximately 5 to 7 days post emergence before exhibiting attraction to female 

pheromone cues (Guss 1976).  Female western corn rootworms are sexually mature upon 

emergence from the soil and can typically mate within hours of initial emergence (Ball 

1957, Lew and Ball 1979).  This provides early emerging males with a competitive 

advantage for finding mates and ensures that there are sexually mature males present in 

the field during initial female emergence (Spencer et al. 2009).  Adults typically remain 

in corn fields following emergence where they feed on the leafy portions of the corn 

plants initially and then feed on silk and pollen during the period when they are available 

(Ball 1957, Chiang 1973).   

Adult Morphology 

An adult western corn rootworm is a small (approx. 4.4 to 6.6 mm long for males, 

4.2 to 6.8 mm long for females) beetle with yellow piceous elytral vittae and distinct 

black vittae along humeral angles and elytral suture (Krysan and Smith 1987, Krysan 

1986)   Additional beetle coloration includes an amber colored head, black antennae and 

femora, and a yellow abdomen (Krysan and Smith 1987).  Adults are sexually dimorphic 
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with the adult males having a distinct extra sclerite on the apex of the abdomen (Krysan 

1986).  While not as distinct, adult western corn rootworm can also be sexed by 

measuring the relative length of the antennae which are noticeably longer in the males 

than the females (Krysan 1986).  Additional antennal characteristics include a variation in 

antennal segment size between the sexes.  Antennal segments 2 and 3 are equal in size for 

male western corn rootworm while in females the 3rd segment is longer than the 2nd 

(Krysan 1986).   

Larval Host Finding 

 Due to the larvae’s subterranean habitat, their ability to locate and move towards 

potential host plants can be significantly impacted by soil type, porosity, moisture, and 

bulk density (Strnad and Bergman 1987b, Gustin and Schumacher 1989, Ellsbury et al. 

1999). Larvae do better in soil with higher clay content over more sandy soils (Turpin 

and Peters 1971).  While the larvae are still capable of surviving in sandy soils, their 

movement speed is significantly reduced (MacDonald and Ellis 1990).  Larval movement 

can also be hindered in any soil that is either too wet (36% moisture) or too dry (18% or 

less moisture) (MacDonald and Ellis 1990).  

After hatching, neonate western corn rootworm orient towards host plants though 

the detection of plant produced volatiles in the soil.  At this point the larvae initiate a long 

range host-finding behavior in which they travel in a relatively straight direction towards 

potential host plants based off the detection of plant produced volatiles (Strnad and Dunn 

1990).   Several studies have documented that carbon dioxide is highly attractive to 

western corn rootworm larvae and is likely the primary volatile responsible for larval root 
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finding (Strnad et al. 1986, Hibbard and Bjostad 1988, Bernklau and Bjostad 1998a).  

Carbon dioxide is released by the plant roots during respiration (Harris and van Bavel 

1957).  Bernklau and Bjostad (1998a) found that western corn rootworm larvae were 

attracted to the CO2 concentration as low as 0.1%. Bjostad and Hibbard (1992) 

documented 6-methoxybenzoxazolinone isolated from corn roots was involved in host 

orientation by second instar larvae.  While Bernklau and Bjostad (1998b) suggested this 

was not the case for neonate larvae, Erb et al. (2012) suggested that second instar larvae 

use it to locate nutritious roots.  Hibbard et al. (1994) documented that second instar 

western corn rootworm larvae choose long-chain free fatty acids plus carbon dioxide 

versus an equivalent amount of carbon dioxide without long chain free fatty acids.  

Bernklau and Bjostad (2008) documented these same compounds to be part of blend of 

compounds that are feeding stimulants to neonate western corn rootworm.  Robert et al. 

(2012a, b) utilized second instar larvae in a series of assays that suggested that (E)-β-

caryophyllene may be involved in western corn rootworm chemical ecology and is 

attractive in at least one dose.  (E)-β-caryophyllene is a sesquiterpene previously shown 

to recruit insect-killing nematodes towards rootworm-damaged roots (Rasmann et al. 

2005, Köllner et al. 2008, Hiltpold et al. 2010).  As soon as the larvae makes contact with 

the roots of a potential host plant it switches from its long range host-finding behavior to 

a localized searching behavior (Strnad and Dunn 1990).  This behavior is characterized 

by an increase in turning rate and a decrease in locomotory rate in the larvae (Strnad and 

Dunn 1990).  This localized searching behavior helps to increase the larvae’s probability 

of making contact with the root system of the nearby host plant (Strnad and Dunn 1990).     
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 Once neonate larvae make contact with the roots of a plant and start to feed, they 

can determine its potential as a host or non-host crop due to the detection of various 

chemosensory cues present in the plant with the aid of their maxillary palpi (Branson and 

Ortman 1969, Johnson and Gregory 2006).  These chemosensory cues can act as either a 

phagostimulant (48% of the compound being sugars) which encourages feeding or as a 

feeding deterrent (phenolic compounds) which would cause the larvae to seek a different 

feeding site (Johnson and Gregory 2006).  It has been determined that corn roots contain 

a blend of compounds which serve as a feeding stimulant for the western corn rootworm 

(Bernklau and Bjostad 2008).  This blend of compounds is made of a combination of 

simple sugars (30:4:4 mg/ml of glucose:fructose:sucrose in the corn root) and free fatty 

acids located in the germinating corn roots (2:5 mg/ml oleic acid:linoleic acid) (Bernklau 

and Bjostad 2008).  Additionally, monogalactosyldiacylglycerol (MGDG) was recently 

isolated and identified to be an important component of a host recognition blend for 

western corn rootworm larvae (Bernklau et al. 2015).  MGDG is a major component of 

chloroplast membranes and although often present in lower quantities in roots, are 

important in maintaining membrane stability.  The MGDG structure consists of a glycerol 

backbone with a single galactose molecule and two fatty acids.  Bernklau et al. (2015) 

documented that MGDG likely was primarily active as enzymatic breakdown products 

(galactose, glycerol, and free fatty acids).  

Larval Feeding Behavior 

  First instar larvae have been shown to initially attack the seminal roots and roots 

of the first whorl, burrowing into the cortex while they feed (Strnad and Bergman 1987a).   

Second instar larvae were also found in the seminal roots as well as whorls 1-8, while 
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third instar larvae were only found in wholes 2-9 avoiding seminal roots (Strnad and 

Bergman 1987a).  As larvae fed they would orient towards the root tip and away from the 

plant base showing a preference for newer growth or a potential reaction to greater CO2 

concentration in the root tip (Clark et al. 2006, Strnad and Bergman 1987a).  As larvae 

grow they tend to move towards newly developing nodes of roots (Strnad and Bergman 

1987a).  This has been show to greatly benefit the fitness of the larvae as they are not 

capable of finishing development on older plant roots (Hibbard et al. 2008).  Newly 

forming roots have also been show to contain higher concentrations of the plant 

protectant 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA), which not only 

doesn’t harm western corn rootworm larvae but also acts as a feeding attractant (Robert et 

al. 2012c).   This is the precursor to 6-methoxybenzoxazolinone first identified by 

Bjostad and Hibbard (1992) as a larval attractant. 

 Feeding behaviors of larval western corn rootworm can be altered by the presence 

of undesirable compounds such as feeding deterrents or toxins within the plant (Xie et al. 

1992, Clark et al. 2006).  When given a choice between untreated corn roots and roots 

treated with high concentrations of various hydroxamic acids, larval western corn 

rootworm chose to burrow into untreated corn roots significantly more than those treated 

with hydroxamic acids (Xie et al. 1992).  In the case of transgenic plants, larvae were 

observed to have increased movement across the root system as they sampled root hairs 

in an attempt to find a suitable place to feed (Clark et al. 2006).  These results help 

support the idea that behavioral resistance formation could be possible in the western 

corn rootworm to management techniques.   
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Management 

Crop Rotation  

 Over the years, several different tactics have been utilized to manage populations 

of western corn rootworm in the field to protect yield.  One of the main methods first 

used for the control of corn rootworms is the cultural control method of crop rotation.  

This technique involved switching crops each season from corn to a non-host crop, 

typically soybeans (Chiang 1973).  An experiment conducted in the 1940’s provided 

evidence that crop rotation was highly effective at controlling populations of both NCR 

and western corn rootworm (Chiang1973, Hill et al. 1948).   

Chemical Insecticides  

The United States saw a significant increase in the planting of continuous corn 

post World War II.  This was made possible by the development of several different 

synthetic insecticides that could be used to control the western corn rootworm (Meinke et 

al. 2009).  Insecticides used to control western corn rootworm could be applied in two 

ways: a foliar application applied to the corn leaves with the intention of killing off adult 

beetles before they could oviposit in the field (Pruess 1974), and/or a soil insecticide 

directed at killing larval corn rootworms (Mayo and Peters 1978).  By 1948, large 

applications of benzene hexachloride (BHC) were being used in Nebraska for rootworm 

control along with aldrin and chlordane added as options in 1952 and heptachlor in 1954 

(Metcalf 1986).  All were broadcast over all parts of the field as clay granules targeting 

larval management. 
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In the USA, soil insecticides are currently available in both liquid and granular 

formulations.  Registered soil insecticides in the US include bifenthrin, tefluthrin 

(pyrethroids), carbofuran (carbamate), chlorpyrifos, chlorethoxyfos, ethoprophos, 

phorate, terbufos (organophosphates), fipronil (friprole), and a mix of tebupirimiphos 

(organophosphate) with cyfluthrin (pyrethroid) (Van Rozen and Ester 2010).  Liquid soil 

insecticides have had reports of inconsistent field performance prompting granular soil 

insecticides to be the most commonly used formulation to control the western corn 

rootworm.  The use of SmartBox® insecticide application technology has helped to 

alleviate some of the handling difficulties associated with granular soil insecticide 

application (Van Rozen and Ester 2010).      

Foliar insecticide applications targeting adults can be used in an attempt to 

prevent silk clipping and reduce oviposition thus reducing next year larval numbers in 

continuous corn fields (Van Rozen and Ester 2010).  Originally, foliar applications of 

methyl parathion and carbaryl insecticides were used for the control of western corn 

rootworm adults (Meinke et al. 1998).  Currently, synthetic pyrethroids dominate the 

market for beetle management, though some of the older chemicals may still be available 

(Van Rozen and Ester 2010).  Foliar insecticides for management of oviposition can be 

effective, but scouting and spray timing are critical.  In general, foliar applications are not 

better than current year soil insecticide applications at managing western corn rootworm 

damage (Levine and Oloumi-Sadeghi 1991).  Growers in most regions used to rely on 

soil insecticides for western corn rootworm management (Levine and Oloumi-Sadeghi 

1991), though recently, transgenic corn has been planted on a greater and greater share of 

the market each year it has been planted. 
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Transgenic Corn 

A somewhat recent development in corn rootworm control came in the form of 

transgenic crops, specifically those modified to express endotoxins of the bacterium 

Bacillus thuringiensis Berliner (Bt) (Moellenbeck et al. 2001, Ellis et al. 2002, Vaughn et 

al. 2005, Walters et al 2008, Walters et al. 2010).  The first transgenic maize crop 

targeting rootworms was put on the market in 2003 and expressed the Cry3Bb1 gene.  

Other rootworm targeting genes were commercialized later, including Cry34/35Ab1 in 

2005 and mCry3A in 2006.  Transgenic plants expressing Bt toxins not targeting corn 

rootworms had already been commercially available for corn and cotton since 1996.  

However, the total US corn acreage was only about 19% Bt in 2000 and 2001.  With the 

introduction of Bt targeting corn rootworms the total corn acreage containing Bt 

increased with approximately 80% of current US corn acreage containing Bt (USDA-

ERS 2014ab).  

Resistance  

Crop Rotation 

Resistance to crop rotation within pest Diabrotica was first seen in Diabrotica 

barberi Smith and Lawrence, also known as the northern corn rootworm.  This was due 

to the beetles’ expression of an extended diapause trait which allowed them to remain 

below ground in the egg stage for more than one winter (Ostlie 1987).  While instances of 

failed crop rotation were documented before (Bigger 1932), this phenomenon was first 

formally characterized by Chiang (1965) in Minnesota.  At that time, the rate of extended 

diapause expression was only 0.3% for those tested (Chiang 1965).  However; over time 
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the rate of extended diapause expression had increased to approximately 40-50% in some 

areas of the US (Krysan et al. 1984, 1986, Levine et al. 1992).  This was most likely 

caused by increased selection pressure due to the high frequency of crop rotation (Ostlie 

1987).  Resent research conducted by Geisert and Meinke (2013) showed that the 

extended diapause trait was present in all collected NCR populations in Nebraska.  It was 

also shown that the lowest rate of extended diapause was found in a population collected 

from an area that was traditionally continuous corn (Geisert and Meinke 2013).   

 The first case of rotation resistance in the western corn rootworm was reported in 

1987 near Ford County Illinois (Levine and Oloumi-Sadeghi 1996).  Farmers were 

reporting severe rootworm damage to first year corn fields which had previously been 

planted with soybeans and weed free (Levine and Oloumi-Sadeghi 1996).  Experiments 

conducted in the area indicated that the resulting first year damage was not due to an 

extended diapause trait expressed in the western corn rootworm.  Instead it was 

concluded that the damage was due to the western corn rootworm ovipositing in the 

soybean field prior to the corn being planted.  Levine and Oloumi-Sadeghi hypothesized 

that this could have been due to pyrethroid insecticide application to corn forcing the 

beetles to oviposit in adjacent fields (Levine and Oloumi-Sadeghi 1996).   Similar 

damage to first year corn was reported again in east central Illinois in 1994.  However, 

this time there was no application of pyrethroid insecticides.  Once again tests on the eggs 

of western corn rootworm collected from problem fields showed no extended diapause 

(Levine et al. 2002).  This trend continued into 1995 resulting in even greater corn 

damage in east central Illinois as farmers did not anticipate crop rotation to fail (Levine et 

al. 2002).  Observations of problem areas showed an increase in the number of western 
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corn rootworm adults found in soybean fields.  This lead to the hypothesis that rotation 

resistance in the western corn rootworm was due to a loss of fidelity to corn fields which 

caused western corn rootworm adults to oviposit in soybean fields.  Once the fields were 

rotated back to corn the following year they would be subject to western corn rootworm 

larval infestation (Levine et al. 2002).  Additional research also indicated differences in 

the gut bacteria and proteolytic activity of rotation resistant western corn rootworms.  It 

was shown that this variation in gut bacteria helped adult rotation resistant western corn 

rootworms to survive on soybean diets which helped facilitated their oviposition into 

rotated soybean fields (Curzi et al. 2012, Chu et al. 2013).  

Chemical Insecticides 

So far, the western corn rootworm has not developed any resistance to banded 

applications (including in-furrow and T-band) of granular soil insecticides despite 

decades of use for some active ingredients.  This could be attributed to the method in 

which they are typically applied in the field.  It has been hypothesized that banded 

applications allow for susceptible larvae to survive in the un-treated portions outside the 

area of insecticidal treatment, thus reducing selective pressure for resistance formation 

(Van Rozen and Ester 2010).  When broadcast over the field, granular insecticides 

developed resistance quite quickly.  Ball and Weekman (1962) tested two widely 

separated western corn rootworm populations for their LD50 levels to both aldrin and 

heptachlor insecticides researchers discovered significant amounts of insecticide 

resistance.  Results showed that the western corn rootworm population collected from the 

central part of the state required approximately 100 times the amount of aldrin or 

heptachlor per insect in order to produce similar LD50 results of those collected in the 
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eastern part of the state (Ball and Weekman 1962).  By 1964, aldrin resistance could be 

found in western corn rootworm populations collected from western Iowa, northern 

Kansas, northwestern Missouri, southwestern Minnesota, and southeastern South Dakota 

(Hamilton 1965).  Aldrin resistance in the NCR could also be found in Illinois, Iowa, 

Minnesota, and Wisconsin (Hamilton 1965).  Due to the increased planting of continuous 

corn and the lack of adequate rootworm control by insecticides, resistant beetles were 

able to expand across most of the US corn belt by 1980 (Metcalf 1986).    

Since granular applications no longer worked parts of Nebraska switched to 

managing populations with liquid insecticides to reduce oviposition.  This protected corn 

yield from western corn rootworm populations for a number of years, but by 1995 

western corn rootworm resistances to methyl parathion and carbaryl insecticides had also 

emerged in Nebraska (Meinke et al. 1998).   

Transgenic Corn 

In order to reduce the potential for resistance formation to Bt crops the 

Environmental Protection Agency (EPA) mandated the use of a susceptible refuge 

strategy (Glaser and Matten 2003).  This involves planting a refuge of western corn 

rootworm susceptible corn plants alongside Bt expressing plants in order to promote the 

emergence of Bt susceptible western corn rootworm.  In theory, this should promote 

cross breeding between susceptible beetles emerging from the refuge and resistant beetles 

emerging off of Bt.  The goal of this set up is to delay resistance to Bt.  In order for this 

strategy to be most effective, the Bt protein must be expressed in the plants at a high 

dose, resistance needs to be inherited recessively, random mating must occur, initial 
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resistance alleles need to be rare, and fitness costs should be associated with resistance 

(Gould 1998).  Unfortunately, none of the Bt products developed for rootworm 

management meet the high dose requirement (EPA 2001, EPA 2002, Hibbard et al. 2010, 

Storer et al. 2006, Hibbard et al. 2011, Clark et al. 2012).  Additionally, laboratory 

research has shown that initial frequency of alleles bestowing resistance to Cry3Bb1 were 

not low (Onstad and Meinke 2010), resistance traits were not inherited in a completely 

recessive manner (Meihls et al. 2008), and fitness costs associated with Cry3Bb1 

resistance were minor if any (Meihls et al. 2012, Oswald et al. 2012, Petzold-Maxwell et 

al. 2012).  Random mating was also determined to be unlikely in the field (Hughson and 

Spencer 2015, Kang and Krupke 2009). 

Laboratory selection has developed resistance to all current rootworm targeting Bt 

proteins on the market so far.  Meihls et al. (2008) were able to develop resistance to  

Cry3Bb1 within three generations of selection, resistance began to develop to 

Cry34/35Ab1 after five generations of selection, although the resistance was not 

complete (Lefko et al. 2008), and resistance developed to the mCry3A trait within seven 

generations of selection (Meihls et al. 2011).  The eCry3.1Ab trait was developed more 

recently. The trait was recently deregulated in 2013 and is currently only available in a 

pyramid stack along with mCry3A (Syngenta 2013).  Previous lab experiments have 

shown that western corn rootworm under constant exposure to eCry3.1Ab were capable 

of developing resistance within 4 generations (Frank et al. 2013).  These laboratory 

experiments serve to showcase how Bt resistance can develop in rootworm populations 

when under constant selection.  They do not take into account the effects of a non-

transgenic refuge, crop rotation, trait rotation, or insecticide application.  They do 
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however show that resistance can be formed against transgenic plants and that it is 

important to attempt to minimize the amount of resistance formed in the field (Cullen et 

al. 2013).   

 In 2011, it was reported that western corn rootworm populations resistant to the 

Cry3Bb1 trait were developing from fields in Iowa (Gassmann et al. 2011).  Populations 

of beetles were collected from “problem” fields with greater than expected damage to 

Cry3Bb1 reported in 2009 and were tested alongside beetles collected from control fields 

without unexpected damage to Bt in order to determine the levels of resistance that may 

have formed.  Significantly more survival on Cry3Bb1 from colonies collected on 

problem fields than those collected from the controls (Gassmann et al. 2011).   This 

marked the first time any coleopteran species had evolved resistance to Bt toxins in the 

field (Gassmann et al. 2011).  Several different factors could have caused this emergence 

of Cry3Bb1 resistance to form in the field.  For instance, products with the Cry3Bb1 trait 

do not meet many of the requirements for a refuge strategy to be most effective.  The 

products are not high dose which means they are not potent enough to kill 99% of 

heterozygotes (EPA 2001, EPA 2002, Hibbard et al. 2010, Hibbard et al. 2011, Storer et 

al. 2006).  Results from reciprocal cross experiments from lab reared Cry3Bb1 resistant 

and susceptible beetles indicated that resistance genes were not inherited in a completely 

recessive manner which resulted in offspring with resistance levels slightly greater than 

the susceptible parent when crossed with a resistant parent (Meihls et al. 2008).  In 

addition to this, fitness cost results from the same colonies indicated that there may be 

low fitness cost associated with Cry3Bb1 resistance (Meihls et al. 2008).  Finally, it was 

also suggested that farmers may not be adhering to regulations regarding the planting of 
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susceptible refuges (Gassmann et al. 2011).  In 2011, field resistance to the mCry3A 

toxin was discovered in Iowa as well.  This resistance to the mCry3A toxin was 

determined to be a result of an apparent cross resistance between it and the Cry3Bb1 

toxin.  This cross resistance may have occurred due to phylogenetic similarities in the 

mode of action each toxin utilized to kill western corn rootworm (Gassmann et al. 2014).   

 Despite the emergence of field resistance to Cry3Bb1 and mCry3A, the use of Bt 

products has continued to increase in the US.  One major change over time has been the 

preference of pyramided traits over single trait use in the field.  In 2006, the percentage of 

US corn containing single traits was approximately 25% while those with stacked traits 

made up 15% (USDA-ERS 2014a).  By 2014, the percentage using single traits was 

reduced to 4% and those using stacked traits had increased to 76% (USDA-ERS 2014a).  

This is partially in response to the discovery of Cry3Bb1 resistance in the field.  

Experiments conducted by Gassmann et al. (2011) showed that while beetles from 

problem fields showed increased resistance to both the Cry3Bb1 and mCry3A traits they 

were still susceptible to the Cry34/35Ab1 trait (Gassmann et al. 2011, Gassmann et al. 

2014).  In this sense, pyramided products that contain two insecticidal rootworm traits 

became preferred.  The first available product was SmartStax corn, which contains both 

Cry3Bb1 and Cry34/35Ab1 traits.  Larvae capable of surviving the Cry3Bb1 toxin 

presumably would succumb to the Cry34/35Ab1 toxins and thus provide greater control 

than a single trait product.  Pyramided traits stacked with additional traits are also favored 

due to the addition of above ground insecticidal traits and herbicide resistance.  Growers 

were given the benefit of smaller refuge requirements for pyramided traits.  The EPA 

reduced the standard refuge requirements from 20% to 5% for products such as 
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SmartStax (EPA 2011).  The effects of this reduced refuge on rootworm resistance 

management have yet to be seen.   
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CHAPTER II: EVALUATION OF POTENTIAL BEHAVIORAL ADAPTATIONS 

OF THE WESTERN CORN ROOTWORM IN RESPONSE TO THE BT HYBRID 

CRY3BB1 

Introduction 

Since the first discovery of economic damage caused by the western corn 

rootworm (Diabrotica virgifera virgifera LeConte) in 1909, this pest has become one of 

the most expensive crop pests in the world causing upwards of a billion dollars in 

damages in the United States alone (Metcalf 1986, Sappington et al. 2006, Gray et al. 

2009).  The majority of this economic damage comes from the subterranean larval stage 

that feeds almost exclusively on the roots of corn (Zea mays L.).  After hatching, neonate 

western corn rootworm orient towards host plants though the detection of plant produced 

volatiles in the soil, primarily carbon dioxide (Strnad et al. 1986, Hibbard and Bjostad 

1988, Bernklau and Bjostad 1998).  Once neonate larvae make contact with the roots of a 

plant and start to feed, they can determine its potential as a host or non-host crop due to 

the detection of various compounds present in the plant (Johnson and Gregory 2006).  

First instar larvae have been shown to initially attack the seminal roots of the first whorl, 

burrowing into the cortex when they feed (Strnad and Bergman 1987).   Second instar 

larvae were also found in the seminal roots as well as whorls 1-8, while third instar larvae 

were only found in whorls 2-9 (Strnad and Bergman 1987).  As larvae fed they would 

orient towards the root tip and away from the plant base showing a preference for newer 

growth or a potential reaction to greater carbon dioxide concentration in the root tip 

(Clark et al. 2006, Strnad and Bergman 1987).  As larvae grow, they tend to move 

towards newly developing whorls of roots as they come out of the stalk (Strnad and 



36 
 

Bergman 1987).  Larval root feeding has been shown to affect nutrient and water uptake 

(Kahler et al. 1985), photosynthetic rates (Godfrey et al. 1993, Urias-Lopez et al. 2000), 

and yield (Godfrey et al. 1993, Sutter et al. 1990).  In situations of intense larval feeding, 

the corn will become structurally compromised and fall over or become lodged in the 

field, greatly affecting the harvested yield of the plant (Levine and Oloumi-Sadeghi 

1991).  

Several different management techniques have been developed for management 

of the western corn rootworm.  Examples include crop rotation, soil insecticides, and 

transgenic crops utilizing the bacterium Bacillus thuringiensis Berliner (Bt) (Chaing 

1973, Ellis et al. 2002, Hill et al. 1948, Moellenbeck et al. 2001, Vaughn et al. 2005).  

Unfortunately, the western corn rootworm has proven quite adept at forming resistance to 

the control measures used against them though both physiological and behavioral 

adaptations.  Resistance to chemical insecticides including aldrin, methyl parathion, and 

carbaryl has been recorded for western corn rootworm in the field (Ball and Weekman 

1962, Meinke et al. 1998, Meinke et al. 2009).  In addition to this, crop rotation was 

found to be less effective in the eastern Corn Belt due to the selection of western corn 

rootworm with a lower fidelity to corn (Levine et al. 2002).  Finally, field resistance to 

the Cry3Bb1 toxin in transgenic plants was discovered in Iowa corn fields in 2009 

(Gassmann et al. 2011, Gassmann 2012).  Additionally, resistance was also discovered in 

the same area to the mCry3A toxin due, in part, to cross resistance with the Cry3Bb1 

toxin (Gassmann et al. 2014).       

It is currently unknown if resistance to Bt has occurred purely due to 

physiological adaptations in the western corn rootworm or if resistance based on 
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behavioral adaptations may have occurred.  Research conducted by Xie et al. (1992) 

showed that larval western corn rootworm would actively avoid feeding on corn roots 

that had been treated with high levels of hydroxamic acids.  When given a choice 

between untreated corn roots and roots treated with hydroxamic acids, larval western 

corn rootworm chose to burrow into untreated corn roots significantly more than those 

treated with hydroxamic acid (Xie et al. 1992).  Observations by Clark et al. (2006) 

showed that the feeding behavior of the larval western corn rootworm was different when 

attempting to feed on transgenic corn roots versus un-treated roots.   In contrast to the 

normal feeding behavior, the larvae would continuously move about the root system 

sampling root hairs as the went (Clark et al. 2006).  It is possible that this behavior is 

related to the insects attempting to find a portion of the root system that is free of Bt 

toxins (Clark et al. 2006).  Cross sections of transgenic roots dyed for Bt proteins have 

shown that Bt proteins are unevenly distributed throughout the root system (Higgins et al. 

2009).  In addition to this, Bt was in greater concentration in the epidermal tissue of the 

root versus the cortex (Higgins et al. 2009).  It is possible that rootworm larvae are able 

to detect the presence of Bt protein in the roots and actively avoid feeding on areas of 

high concentration thus circumventing the insecticidal properties of the plant.   

We hypothesized that neonate larvae may be capable of locating and utilizing 

portions of the corn root system with previous feeding damage caused by larvae that died 

due to Bt ingestion.  The mechanism for larvae finding portions of plant root previously 

damaged by western corn rootworm larvae that hatched earlier requires a bit of 

knowledge plant biochemistry and rootworm chemical ecology.  It has been well 

documented that plants are capable of defending themselves when under attack by other 
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organisms.  There is whole science related to plant defense against insects and pathogens.  

One such defensive strategy includes the jasmonic acid pathway, which is triggered in 

response to insect feeding damage on the plant (Baldwin et al. 1994).  An important 

precursor in this pathway is lenolenic acid (Blechert et al. 1995) which has been shown to 

have potential as a host location cue for the western corn rootworm larvae (Hibbard et al. 

1994).  Additionally, monogalactosyldiacylglycerol (MGDG) was recently isolated and 

identified to be an important component of a host recognition blend for western corn 

rootworm larvae (Bernklau et al. 2015).  MGDG is a major component of chloroplast 

membranes and although often present in lower quantities in roots, are important in 

maintaining membrane stability.  The MGDG structure consists of a glycerol backbone 

with a single galactose molecule and two fatty acids.  Bernklau et al. (2015) documented 

that MGDG likely was active as enzymatic breakdown products (galactose, glycerol, and 

free fatty acids).   Bernklau and Bjostad (2008) had previously documented short-chain 

sugars and long-chain free fatty acids to be feeding stimulants for western corn rootworm 

larvae.  Although linoleic acid appeared to play more of a role in these studies, lenolenic 

acid simply has one additional double bond and was also found.   

Assuming the larvae are susceptible to the Bt toxin, they would die from Bt 

ingestion before causing economic damage.  However, the physical damage caused by 

early hatching larvae would trigger the octadecanoic acid pathway (precursor to the 

jasmonic acid pathway) and lead to an increased amount of 18 carbon free fatty acids and 

at the wound site.  Since these are components of host location cues (Hibbard et al. 

1994), feeding stimulants (Bernklau and Bjostad 2008), and host recognition cues 

(Bernklau et al. 2015), this could serve as a mechanism for later hatching western corn 
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rootworm larvae to locate wound sites on the root epidermis and potentially use them to 

bypass the epidermal tissue and begin feeding on the root cortex with lower Bt levels.   

In order to test this we set up both field and greenhouse experiments in which 

corn plants expressing the Cry3Bb1 Bt gene were infested with Bt susceptible western 

corn rootworm eggs at either a full dose or a staggered dose.  If this hypothesis was true, 

we would expect to see more larval root damage in Bt plants with a staggered infestation 

than the plants infested all at once.   

Materials and Methods 

Insects 

 The field portion of the experiment was set up as two separate experiments.  The 

first experiment used a mixture of half wild-type western corn rootworm eggs from 

French Agricultural Research, Inc., Lamberton, MN, and half lab reared, diapausing 

western corn rootworm eggs from the U.S. Department of Agriculture-Agricultural 

Research Service (USDA-ARS) North Central Agricultural Research Laboratory in 

Brookings, SD, hereafter referred to as the diapausing strain.  The second experiment 

used a nondiapausing western corn rootworm strain supplied by Monsanto Company 

from their primary colony in Waterman, IL, hereafter referred to as the nondiapausing 

strain.  The greenhouse portion of the experiment utilized the remaining lab reared 

diapausing eggs supplied by the USDA-ARS. 

Field Experiments 
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The field experiments were conducted in two adjacent field plots located at the 

Bradford Research and Extension Center (Columbia, MO).  Both fields were planted with 

Dekalb brand corn (DKC 62-63) expressing the Cry3Bb1 Bt gene.  After initial 

vegetative emergence (VE) (Ritchie et al. 1992), all plants chosen for evaluation were 

tested to confirm expression of the Cry3Bb1 gene using gene check strips (EnviroLogix, 

Portland, ME).  Egg infestations for the first experiment were done using the diapausing 

egg strains while the second experiment was infested with the nondiapausing strain.  The 

planting for the diapausing experiment occurred on April 13, 2012 while the 

nondiapausing experiment was planted on May 14, 2012.   

Each field was planted with soybeans the previous year, so all rootworm damage 

should only have come from the treated eggs.  At the VE stage (Ritchie et al. 1992), the 

experimental plants were marked in the field with wooden stakes.  Each experimental 

plant was at least 1.5 m away from any other plant chosen for evaluation.  Only plants 

from alternating rows were utilized.  After infestation of the experimental plant, all non-

experimental plants located within 0.3 m of it were removed in order to ensure that the 

majority of western corn rootworm larvae we infested located the experimental plant.  

Both field experiments had ten different infestation times, which resulted in a total of 

4,000 eggs per plant.  The first six infestation types involved inoculating the plants with a 

full dose of ≈4,000 eggs all at once with the first infestation type occurring at the VE 

stage of the plant and each subsequent infestation type occurring each week after that 

(Table 1).  Infestation types seven and eight were staggered into three inoculations of 

≈1,333 eggs with each inoculation occurring two weeks apart.  The first inoculation for 

Infestation Type 7 occurred when the plants were at VE stage while the first infestation 
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for Infestation Type 8 occurred one week after the VE stage (Table 1).  Infestation Types 

9 and 10 were staggered into two inoculations of ≈2,000 eggs with the second inoculation 

occurring two weeks after the first.  The first inoculation for Infestation Type 9 occurred 

at the plants VE stage while Infestation Type 10 occurred one week after the VE stage 

(Table 1).  At the time of infestation, eggs were suspended in a 0.15% agar solution and 

were inoculated via pipette into approximately ≈10 cm deep holes made ≈2.5 cm away 

from the plant base.   

Each infestation time had three plants per replication, each of which were devoted 

to one of three sample collection dates based different corn phenologies: 1) root digging 

at approximately 550 degree days after the final infestation date, 2) two weeks after that, 

and 3) four weeks after that.  The diapausing experiment had a total of 30 treatments (10 

infestation types × 3 evaluation times) per replication and 20 replications and the non-

diapausing experiment had the same 30 treatments per replication and 15 replications.  At 

the designated sample collection date, experimental plants were removed from the soil, 

washed, and rated for western corn rootworm feeding damage using the 0-3 damage scale 

created by Oleson et al. (2005).   

Greenhouse Experiment 

 The greenhouse experiment was conducted using the same corn expressing the 

Cry3Bb1 gene (DKC 62-63).  At initial planting, two seeds were planted in 3.3 liter clay 

pots containing of 2:1 soil:Promix (Premier Horticulture Inc., Quakertown, PA).  Each 

pot was fitted with 114-µm stainless steel mesh (TWP Inc., Berkley, CA) over the 

drainage holes in order to prevent larval movement out the bottom of the pots.  After 
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germination, one of the two seedlings was removed from each pot.  Each pot was infested 

with a total of 2,000 eggs each at varying infestation times.  The experiment had six 

different infestation types: 1) 2,000 eggs at VE, 2) 2,000 eggs one week after VE, 3) 

2,000 eggs two weeks after VE, 4)1,000 eggs at VE and 1,000 eggs two weeks later, 5) 

1,000 one week after VE and 1,000 eggs three weeks after VE, and 6) 666 eggs at VE, 

666 eggs two weeks after VE, and 667 eggs four weeks after VE (Table 1).  At the time 

of infestation the eggs were suspended in a 0.15% agar solution and inoculated into a ≈10 

cm hole near the plant base with a pipette.  Each plant was evaluated at the same time, 

which was approximately 550 degree days after the final infestation date.  The 

experiment consisted of six treatments per replication with 15 replications total.  

At the time of evaluation the plants were cut so that only about 8 cm of the shoot 

remained, afterwards the plants were dug up and the root systems were washed off.  After 

the soil was removed from the root system they were rated for damage using a 0-3 scale 

based on the number of pruned root nodes (Oleson et al. 2005). 

Data Analysis 

 All data in figures and tables are represented by raw collected data while all 

statistical analysis were done with data that were square root (x + 0.5) transformed in 

order to meet all assumptions of equal variance.  Both field studies were analyzed as a 

randomized complete block in a 10   3 factorial arrangement (ten infestation types   

three evaluation times).  Data from the diapausing and non-diapausing field treatments 

were analyzed separately using PROC MIXED of the SAS statistical package (SAS ver. 

9.2, 2009).  The model contained main effects of infestation type (Table 1), collection 
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time (2, 4, or 6 weeks post infestation), and infestation date   collection time 

interactions.  All analyses’ fixed effects were calculated using a least squares means 

(LSMEANS) analysis, and comparisons were made using the fishers protected LSD 

output.  Data collected from the greenhouse experiments were analyzed as a randomized 

complete block with six infestation types (Table 1).   

Results 

Diapausing Field Experiment 

For the remainder of the manuscript, infestation types will be referred to by their 

reference names listed in Table 1.  Root feeding damage results for the diapausing field 

(DF) experiment showed no significant interaction of infestation type   collection time 

(Table 2, Figure 1).  Because of this, the results from all three collection times were 

pooled together and analyzed for significant differences between infestation types.  Data 

analysis indicated no significant main effects of infestation type (Table 2).  There was, 

however, a significant impact of collection time on root damage observed in the 

diapausing field experiment (Table 2).    All three collection dates had significantly 

different average root damage ratings from one another with the first, 2, and 4 week 

collection dates having  average damage ratings of 0.011, 0.089, and 0.036, respectively.  

The 2 week collection date had the highest average root damage rating (0.089) while the 

first collection date had the lowest (0.011).   

Nondiapausing Field experiment  

Results from the non-diapausing field experiment (N) showed significant impacts 

of both infestation type and collection time but no significant interaction of infestation 
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type   collection time (Table 2).  Due to the lack of a significant infestation type x 

collection time interaction the results from all three collection times were pooled together 

and analyzed for significant differences between infestation types.  Results showed that 

infestation type NS9 had the greatest average root damage rating (0.114) and was 

significantly different from infestation types N1, NS8, N5, N2, and N6 which had the 

lowest average root damage rating (0.032) (Fig. 2).  Infestation types NS10, N3, and NS7 

all had significantly higher root damage than infestation types N2, and N6 (Fig. 2). 

Finally infestation types N4 and N1 had significantly higher root damage ratings than 

infestation type N6 (Figure 2). The first, 2, and 4 week collection dates all had 

significantly different average root damage ratings equaling (0.086, 0.092, 0.043) 

respectively. 

Greenhouse Experiment  

Data analysis of root damage ratings from the greenhouse experiment (G)showed 

no significant impact of infestation type (Table 2, Figure 3).   Damage ratings across 

infestation types ranged from 0.05 to 0.175 belonging to the G3 and G2 infestation types 

respectively (Fig. 3).      

Discussion 

 Our hypothesis on the feeding behavior of the western corn rootworm was that 

larvae would feed on the roots of a transgenic plant and die from the toxic Bt proteins 

they ingest.  Since damage tissue may produce attractants and feeding stimulants as 

previously discussed, we hypothesized that later emerging larvae could circumvent the 

greater concentrations of Bt present in the root epidermis and move into the root cortex to 
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feed.  Results from both the diapausing field and greenhouse experiments did not support 

this hypothesis, with neither experiment indicating significant increase in the amount of 

larval feeding damage due to infestation staggering (Figs. 2, 3).  However, results from 

the nondiapausing field study showed significant differences in the average root damage 

rating among infestation types (Table 2, Fig. 2).  While there are significant differences 

between some of the staggered infestation types and some of the single infestation types, 

there appeared to be no direct correlation between staggered infestations and an increased 

in larval root feeding damage (Fig. 2).  There is a distinct pattern in the data in which the 

average damage suddenly increases significantly between the N2 and N3 infestations.  

The average damage then appears to decrease steadily with each subsequent full 

infestation type (Fig. 2).  It’s possible this pattern was a result of precipitation levels in 

the field.  The area in which the experiment took place experienced very little rainfall the 

entire summer (Agricultural Electronic Bulletin Board 2014).  In fact, much of the 

country experienced a severe drought in 2012 (NASS 2012).  Over the course of the 

nondiapausing field experiment, significant rainfall only occurred four days after the N3 

infestation (1.6 cm) and two days after the N4 infestation (2.33 cm) (agebb.missouri.edu).  

Previous research on the effects of soil moisture on the movement of western corn 

rootworm larvae have shown that the larvae move best in loam soil with approximately 

24 to 30% moisture and are hindered in soil with 18% or less moisture (MacDonald and 

Ellis 1990).  The increase in root damage starting at the N3 infestation date could have 

been a result of the larvae hatching in more favorable soil moisture conditions which 

allowed them to locate the experimental plants with greater ease than the other infestation 

dates with dryer soil.  This could also explain the higher root damage observed in the 
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staggered infestation types.  It is possible that the majority of the root damage observed in 

the staggered infestations may have come from infestations during more favorable soil 

conditions.  For example the NS9 infestation type had the greatest average root damage 

and was also inoculated with eggs during the same time as the N3 infestation type.  In 

other words, the infestation staggering may have increased root worm feeding damage 

due to the avoidance of unfavorable environmental factors and not Bt.   The diapausing 

experiment was planted a full month earlier and soil conditions were not as dry during the 

infestations time frame of that experiment which could explain the lack of significant 

differences across infestation types (Fig 1). 

It is important to note that across all experiments the average root damage ratings 

were relatively low.  The greatest average damage ratings for the diapausing field, non-

diapausing field, and greenhouse experiments were 0.059, 0.114, and 0.175 respectively.  

The rating scale ranges from 0 to 3 based on the number of missing nodes (Oleson et al. 

2005).  This means that the greatest average root damage rating indicated root worm 

damage a little over a tenth of a node.  Under most moisture conditions, this would not be 

considered economically important (Oleson et al. 2005, Tinsley et al. 2013).  Data 

analysis from both the diapausing and non-diapausing field experiments also indicated a 

significant main effect of collection time (Table 2).  The average root ratings, when 

pooled across all infestation types, was the greatest for the two week collection time for 

both field experiments.  This could be due to a decrease in the developmental speed of 

the larvae when raised on Cry3Bb1 corn (Clark et al. 2012, Gray et al. 2007).  Hibbard et 

al. (1999) also documented that larger plants infested with the same number of eggs had 

reduced damage and had similar trends as the current study. 
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The presence of variable field conditions that may have caused damage to go 

down over time was one reason for supplementing the field experiments with a 

greenhouse experiment in which many adverse environment factors could be controlled.  

The greenhouse experiment showed no significant effect of infestation staggering on 

larval root damage (Fig. 3).  Overall, these combined results of field and greenhouse 

studies indicate that western corn rootworm larval root damage to Cry3Bb1-expressing 

corn is not affected by infestation staggering.  The results instead indicate that the 

Cry3Bb1 toxin present in Event MON88017 corn was capable of controlling the 

susceptible corn rootworms despite the possibility of previous feeding damage due to 

infestation staggering. 

 It’s possible that the rootworms in this experiment acted similar to those described 

in Clark et al. (2006).  By their account, the larvae in the presence of Bt corn roots would 

actively move about the root system sampling root hairs (Clark et al. 2006).  They placed 

larvae into two categories: larvae that had fed on Bt roots and were dying, and larvae that 

had not ingested enough Cry3Bb1 toxin and were still actively searching for a suitable 

feeding location (Clark et al. 2006).  Our hypothesis suggested that larvae would seek out 

previous feeding damage on the plant root to utilize as a pathway into the root cortex.  

However, as Clark et al. (2006) has described it, larval searching behavior involves 

constant movement and the sampling of root hairs.  It is possible that the larvae are 

constantly searching for a suitable portion of the root to feed on and are unable to do so 

before they starve to death.  While Robert et al. (2012a) documented that western corn 

rootworm larvae aggregated in a density-dependent manner using induced plant volatiles, 

our hypothesis that neonate larvae may be capable of locating and utilizing portions of 
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the corn root system with previous feeding damage caused by larvae that died due to Bt 

ingestion was not supported by the current data set. 
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Table 1.  Reference key for infestation types of diapausing field, nondiapausing field, and 
greenhouse experiments. 

Experiment Infestation Type Reference  

Diapausing 

Field 

VE (4,000 eggs) D1 
VE + 1 week (4,000 eggs) D2 
VE + 2 week (4,000 eggs) D3 
VE + 3 week (4,000 eggs) D4 
VE + 4  week (4,000 eggs) D5 
VE + 5 week (4,000 eggs) D6 
VE (1,333 eggs), VE + 2 weeks (1,333 eggs ), 
VE + 4 weeks (1,334 eggs) 

DS7 

VE  + 1 week (1,333 eggs), VE + 3 weeks 
(1,333 eggs ), VE + 5 weeks (1,334 eggs) 

DS8 

VE (2,000 eggs), VE + 2 weeks (2,000 eggs) DS9 
VE + 1 week (2,000 eggs), VE + 3 weeks 
(2,000 eggs)  

DS10 

Non-

Diapausing 

Field 

VE (4,000 eggs) N1 

VE + 1 week (4,000 eggs) N2 
VE + 2 week (4,000 eggs) N3 
VE + 3 week (4,000 eggs) N4 
VE + 4  week (4,000 eggs) N5 
VE + 5 week (4,000 eggs) N6 
VE (1,333 eggs), VE + 2 weeks (1,333 eggs ), 
VE + 4 weeks (1,334 eggs) 

NS7 

VE  + 1 week (1,333 eggs), VE + 3 weeks 
(1,333 eggs ), VE + 5 weeks (1,334 eggs) 

NS8 

VE (2,000 eggs), VE + 2 weeks (2,000 eggs) NS9 
 VE + 1 week (2,000 eggs), VE + 3 weeks 

(2,000 eggs)  
NS10 

Greenhouse VE (2,000 eggs) G1 
 VE + 1 week (2,000 eggs) G2 
 VE + 2 weeks (2,000 eggs) G3 
 VE (1,000 eggs), VE + 2 weeks (1,000 eggs) GS4 
 VE + 1 week (1,000 eggs), VE + 3 weeks 

(1,000 eggs)  
GS5 

 VE (666 eggs), VE + 2 weeks (666 eggs), VE 
+ 4 weeks (667 eggs) 

GS6 
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Table 2.  Analysis of variance for field and greenhouse root rating data. 

Experiment Effect df F value P 

Diapausing Field Infestation Type 9, 535 0.89 0.5326 

 
Collection Time 2, 535 62.74 <0.0001 

 
Infestation    Collection 18, 535 1.09 0.3621 

Nondiapausing Field Infestation Type 9, 403 3.13 0.0012 

 
Collection Time 2, 403 12.59 <0.0001 

 
Infestation    Collection 18, 403 1.11 0.3358 

Greenhouse Infestation Type 5, 70 0.22 0.9542 
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Figure 1.  Mean (± SE) root damage ratings of experimental plants from the diapausing 

field experiment from each of the ten different infestation types. 
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Figure 2.  Mean (± SE) root damage ratings of experimental plants from the 
nondiapausing field experiment from each of the ten different infestation types. The 
uppercase letters indicate significant differences between infestation types (P≤0.05). 
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Figure 3.  Mean (± SE) root damage ratings of experimental plants from the greenhouse 
experiment from each of the six different infestation types.  
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CHAPTER III: TOLERANCE OF ECRY3.1AB IN RECIPROCAL CROSS 

OFFSPRING OF ECRY3.1AB-SELECTED AND CONTROL COLONIES OF 

THE WESTERN CORN ROOTWORM 

 

Introduction 

The western corn rootworm, Diabrotica virgifera virgifera LeConte, is considered 

one of the most economically important insect pests in the world due to the costs of pest 

control and crop yield losses estimated to be in the billions of dollars for the United 

States alone (Metcalf 1986, Sappington et al. 2006, Gray et al. 2009).  This pest is 

especially problematic due to its ability to overcome the various control methods that 

have been employed against it.  Originally, the western corn rootworm was primarily 

managed through the use of soil insecticides and crop rotation (Hill et al. 1948, Chaing 

1973).  However, over the years western corn rootworm has evolved resistances to a 

number of insecticides (Ball and Weekman 1962, Meinke et al. 1998, Meinke et al. 

2009). In addition to this, crop rotation was found to be less effective in portions of the 

eastern Corn Belt due to selection of western corn rootworm with a lower fidelity to corn 

(Levine et al. 2002).  A relatively recent development in corn rootworm management 

came in the form of transgenic crops, specifically those modified to express endotoxins of 

the bacterium Bacillus thuringiensis Berliner (Bt) (Moellenbeck et al. 2001, Ellis et al. 

2002, Vaughn et al. 2005, Walters et al 2008, Walters et al. 2010).  The first transgenic 

corn crop targeting rootworms, Cry3Bb1, was registered for commercially sale in 2003.  
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Other rootworm-targeting genes were commercialized later, including Cry34/35Ab1 in 

2005, mCry3A in 2006, and eCry3.1Ab in 2013 in a pyramid product with mCry3A.   

In an attempt to reduce the rate of resistance formation to transgenic plants, 

precautions have been taken through the use of a susceptible refuge strategy (Glaser and 

Matten 2003).  This strategy involves planting a refuge of western corn rootworm 

susceptible plants near Bt expressing plants in order to promote the emergence of Bt 

susceptible western corn rootworm.  This is intended to promote mating between 

susceptible beetles emerging from the refuge and beetles emerging from Bt.  The goal is 

to preserve susceptibility to the transgenic products used in the field (Tabashnik and 

Gould 2012).  Refuge strategies for single Bt toxins are most effective when coupled with 

the high-dose strategy, when resistance to the Bt toxin is recessive, when initial 

frequency of alleles bestowing resistance is low, and when fitness costs of resistance are 

present (Gould 1998, Tabashnik and Gould 2012).  Unfortunately, none of the Bt 

products currently available for rootworm management meet the high dose level of 

toxicity (Storer et al. 2006, Hibbard et al. 2010, Hibbard et al. 2011, Clark et al. 2012), 

initial frequency of alleles bestowing resistance is not low (Onstad and Meinke 2010), 

fitness costs are minor if any (Meihls et al. 2012,Oswald et al. 2012, Petzold-Maxwell et 

al. 2012), and mating is not random (Kang and Krupke 2009, Hughson and Spencer 

2015).  Greenhouse experiments involving western corn rootworm colonies exposed to Bt 

products over several generations have shown western corn rootworm resistance 

formation for all major Bt proteins on the market including Cry3Bb1, mCry3A, 

Cry34/35, and eCry3.1Ab (Meihls et al. 2008, Meihls et al. 2011, Lefko et al. 2008, 

Frank et al. 2013).  The first case of western corn rootworm Bt resistance in the field was 
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discovered in Iowa with western corn rootworm having reduced susceptibility to 

Cry3Bb1 (Gassmann et al. 2011, Gassmann 2012).  Since then, additional Bt resistance 

has been discovered in Iowa to mCry3A with apparent cross resistance to Cry3Bb1 

(Gassmann et al. 2014).   

The Bt protein eCry3.1Ab was deregulated in 2013 and commercialized as a 

pyramid with mCry3A under the trade name Agrisure Duracade (Syngenta 2013).  

Previous lab experiments have shown that western corn rootworm were capable of 

forming resistance to the eCry3.1Ab toxin within 4 generations of exposure (Frank et al. 

2013).  A primary goal of this experiment was to determine whether the eCry3.1Ab 

resistance trait(s) found by Frank et al. (2013) are dominantly or recessively inherited.  In 

order to test for this, we created reciprocal cross colonies using methods similar to those 

of Meihls et al. (2008).  This involved collecting newly emerged male and female beetles 

from both the eCry3.1Ab-selected colony and control colony reared on its near isoline.  

Two colonies were created: selected female by control male colony (Sel♀) and control 

female by selected male colony (Con♀).  These colonies were tested along with the 

parental control and selected colonies in seedling assays and diet toxicity assays.     

Materials and Methods 

Insects 

Western corn rootworm colonies used in this experiment were the same as those 

used in Frank et al. (2013).  The selected colony was reared on eCry3.1Ab expressing 

(event 5130) corn while beetles in the control colony were reared on corn with a similar 

genetic background but no eCry3.1Ab protein present (near-isoline corn).   At the time of 
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this experiment, the eCry3.1Ab selected colony had been reared on event 5130 corn for 

16 generations while periodically being exposed to its near isoline corn in order to boost 

population size.  Beetles in the control had been reared exclusively on the near-isoline 

corn for 26 generations at the time of this experiment.  As noted below, event 5307 

expressing eCry3.1Ab and its near-isoline without this gene were used for all 

experiments using plants in the current manuscript.  

Reciprocal Cross 

Newly emerged virgin males and females from both the eCry3.1Ab-selected 

colony and their control isoline colony were collected and isolated from each other.  

Reciprocal cross colonies were created by combining at least 100 selected males with 100 

control females and vice versa.  Eggs from these colonies were collected and tested along 

with those of the parental eCry3.1Ab-selected and control colonies.       

Seedling Assays   

 Eggs suspended in a 0.15% agar solution were inoculated into 15 cm × 10 cm 

oval containers (708 ml, The Glad Products Company, Oakland, CA) at a rate of 

approximately 333 eggs per container. The eggs were then covered with ≈150 ml of 

growth medium consisting of  2:1 soil:Promix (Premier Horticulture Inc., Quakertown, 

PA), planted with ≈ 50 corn seed, covered by two additional ≈300 ml of growth medium 

and then moistened with 100 ml of water.   The containers were then covered with plastic 

lids and placed in a growth chamber kept at 25°C.  After four days, the lids were removed 

to allow the corn seedlings to grow.  After a total of three weeks (approximately 10 days 

after peak hatch), the containers were emptied into modified Tullgren funnels in order to 
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collect the surviving larvae.  Seedling assays were performed with all four colonies on 

both eCry3.1Ab expressing corn (event 5307) and its near isoline corn with ten 

replications each.  All treatments were replicated 15 times using corn expressing the 

eCry3.1Ab toxin (event 5307) and its near-isoline inoculated with the eCry3.1Ab 

selected, control, Sel♀, or Con♀ colonies.     

Data Collection 

Larval recovery was accomplished through the use of modified Tullgren funnels.   

Each individual assay had the tops of the plants cut off and discarded.  After that, the 

remaining soil and root system was removed from the container and placed into the 

funnel upside down.  The funnels were covered with a lid contacting a 60-W light bulb 

and were fitted with half-pint mason jars filled with ≈150ml of water to collect escaping 

larvae.  Jars were removed after 2 days and replaced with fresh jars which remained on 

for an additional 2 days.  Larvae recovered in jars were counted under a microscope and 

transferred to vials containing 95% ethanol.  Larval head capsules measurements were 

averaged from a random subset of 10 larvae for each sample under a microscope.  Finally 

the larvae were dried in an oven (Thelco model 16, GCA/Precision Scientific Co., 

Chicago), and weighed (scale model AB135-S FACT, Mettler Toledo Inc., Columbus, 

OH).   

Diet Toxicity Bioassays 

Diet toxicity assays similar to those described in Siegfried et al. (2005) were 

conducted on neonate larvae of both the cross and parent colonies.  Larvae were exposed 

to increasing concentrations (0, 0.3, 0.9, 2.7, 8.1, and 24.3 µg/cm2) of the eCry3.1Ab 
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toxin on artificial diet in order to determine median lethal concentration (LC50) and the 

half maximal effective concentration (EC50) which slows weight gain of the larvae. Data 

collection was performed by Custom Bio-Products, LLC (Maxwell, IA).  

Data Analysis 

All data in figures and tables are represented by raw data, while all statistical 

analysis were done with data that was square root (x + 0.5) transformed in order to meet 

all assumptions of normality.  Seedling assays were analyzed as a randomized complete 

block in a 2   4 factorial arrangement (two seed types   four colony types).  Data from 

seedling assays were analyzed using PROC MIXED of the SAS statistical package (SAS 

ver. 9.2, 2009).  The model contained main effects of colony (control, selected, Con♀, 

and Sel♀), corn (Bt and isoline), and the interaction of colony   corn.  In situations 

where no larvae were collected, the data points for head capsules and dry weights were 

treated as missing values.  The fixed effects for all analyses were calculated using a least 

squares means (LSMEANS) analysis, and comparisons were made using the Fisher’s 

protected LSD output.   

 Calculations of median lethal concentration (LC50) were analyzed using PROC 

PROBIT while EC50 data was analyzed using a modified log-logit PROC NLMIXED 

procedure (Seefeldt et al. 1995) in the SAS statistical package (SAS ver. 9.2, 2009).  

Prior to analysis the toxin rates were transformed using logdose=log(rate)/log(3) 

specifically due to the toxin levels being increased by factors of 3 in the varying doses.  

The 95% confidence intervals were calculated for both the LC50 and EC50 data and were 
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determined to be significantly different (P<0.05) if the 95% confidence intervals did not 

overlap.   

 Larval recovery results from seedling assays were used to calculate the 

dominance value (h) of both the Con♀ and Sel♀ colonies and their combined effects.  

Calculations of the (h) value were made using the equation detailed by Tabashnik et al. 

(2004) in which h = (survival of cross - survival of control)/(survival of resistant - 

survival of control) .  Results from the dominance calculation range between either 0 

indicating completely recessive resistance or 1 indicating completely dominant resistance 

(Tabashnik et al. 2004). 

Results 

Diet Assays 

 The control colony had a significantly lower LC50 value than the other colonies 

(Table 3).  No other significant differences in LC50 values were documented among the 

other colonies (Table 3).  The Sel♀ colony had the highest LC50 value (50.96 µg/cm2) 

and resistance ratio (32.1) (Table 3).  Results of the EC50 analysis showed that the control 

colony was significantly different than the selected and Con♀ colonies but no significant 

difference between the control and Sel♀ colony was shown (Table 3).  The selected 

colony had the highest EC50 value (8.13 µg/cm2) and resistance ratio (16.9) (Table 3). 

Dominance Value (h) Calculations 

 Dominance values for the seedling assays produced an (h) value of 1.160 for the 

average recovery of both the Con♀ and Sel♀ colonies.  Individual analysis of each cross 
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colony showed the Con♀ and Sel♀ colonies to have (h) values of 0.939 and 1.380 

respectively.       

Seedling Assays 

 Larval recovery from seedling assays was significantly impacted by corn type, but 

was not impacted by western corn rootworm colony or the interaction of colony   corn 

effect (Table 4).  Analysis within colonies shows the selected, control and Con♀ colonies 

each had significantly lower larval recovery on Bt plants than from near-isoline plants 

(Fig. 4).  Larval head capsule widths also had a significant corn effect and no colony or 

colony   corn effect.  When analyzed within colony type results showed that larvae from 

the selected, control, and Con♀ colonies had significantly smaller head capsules when 

raised on Bt corn than isoline (Fig. 4).  There were no significant interactions or main 

effects from the larval dry weight data (Table 4). 

Discussion  

Diet toxicity results showed the Con♀, Sel♀ and eCry3.1Ab-selected colony to 

have a significantly higher LC50 value than the control colony (Table 3).  Results of the 

EC50 analysis were similar with the exception of the Sel♀ not being significantly different 

from the control despite having the second highest EC50 value (Table 3).  These results 

would indicate that crossing eCry3.1Ab-resistant western corn rootworm with susceptible 

western corn rootworm does not significantly diminish resistance development in the 

offspring when compared to the selected colony.  Calculations of the average trait 

dominance (h) for seedling assays corroborated with diet toxicity results indicating a 

dominant inheritance of the eCry3.1Ab resistance trait.  In addition to this, individual (h) 
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calculations for the Con♀ and Sel♀ colonies were 0.939 and 1.380 respectively, 

indicating that resistant beetles regardless of gender can pass on the resistance trait to 

their offspring.  If true for a field-selected resistant population, the overall effectiveness 

of a susceptible refuge strategy to control resistance development would be significantly 

diminished.   

It is important to note that the eCry3.1Ab toxin is currently only available in a 

pyramid stack along with the mCry3A toxin (Syngenta 2013).  This pyramiding of 

multiple rootworm targeting toxins is done in an attempt to slow the development of 

resistance to both toxins.  As long as the toxins have differing modes of action, beetles 

forming resistances to one toxin should be controlled by the other toxin, thus reducing the 

overall emergence of resistant beetles in the field (Roush 1998).  This increase in 

rootworm protection prompted the EPA to reduce the susceptible refuge requirement for 

several pyramided products targeting rootworms from 20% to 5% (EPA 2011). 

Even with two different modes of action there is still a concern of how these 

pyramided products will be affected by the presence of resistance to one of their toxic 

compounds.   It is assumed that if resistance is present for one product in the pyramid, 

then the overall ability of the product to reduce resistance would be diminished (Cullen et 

al. 2012, Gassmann et al. 2014).  If this is the case, then in the presence of mCry3A 

resistance the eCry3.1Ab toxin could be working to control western corn rootworm on its 

own.  This concern is not just limited to mCry3A resistance either, since the discovery of 

cross resistance between Cry3Bb1 and mCry3A (Gassmann et al. 2011, 2014).  Because 

of this, the pyramid product could be working as a single trait product with only the 

eCry3.1Ab toxin to control rootworms in fields experiencing resistance to the Cry3Bb1 
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toxin as well.  If working alone, resistance to the eCry3.1Ab toxin could occur after as 

little as 4 generations of continuous planting without refuges, as indicated by laboratory 

selection experiments conducted by Frank et al. (2013).   
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 Table 3.  LC50 (95% CIs) and EC50 (95% CIs) of eCry3.1Ab toxin on neonate 

western corn rootworm larvae from reciprocal cross and parent colonies.   

Colony 

LC50 (95% CI) 

µg/cm
2
 Resistance Ratio EC50 (95% CI) µg/cm

2
 

Resistance 

Ratio 

Selected 24.19 (10.00 - 210.49) 15.2 8.13 (4.10 – 12.16) 16.9 
Control 1.59 (0.12 - 6.04) 

 
0.48 (0.34 – 0.62) 

 Control♀ 11.47 (7.07 - 23.30) 7.2 4.12 (3.28 – 4.96) 8.58 
Selected♀  50.96 (17.17 - 771.54) 32.1 6.88 (0.00 – 14.55) 14.33 
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Table 4. Analysis of variance for seedling bioassays of reciprocal cross and parent 

colonies. 

Analysis Effect df F value P 

     

Larval no. Colony 3, 98 2.23 0.0893 
  Corn 1, 98 21.57 <.0001 
  Colony × Corn 3, 98 0.56 0.6436 
Larval head capsule width Colony 3, 95 0.58 0.6267 
  Corn 1, 95 17.05 <.0001 
  Colony × Corn 3, 95 0.9 0.4436 
Larval dry weight Colony 3, 95 1.22 0.3078 
  Corn 1, 95 2.88 0.0928 
  Colony × Corn 3, 95 1.18 0.3198 
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Figure 4.  Mean (±SE) larval recovery (A), head capsule width (B), and dry weight (C) of 
larvae recovered from laboratory seedling assays. Lowercase letters indicate comparisons 
between corn types within colony types (P≤0.05).   

 

 

 



74 
 

References Cited 

Ball, H. J. and G. T. Weekman.  1962. Insecticide resistance in the adult western corn 

rootworm in Nebraska.  J. Econ. Entomol.  55: 439-441. 

Chaing, H. C. 1973. Bioeconomics of northern and western corn rootworms. Annu. Rev. 

Entomol. 18: 47-72. 

Clark, T. L., D. L. Frank, B. W. French, L. J. Meinke, D. Moellenbeck, T. T. 

Vaughn, and B. E. Hibbard.  2012.  Mortality impact of MON863 transgenic maize 

roots on western corn rootworm larvae in the field.  J. Appl. Entomol.  136: 721-729. 

Cullen, E., Andow, D., Bradshaw, J., Buschman, L., Cardoza, Y. J., DiFonzo, C. et 

al. 2012. March 5, 2012 To: Dr. Steven Bradbury US Environmental Protection 

Agency Office of Pesticide Programs Mail Code 7501P.   

Ellis, T. R., B. A. Stockhoff, L. Stamp, E. H. Schnepf, G. E. Schwab, M. Knuth, et al. 

2002.  Novel Bacillus thuringiensis binary insecticidal crystal proteins active on 

western corn rootworm, Diabrotica virgifera virgifera LeConte.  Appl. Environ. 

Microbiol. 68: 1137-1145. 

Environmental Protection Agency. 2011. SmartStax pesticide fact sheet. Available at 

http://www.epa.gov/pesticides/biopesticides/pips/smartstax-factsheet.pdf . Accessed 

January 12, 2015. 

Frank, D. L., A. Zukoff, J. Barry, M. L. Higdon, and B. E. Hibbard.  2013.  

Development of resistance to eCry3.1Ab-expressing transgenic corn in a laboratory-

http://www.epa.gov/pesticides/biopesticides/pips/smartstax-factsheet.pdf


75 
 

selected population of western corn rootworm (Coleoptera: Chrysomelidae). J. Econ. 

Entomol. 106: 2506-2513. 

Gassmann, A. J., J. L. Petzold-Maxwell, R. S. Keweshan, and M. W. Dunbar. 2011.  

Field-evolved resistance to Bt corn by western corn rootworm.  PLoS ONE. 6: 

e22629. 

Gassmann, A. J. 2012. Field-evolved resistance to Bt corn by western corn rootworm: 

predictions from the laboratory and effects in the field.  J. Invert. Path. 110: 287-

293.  

Gassmann, A. J., J. L. Petzold-Maxwell, E. H. Clifton, M. W. Dunbar, A. M. 

Hoffmann, D. A. Ingber, and R. S. Keweshan. 2014.  Field-evolved resistance 

by western corn rootworm to multiple Bacillus thuringiensis toxins in transgenic 

corn.  PNAS 111.14: 5141-5146. 

Glaser, J. A., and S. R. Matten. 2003.  Sustainability of insect resistance management 

strategies for transgenic Bt corn.  Biotechnol. Adv. 22: 45-69. 

Gould. F. 1998. Sustainability of transgenic insecticidal cultivars: Integrating pest 

genetics and ecology. Annu. Rev. Entomol. 43: 701-726 

Hibbard, B. E., T. L. Clark, M. R. Ellersieck, L. N. Meihls, A. A. El Khishen, V. 

Kaster, H. Steiner, and R. Kurtz. 2010. Mortality of western corn rootworm 

larvae on mir604 transgenic corn roots: field survivorship has no significant 

impact on survivorship of F1 progeny on mir604. J. Econ. Entomol. 103: 2187-

2196. 



76 
 

Hibbard, B. E., D. L. Frank, R. Kurtz, E. Boudreau, M. R. Ellersieck, and J. F. 

Odhiambo. 2011. Mortality impact of Bt transgenic corn roots expressing 

eCry3.1Ab, mCry3A, and eCry3.1Ab plus mCry3A on western corn rootworm 

larvae in the field.  J. Econ. Entomol. 104: 1584-1591. 

Hill, R. E., E. Hixson, and M. H. Muma. 1948. Corn rootworm control tests with 

benzene hexachloride DDT, nitrogen gertilizers and crop rotations.  J. Econ. 

Entomol. 41: 392-401. 

Hughson, S. A., and J. L. Spencer. 2015. Emergence and abundance of western corn 

rootworm (Coleoptera: Chrysomelidae) in Bt cornfields with structured and seed 

blend refuges.  J. Econ. Entomol. 108: 114-125. 

Kang, J., and C. H. Krupke. 2009.  Likelihood of multiple mating in Diabrotica 

virgifera virgifera (Coleoptera: Chrysomelidae). J. Econ. Entomol. 102: 2096-

2100. 

Lefko, S. A., T. M. Nowatzki, S. D. Thompson, R. R. Binning, M. A. Pascual, M. L. 

Peters, E. J. Simbro, and B. H. Stanley. 2008. Characterizing laboratory 

colonies of western corn rootworm (Coleoptera: Chrysomelidae) selected for 

survival on corn containing event DAS-59122-7.  J. Appl. Entomol.  132:189-204. 

Levine, E., J.L. Spencer, S.A. Isard , D.W. Onstad, M.E. Gray. 2002. Adaptation of 

the western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: 

Chrysomelidae), to crop rotation: Evolution of a new strain in response to a 

cultural management practice. Amer. Entomol. 48:94-107. 

Meihls, L.N., M.L. Higdon, B.D. Siegfried, T.A. Spencer , N.K. Miller, M.R. 

Sappington, B.E. Hibbard. 2008. Increased survival of western corn rootworm 



77 
 

on Cry3Bb1 transgenic corn within three generations of selection. Proceedings of 

the National Academy of Science. 105:19177-19182. 

Meihls, L.N., M.L. Higdon, M.R. Ellersieck , B.E Hibbard. 2011. Selection for 

resistance to mCry3A-expressing transgenic corn in western corn rootworm. J. 

Econ Entomol. 104:1045-1054. 

Meihls, L. N., M. L. Higdon, M. R. Ellersieck, B. E. Tabashnik, and B. E. Hibbard.  

2012.  Greenhouse-selected resistance to Cry3Bb1-producing corn in three 

western corn rootworm populations.  PLOS ONE 7: e51055 

Meinke, L. J., B. D. Siegfried, R. J Wright, and L. D Chandler. 1998. Adult 

susceptibility of Nebraska western Corn Rootworm (Coleoptera: Chrysomelidae) 

populations to selected insecticides. J. Econ. Entomol. 91: 594-600. 

Meinke, L. J., T. W. Sappington, D. W. Onstad, T. Guillemaud, N. J. Miller, J. 

Komáromi, N. Levay, L. Furlan, J. Kiss, and F. Toth. 2009. Western corn 

rootworm (Diabrotica virgifera virgifera LeConte) population dynamics.  Agric. 

Forest Entomol. 11: 29-46. 

Moellenbeck, D. J., M. L. Peters, J. W. Bing, J. R. Rouse, L. S. Higgins, L. Sims, et 

al. 2001.  Insecticidal proteins form Bacillus thuringiensis protect corn from corn 

rootworms. Nature biotechnology.  19: 668-672. 

Onstad, D. W., and L. J. Meinke. 2010.  Modeling evolution of Diabrotica virgifera 

virgifera (Coleoptera: Chrysomelidae) to transgenic corn with two insecticidal 

traits.  J. Econ. Entomol. 103: 849-860.   



78 
 

Oswald, K. J., B. W. French, C. Nielson, and M. Bagley.  2012. Assessment of fitness 

costs in Cry3Bb1-resistant and susceptible western corn rootworm (Coleoptera:  

Chrysomelidae) laboratory colonies.  J. Appl. Entomol. 136: 730-740. 

Petzold-Maxwell, J. L., X. Cibils-Stewart, W. B. French, and A. J. Gassmann. 2012.  

Adaptation by western corn rootworm (Coleoptera: Chrysomelidae) to Bt maize: 

inheritance, fitness costs, and feeding preference.  J. Econ. Entomol. 105: 1407-

1418. 

Roush, R. T. 1998. Two-toxin strategies for management of insecticidal transgenic 

crops: can pyramiding succeed where pesticide mixtures have not?  Phil. Trans. 

R. Soc. Lond. B 353: 1777-1786. 

SAS Institute. 2009. SAS user's manual. version 9.2 SAS, Cary, NC. 

Seefeldt, S. S., J. E. Jensen, and P. E. Fuerst.  1995.  Log-logistic analysis of herbicide 

dose-response relationships.  Weed Technol. 9: 218-227 

Siegfried, B. D., T. T. Vaughn, and T. A. Spencer. 2005. Baseline susceptibility of 

western corn rootworm (Coleoptera:Chrysomelidae) to Cry3Bb1 Bacillus 

thruingiensis toxin. J. Econ. Entomol. 98: 1320 – 1324. 

Storer, N. P., J. M. Babcock, and J. M. Edwards. 2006. Field measures of western 

corn rootworm (Coleoptera: Chrysomelidae) mortality caused by Cry34/35Ab1 

proteins expressed in corn event 59122 and implications for trait durability. J. 

Econ. Entomol. 99: 1381-1387. 



79 
 

Syngenta. 2013. USDA approves Agrisure® DuracadeTM corn rootworm trait.  Available 

at: http://www.syngenta.com/global/corporate/en/news-center/news-

releases/Pages/130228.aspx . Accessed January 12, 2012 

Tabashnik, B. E., F. Gould, and Y. Carriere. 2004.  Delaying evolution of insect 

resistance to transgenic crops by decreasing dominance and heritability. J. Evol. 

Biol. 17: 904-912.  

Tabashnik, B. E., and F. Gould. 2012.  Delaying corn rootworm resistance to Bt corn.  

J. Econ. Entomol. 105: 767-776.  

Vaughn, T., T. Cavato, G. Brar, T. Coombe, T. DeGooyer, S. Ford, et al. 2005.  A 

method of controlling corn rootworm feeding using a Bacillus thruingiensis 

protein expressed in transgenic maize. Crop Sci. 45: 931-938. 

Walters, F. S., C. M. Stacy, M. K. Lee, N. Palekar, and J. S. Chen. 2008. An 

engineered Chymotrypsin/Cathepsin G site in domain I renders Bacillus 

thuringiensis Cry3A active against western corn rootworm larvae. Appl. Environ. 

Microbiol.  74: 367-374.   

 Walters, F. S., C. M. deFontes, H. Hart, G. W. Warren, and J. S. Chen. 2010.  

Lepidopteran-active variable-region sequence imparts coleopteran activity in 

eCry3.1Ab, an engineered Bacillus thuringiensis hybrid insecticidal protein.  

Appl. Environ. Microbiol.  76: 3082-3088. 

 

  

http://www.syngenta.com/global/corporate/en/news-center/news-releases/Pages/130228.aspx
http://www.syngenta.com/global/corporate/en/news-center/news-releases/Pages/130228.aspx


80 
 

CHAPTER IV: EVALUATION OF POTENTIAL FITNESS COSTS 

ASSOCIATED WITH ECRY3.1AB RESISTANCE IN THE WESTERN CORN 

ROOTWORM 

 

Introduction 

The western corn rootworm, Diabrotica virgifera virgifera LeConte, is considered 

one of the most economically important insect pests in the world due to the costs of pest 

control and crop yield losses estimated to be in the billions of dollars for the United 

States alone (Metcalf 1986, Sappington et al. 2006, Gray et al. 2009).  Over time, several 

different methods for managing western corn rootworm have been utilized in the field 

including crop rotation, chemical insecticides, and most recently transgenic crops 

utilizing the bacterium Bacillus thuringiensis Berliner (Bt) (Chaing 1973, Ellis et al. 

2002, Hill et al. 1948, Moellenbeck et al. 2001, Vaughn et al. 2005, Walters et al 2008, 

Walters et al. 2010).  Unfortunately the western corn rootworm has proven quite adept at 

forming resistance to management options used against them.  Resistance to some 

chemical insecticides such as aldrin, methyl parathion, and carbaryl has been recorded for 

western corn rootworm in the field (Ball and Weekman 1962, Meinke et al. 1998, Meinke 

et al. 2009).  In addition to this, crop rotation was found to be less effective in the eastern 

Corn Belt due to the increased selection of western corn rootworm with a lower fidelity 

to corn (Levine et al. 2002).   

In the case of transgenic plants, precautions were taken in the form of a 

susceptible refuge strategy in an attempt to reduce the rate of resistance formation to the 
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various Bt proteins used against western corn rootworm (Glaser and Matten 2003).  

Refuges were planted with susceptible corn in order to produce populations of western 

corn rootworm susceptible to nearby Bt corn.  This was done in the hope that any 

resistant beetles emerging off of Bt plants would then mate with susceptible beetles 

emerging from the refuge to create heterozygote susceptible offspring.  This strategy is 

most effective at reducing resistance formation when coupled with the high-dose strategy, 

when resistance to the Bt toxin is recessive, when initial frequency of alleles bestowing 

resistance is low, when and fitness costs of resistance are present (Gould 1998, Tabashnik 

and Gould 2012).  Despite these mandated refuges, the western corn rootworm still 

managed to form resistance to Bt toxins in the field.  In 2011, it was determined that high 

root damage in certain Iowa corn fields planted with transgenic corn expressing the 

Cry3Bb1toxin, was the result of western corn rootworm resistance to the toxin 

(Gassmann et al. 2011, Gassmann 2012).  Field resistance to the Bt toxin mCry3A was 

also discovered in Iowa in 2011 with an apparent cross resistance to Cry3Bb1 (Gassmann 

et al. 2014).  Research has shown that the refuge strategy is not as effective at reducing 

Bt resistance formation in the western corn rootworm as previously hoped.  Currently 

none of the Bt products developed for rootworm control meet the high dose level of 

toxicity (Storer et al. 2006, Hibbard et al. 2010, Hibbard et al. 2011, Clark et al. 2012), 

initial frequency of alleles bestowing resistance are not low (Onstad and Meinke 2010), 

mating is not random (Kang and Krupke 2009), and fitness costs for Cry3Bb1 are minor 

if any (Meihls et al. 2012, Oswald et al. 2012, Petzold-Maxwell et al. 2012). 

The most recent Bt protein to go on market, eCry3.1Ab, was deregulated in 2013 

and is currently only available as a pyramid stack along with the mCry3A toxin under the 
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trade name Agrisure Duracade (Syngenta 2013).  While not available as a single trait, it is 

still important to determine the dynamics of potential western corn rootworm resistance 

to the toxin.  For this experiment, we focused on determining the potential fitness costs 

associated with eCry3.1Ab resistance formation in the western corn rootworm.  

Specifically we conducted experiments to determine the effects of eCry3.1Ab resistance 

on adult longevity, egg viability, and larval development time.   

Materials and Methods 

Insects 

 Western corn rootworm colonies used in this experiment were from the same line 

as those used in Frank et al. (2013).  Adult western corn rootworm for the longevity 

experiment, were collected from the 19th generation of selection on eCry3.1Ab and the 

30th generation control colony.  The development time experiment utilized the 20th – 23rd 

generations of the eCry3.1Ab selection and the 31st – 34th generations of the control 

colony.    

Development Time Experiment 

The development time experiment was conducted using several plastic 15cm 

×10cm oval containers (708 ml, The Glad Products Company, Oakland, CA).  Containers 

were filled with ≈150 ml of growth medium consisting of 2:1 soil:Promix (Premier 

Horticulture Inc., Quakertown, PA), planted with ≈ 50 isoline corn seeds, covered by an 

additional ≈300 ml of growth medium and then moistened with 100 ml of water.  The 

containers were then covered with plastic lids and placed in a growth chamber kept at 
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25°C.  The experimental design was conducted as a randomized complete block with nine 

replications. 

After four days, the lids were removed to allow the corn seedlings to grow.  After 

approximately one week, the containers were infested with 25 neonate larvae from either 

the eCry3.1Ab-selected or its susceptible control colony.  The surviving larvae were 

removed after 4, 8, 12, 16, or 20 days post infestation via modified Tullgren funnels.   

The plants were first cut off near the base and the remaining soil and root systems were 

removed from the pot and placed into the modified Tullgren funnel. The funnels were 

fitted with 60-W light bulb and were fitted with half-pint mason jars filled with ≈150 ml 

of water to collect escaping larvae were attached at the bottom.  Jars were removed after 

2 days and replaced with fresh jars which remained on for an additional 2 days.  Larvae 

recovered in jars were counted under a microscope and transferred to vials containing 

95% ethanol.  Larval head capsules measurements were averaged from a random subset 

of 10 larvae (if available) for each sample under a microscope.  Finally, the larvae were 

dried in an oven (Thelco model 16, GCA/Precision Scientific Co., Chicago), and weighed 

(scale model AB135-S FACT, Mettler Toledo Inc., Columbus, OH).  Samples for the 16 

and 20 day treatments were sifted through by hand in order to recover potential pupae in 

the samples.  Any pupae or larvae recovered were placed in vials containing 95% ethanol 

after which the remaining soil was placed into a Tullgren funnel in order to collect any 

remaining larvae.  A treatment that continued to adult emergence was also included for 

this experiment.  Containers that continued until adult emergence were covered with 

insect netting secured with a rubber band 20 days post infestation.  Containers were 

checked daily for adult emergence.  After a two week period of no adult emergence, the 
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experiment was determined to be done and container contents discarded.  Recovered 

adults were collected in vials of 95% ethanol and had their head capsule widths, and dry 

weights recorded using the same methods for larvae mentioned above.   

Adult Longevity and Egg Production 

For adult studies, newly emerged, virgin western corn rootworm adults were 

collected from both the eCry3.1Ab-selected colony and its control and confined in 

male/female pairs (40 pairs per colony, 80 total) in transparent cages (5.7   5.7   7.6 

cm) (Gary Plastic  Packing Company, Bronx, NY).  Collection dates were recorded for 

each beetle to serve as the starting date for measuring their longevity.  Boxes were 

checked daily for adult mortality.  Deceased beetles were removed from the boxes, sexed 

to confirm identity, and had their death date recorded.  The experimental design consisted 

of a randomized complete block with 40 replications.  Adults were fed artificial diet 

(Jackson 1985) applied on rectangular plastic food clips (3.81cm long, 2.5 cm wide, 2.5 

cm high) attached to the lid of the cages with Velcro strips (Oyediran et al. 2005); water 

was provided via water crystals (Agrosoke International, Arlington, TX).  Diet and water 

crystals were checked every other day and replaced or moistened as needed.  An 

oviposition medium consisting of 1 cm of 2:1 soil:Promix (Premier Horticulture Inc., 

Quakertown, PA) sifted through a 60 mesh sieve (U.S.A. Standard Sieve Series Sieve, 

250 mm) was placed in the bottom of the cages.  The soil was mixed with water and 

stirred into loose clumps to promote oviposition. The oviposition medium was kept moist 

and checked every other day along with the food and water while adult mortality was 

monitored daily.  Beetles were moved to clean cages with new oviposition medium, food, 

and water weekly.  Eggs from each female were collected from the soil each week by 
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rinsing with gently running water thru a 60 mesh (250 mm) sieve, the eggs were then 

rinsed onto filter paper (11.0 cm diameter, WhatmanH #1 qualitative, Florham Park, New 

Jersey) using a Buchner funnel.  Egg production per female was recorded weekly.  All 

eggs from a colony/treatment combination were then pooled, and a subset of 

approximately 300 eggs was removed for viability testing.  The 300 eggs for viability 

testing were placed (approximately 100 per dish) on moistened filter paper (9.0 cm 

diameter, WhatmanH #1 qualitative, Florham Park, New Jersey) in a Petri dish (100615 

mm, FisherbrandH, Pittsburg, Pennsylvania) and sealed with ParafilmH M(5 cm width, 

Pechiney Plastic Packaging, Menasha, WI).  Eggs were inspected daily for hatch.   

Data Analysis  

 Development Time.  All data in figures and tables are represented as raw data, 

while all statistical analysis were done with data that was square root (x + 0.5) 

transformed in order to meet all assumptions of normality.  The larval development time 

experiment was analyzed as a randomized complete block in a 2   5 factorial 

arrangement (two colonies   five collection times).  Data from larval development time 

assays were analyzed using PROC GLIMMIX of the SAS statistical package (SAS ver. 

9.2, 2009).  The model contained main effects of colony (eCry3.1Ab-selected and 

control), days to recovery (4, 8, 12, 16, or 20) and colony   recovery day interactions.  

All analyses’ fixed effects were calculated using a least squares means (LSMEANS) 

analysis, and all significant comparisons were made using the LS means output.  In 

situations where no larvae or beetles were collected, the data points for head capsules and 

dry weights were treated as missing values.  Data from the adult emergence seedling 

assays were analyzed separately using PROC TTEST of the SAS statistical package (SAS 
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ver. 9.2, 2009) to observe the effects of colony type (eCry3.1Ab resistant and control) on 

beetle emergence, head capsule width, and dry weight.   

 Adult Longevity.   The adult longevity experiment was analyzed as a randomized 

complete block two way factorial design (two colony types   two sexes).  Adult 

longevity data was analyzed using PROC GLIMMIX of the SAS statistical package (SAS 

ver. 9.2, 2009).  The model contained main effects of colony (eCry3.1Ab-selected and 

control), beetle sex (male or female) and colony   sex interactions.  All analyses’ fixed 

effects were calculated using a least squares means (LSMEANS) analysis, and 

comparisons were made using the t-test output.  

 Egg Viability.  Egg viability results were calculated by using the formula (egg 

viability = egg hatch/total eggs) for each weekly subsample of eggs.    The egg viability 

experiment was analyzed as a randomized block two way factorial design (Two colony 

types   twelve different collection dates).  Egg viability data was analyzed using PROC 

GENMOD, within a logit link with a distribution equal to a binomial, of the SAS 

statistical package (SAS ver. 9.2, 2009).  The model contained main effects of colony 

(eCry3.1Ab-selected and control), collection date (week 1 through 12), and colony   

collection date interactions.  Comparisons were also made between the two colonies for 

average eggs laid per female using a PROC TTEST of the SAS statistical package (SAS 

ver. 9.2, 2009). 

Results 

Development Time    
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Analysis of larval development time data showed no indication of fitness cost 

associated with eCry3.1Ab resistance in regards to larval recovery, head capsule widths, 

or dry weights (Table 5, Fig. 5).  Results of the data analysis for each data set showed 

only a significant main effect of recovery day which in the context of this experiment 

does not provide evidence of fitness costs (Table 5).  No significant difference between 

colonies was found for adult recovery, head capsule width, or adult dry weight (Fig. 6).    

Adult Longevity, Fecundity, and Egg Viability  

No fitness costs associated with eCry3.1Ab resistance was found on the average 

lifespan of both male and female western corn rootworm (Fig. 7).    In addition to this 

there was no significant difference in the average number of eggs laid per female (Fig. 8).  

Egg viability results showed a significant difference between the two colonies with the 

selected colony having a significantly higher rate of egg hatch than the control (Fig. 9).  

These results indicate no fitness cost associated with eCry3.1Ab resistance in terms of 

egg production or viability.   

Discussion   

Results across all experiments showed a consistent lack of fitness costs associated 

with tolerance to the eCry3.1Ab toxin in the western corn rootworm.  Data analysis of 

larval/adult development, adult longevity, and eggs per female all showed no significant 

differences between the eCry3.1Ab-selected and control colonies.  This lack of 

significant differences indicates that the selection for eCry3.1Ab resistance does not 

reduce the western corn rootworms ability to develop on isoline corn.  In addition to this, 

egg viability results showed a significant fitness advantage for the eCry3.1Ab-resistnant 
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colony, which had significantly greater egg viability than the control.  The eCry3.1Ab 

toxin is not the first Bt toxin to show a lack of fitness costs in the western corn rootworm.  

Several experiments have looked at the potential fitness costs of Cry3Bb1 resistance in 

the western corn rootworm, with results showing little to no fitness costs (Meihls et al 

2012, Oswald et al. 2012, Petzold-Maxwell et al. 2012).  Results published by Oswald et 

al. (2012) showed an advantage of higher egg viability in the Cry3Bb1-selected colonies 

similar to that seen in our data for the eCry3.1Ab-selected colony.  As discussed by 

Oswald et al. (2012) the occurrence of these fitness advantages to Bt resistance could 

have major impacts on the effectiveness of current IRM strategies in the field.   

The presence of fitness cost associated with Bt survival are extremely helpful in 

delaying resistance (Gould 1998, Tabashnik and Gould 2012).  While the formation of 

resistance serves to increase western corn rootworm fitness when emerging off of Bt 

corn, it is assumed that resistant beetles will have lower fitness when emerging off of 

non-Bt corn located in refuges (Gassmann et al. 2009).  This lowered fitness in resistant 

western corn rootworm helps non-Bt exposed western corn rootworm emerging from the 

refuge to outcompete resistant western corn rootworm, thus producing either homozygote 

susceptible or heterozygote offspring (Gassmann et al. 2009).  At this point in the field, if 

the Bt toxin was being produced at a high dose (potent enough to kill 99% of 

heterozygotes) you could expect a decent amount of resistance management.  However, 

there are currently no rootworm targeting Bt products that meet the high dose 

requirement (Clark et al. 2012, EPA 2001, EPA 2002, Hibbard et al. 2010, Storer et al. 

2006, Hibbard et al. 2011).  This fact along with the lack of fitness costs and the potential 

for eCry3.1Ab-resistant beetles to outcompete susceptible beetles based on the observed 
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increase in egg viability associated with resistance greatly lower the effectiveness of a 

susceptible refuge.   

Currently, the eCry3.1Ab toxin is only available as a pyramid product along with 

the mCry3A toxin (Syngenta 2013).  The two toxins were pyramided together based on 

their separate modes of action in the insect gut (Walters et al. 2010).  This serves to 

increase the range of toxicity of the product as well as reduce the overall resistance 

formation to both toxins (Onstad and Meinke 2010, Roush 1998).  This potential increase 

rootworm protection prompted the EPA to reduce the susceptible refuge requirement for 

several pyramided products targeting rootworms from 20% to 5% (EPA 2011).  How this 

reduction in refuge size will effect resistance management for pyramided products is 

unknown. 

A potential concern for pyramided products involves their effectiveness in the 

presence of resistance to one or more of the toxins present in the plant.  It is assumed that 

if resistance is present for one product in the pyramid, then the overall ability of the 

product to reduce resistance would be diminished (Cullen et al. 2012, Gassmann et al. 

2014).  Currently, field resistances have been detected for both the Cry3Bb1 toxin in 

2009 and the mCry3A toxin in 2011(Gassmann et al. 2011, 2014, Gassmann 2012).  In 

addition to this, it was determined that the resistance to the mCry3A toxin was due to 

cross resistance with the Cry3Bb1 toxin (Gassmann et al. 2014).  Because of this, the 

mCry3A toxin would be less effective in fields experiencing resistance formation to 

either the mCry3A or Cry3Bb1 toxins thus increasing the pressure on the eCry3.1Ab 

toxin for rootworm control.   
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Table 5. Analysis of variance for development time bioassays of eCry3.1Ab-selected and 

control colonies.  

Analysis Effect df F value P 

Larval no. Colony 1, 62 0.07 0.7991 

 
Days 4, 62 7.16 <0.0001 

 
Colony x Days 4, 62 0.54 0.7055 

Head Capsule width Colony 1, 53 0.04 0.8394 

 
Days 4, 53 31.93 <0.0001 

 
Colony x Days 4, 53 0.21 0.9316 

Dry weight Colony 1, 52 0.01 0.9275 

 
Days 4, 52 19.85 <0.0001 

 
Colony x Days 4, 52 0.81 0.5224 
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Figure 5. Mean (±SE) larval recovery (A), head capsule width (B), and dry weight (C) of 
larvae recovered from development time assays analyzed within recovery days. 
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Figure 6. Mean (±SE) adult recovery (A), head capsule width (B), and dry weight (C) of 

adults recovered from development time assays. 
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Figure 7.  Average adult longevity of male and female western corn rootworms from the 

eCry3.1Ab-selected and control colonies. 
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Figure 8.  Average eggs recovered per female from adult longevity experiment. 
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Figure 9.  Average viability of eggs collected from adult longevity experiment.  The 
uppercase letters indicate significant differences between colony types (P≤0.05). 
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