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CHAPTER 1: INTRODUCTION

Western Corn Rootworm Biology and Resistance

The western corn rootworrjabrotica virgifera virgiferaLeConte (Coleoptera:
Chrysomelidaejs a serious pest of cordéa may4..) in the MidwesgrnUnited States
(Levine and OloumBadeghi 1991). The firsecordedcollectionof western corn rootworm
in North Americaoccurred in 867in KansagLeConte 1868) andiestern corn rootworm
was recognized as a pest in 1909 (Gillette 19T2je distributiorof western corn rootworm
has since expanded east across3teat Plains, facilitated by tlexpansiveplanting of corn
beginning in the 1950s (Gray et al. 2009Yestern corn rootworrhas also been introduced
in Central and Western Eurofrem the United Stateis at least five separate introductions
beginning in 1992 (Baca 1993, Ciosi et al. 2008).

Larvae are the most destructive stage of this gesot feeding byvestern corn
rootwormlarvae can reduce water and nutrient uptake (Kahler £885), facilitate root and
stalk infection (Palmer and Kommedahl 1969), and complicate harvest by makmsg pl
more susceptible to lodging (Levine and OlotBaideghi 1991)This feeding can be
guantifiedwith the0-3 nodeinjury scale where 0 is no feeding and 3 is three pruned
(defined azonsumed to about 3.8cm of the stalkfles (Oleson et.£2005) Onenode of
injury is associated with a 17% loss in yield (Dun et al. 2010).

Rootworm wiposition occursn thelate summeat a depth of :20cm in the field
where adults are feedirammdeggsundergo an obligatory diapau@ranson and Krgan
1981,Gray and Tollefson 19). Extended periods of cold soil temperatyreghe range of
-7.5°t0 -13° C, cancause egg mortalifyput eggscan tolerate periods of soil saturation

(Gustin 1981] evine and OloumBadeghi 1991) After overwinteing in the sol, the eggs



hatch in late spring, ere establishment of individuals on roots is estimated te ¥/
(Hibbard et al 2004)Soil saturation during hatch can prevt establishment of larvaa
cornroots and larval survival is lower in sandy soil camrgal to those with higher clay
content (Levine and Olour8adeghi 1991)Rootworm arvae feed on corn roots ahdve
three instars Over the course of their development, larmagy move up to three plants
down a row(Hibbard et al 2003)Pupation also @urs in the soil andiestern corn
rootwormadultsemerge beginning in late Juaeearly July.

Adult males are sexually mature 5 to 7 days after emergéiealesegin to
emergdater than males arate sexually mature upon emergence (Guss 1976, Branson 1987,
Hammack 1995) For females,tere is a 13 day prevoiposiontal period followed by up to 60
days of oviposition (Branson and Johnson 1973Jults can be found in a cornfiefcbm
emergencentil the first frost in the fall (Levine and OlousBiadeghi 1991and feed on corn
tassels, pollen, kernels, and leaf tissue but do not often cause significant damage (Clark and
Hibbard 2004) Adult males move & 7m per day (Spencer et al 200Rootwormhawe few
natural enemiesSome ants feed on rootworm larvae whitleund beetleandmites can
prey oneggs and larvad_évine and OloumBadeghi 1991, Meinke et al 2009)here are
alsosomefungithat infect all rootworm life stagesid nematodethat athck rootworm
larvae, pupae, and adu({tsevine and OloumBadeghi 1991Toepfer et al. 2009

Thewestern corn rootworns ahighly adaptablg@est and populations have evolved
resistance to many management strategies including certain insecticidestatiop, and
transgenic corn that produces toxins derived fBanillus thuringiensi¢Bt). Resistance is a
genetically basedecreasén susceptibility to amanagement strate@yabashnik 1994and

develops in a populatices a result of repeated expostr&amanagement practice



Populations ofvestern corn rootworrhave evolved resistance to some organocholorine
(Ball and Weekman 1963), organophosphate (Meinke et al. 1998), and carbamate (Meinke et
al. 1998) insecticidegsed for adult management and to the pyrethroid insecticide bifenthrin
that is used for larval and adult management (Pereira et al. 2015). These instances of
resistanceccurred aftemultiple years otorn production using thegesecticides

Because levaecomplete their developmeanhly on the roots of corn and some other
grasses (Wilson and Hibbard 2004), crop rotation to ahoshis often used as a cultural
strategy to manage rootworm populatioR®ot injury bywestern corn rootworrarvae in
first year rotated corn was first reported in Illinois in 1987 (Levine and OlSaaheghi
1996. This rotation resistands the result of a loss of ovipositional fidelity to corn and
developed ira county undehigh selection pressufer resistance to cromtation because
87% of the land was rotated annually between corn and soybeand et al. 2002ray et
al. 2009). Rotation resistance became more widespread in lllinois and Indiana in the mid
1990s (Gray et al. 2009).

Bacillus thuringiensisand InsectM anagement

Bacillus thuringiensiss a Grampositive bacterium that produces a crystalline (Cry)
protein with insecticidal properties. StrainsBofthuringiensidave been isolated from soil,
stored grains, plant material, and dead insects (Sclehepfi998, de Maagd et al 2001
addition to the incorporation of Bt toxins in transgenic cr@&dhuringiensisaand its
associated Cry proteins are appliectropsas spraysind mixturegBravo et al 2007).
Toxins have been identified that work againsectsn theinsectorders Coleoptera,

Lepidoptera, Diptera, andyfhenoptera as well as nematodes (Bravo et al 2007).



A Bt toxin must be ingestet kill an insect After ingestion, the toxin binds to
specfic receptorsn the brush bordenembranef the insect midgut anchuseshe midgut
cellsto lyse (Schnepf et al 1998, Gonzaléabrera et al 2006)The benefits of transgenic Bt
technology fopestmanagemenncludetarget specificityplantand yieldprotection and
reduced insecticide use (Rice 2003e firstcrops that produced Bt toxingere
commercialized in 1996 andrgeted lepidopteran pests (transgenic corn producing CrylAb
and cotton producing CrylAc) (Tabashnik and Carriére 2009)

As with any management strategy, the repeated use of transgenic crops places
selective pressure on populations of insects to develop resisfRasistance to crops that
produce Bt toxins may occur as a result of decreased cleavage of the protein, decreased
binding to the midgut epithelium, decreased pore formation, or increased digestion of the
active fragmentGould 1998). Resistance to CrylA in mdepidopteran pestsich aghe
pink bollworm Pectinophora gossypiell@aunders)cotton bollworm(Helicoverpa
armigeraHubne), andtobacco budwormHeliothis virescen&abricius) is the result of
reduced toxin binding (Tabashnik and Carriére 2009).

Transgenicornproducing the Bt toxin Cry3Bbfbor managemendf rootworm was
first commercializedn 2003 (EPA 2003)Corn hybrids are also currently available that
produce theingleBt toxinsmCry3A (EPA 2010pandCry34/35Ab1 (EPA 2010b)Corn
producingmultiple toxinsthat target rootworpreferred to as a pyramisiich asCry3Bb1l
with Cry34/35AH, mCry3Awith Cry34/35Ah and eCry3.1Ab with mCry3£oxins are also
available(EPA 2011).

Laboratory populations afestern corn rootwormavedemonstrated capacity to

evolve resistanc® Bt corn quickly, withincreased survival ooorn producing th&t toxin



Cry3Bblafteras few aghree generations of selectiiieihls et al. 2008) Field-evolved
resistance pwestern corn rootworno corn that produceSry3Bb1 was first identified by
Gassmann et al. (2011) from insects colleftedh fields in lonain 2009. These

populations came from fields where corn had been in continuous prodiatiat least three
years and there waspositive correlation between the number of years Cry@Bhiwas
planted and survival of these populations on Cry3Bb1 icobmassays. In 2014, resistance
to mCry3A was detected in lowa avell ascrossresistance between Cry3Bb1l and mCry3A
(Gassmann et al. 2014Resistance to Cry3Bb1l and mCry3A has also evolved in fields in
Nebraska (Wangila et al. 2015).

In additionto western corn rootworppopulations o€orn earwormHKelicoverpa zea
Boddie) maize stalk boreBusseola fusc&uller), pink bollworm andfall armyworm
(Spodoptera frugiperd@mith) have evolved resistanaeresponse tfield exposure to Bt
toxins (Tdashnik et al. 2013)Resistance to CrylAc corn was first reporitethe United
Statedor corn earwormn 2006 lasedon evidence from diahcorporated bioassays (Ali et
al. 2006, Tabashnik et al. 200&esistance to Bt corn producing CrylAb was reported for
maize stalk borein South Africa in 2007 for insects collected in 2@0® tested in an en
plant experimengvan Rensburg 2007)Dhurua and Gujaf2011) foundresistance to
CrylAc cotton inpink bolworm populations that were collected from the field in India in
2008and subjected to di@hcorporated bioassaysn the United Stategink bollworm
remains susceptible to CrylAc cotidikely due to compliance with refuge requirements and
cotton thaproduces a high dose of the Bt toxin (Tabashnik et al. 20 R¢sistanc¢o

CrylF maize was reportddr fall armywormin Puerto Rico in 2010sing diet overlay



bioassays witlndividuals collected in 2007 and 2008 (Storer et al. 2@hd)resistanceds
also developed in Brazil (Farias et al. 2014).
Insect ResistanceM anagement

Insect resistance management (IRM) plans are implemented to prevent or delay the
evolution of resistance to insecticides in insect populatidnsumber of strategies fia
beentheorizedincluding planting refuges of neBt hosts in proximity to the Bt crop,
pyramiding multiple toxins in a singf@ant using crops that express a high dose of toxin,
using plants that produce a low dose of toxin in conjunction with natural enemies, or planting
crops with differential expression of toxin over time or throughout the plant (Gould 1998).
For rootwormliRM, the refuge strategy and the planting of corn that prodoyresnids of
multiple rootworm active Bt toxinwith a refuge haveeen used to delay the evolution of
resistance to Bt.

When planting a corn hybrithat produces single Bttoxin targetingrootwam, it is
required thaR0% of a fieldis planted tononBt cornin a block refuge 010% if a blended
refuge is planted (EPA 20&0 The norBt refugeserves as a source of susceptible
individualsthatmate with resistant insecsdproduceheterozygousffspring This reduces
the number of homozygous resistant individuala field (Gould 1998) Nonrandom mating,
for example, a lack of movement between the refuge and the Bt portion of the field or
temporal asynchrony between the development of resiatal susceptible insectsill
decreas¢he effectivenes®f a refuggGould 1998).

Pyramiding of multiple Bt toxinalsocan be referred to as redundant killing because
individuals that are resistant to one toxin will be killed by the other toxinlfGk8988). An

important consideration of this strategy is that that the toxins must be distinct enough that



there is a low likelihood of crogesistance (Gdd 1998). For rootworm management, the
use of pyramided toxins is combined with the refuge giyat& 5% block or blenddrefuge
is required when planting a hybrid th|bducedwo toxins targeting rootworm (EPA
201(@). Inheritance of resistance and the presence of fithessaarstapact the success of
an IRM strategyThe greatest delay in tlidevelopment of resistance is expected when the
inheritance of resistance is recessive and fithess costs are associated with resistance
(Gassmann 201dabashnilet al. 2013.

FitnessCoststo Bt Resistance

A fitness cost occursn the absence of Bivhen individuals with resistance alleles
have reduced fithess compared to susceptible individuals (Gassmann et al R20@3s
costs functio to remove resistance alleles fréme nonBt refuge and delay the evolution of
resistance@ould 1998 Crowder ad Carriere 2009Gassmann et al. 200%abashnik et al.
2013. The tradeoff between resistance to Bt and fitn@sshe absence of Bhanifests
when therait that confers resistaned¢so has a negative effect on the fitness of the insect
when not exposkto Bt For exampletheresistancérait maynegatively affect food
assinlation, increase metabolisroausegreatergut permeability to phytochemicalsr
change the dynamics of-triophic interactiongGassmanet al.2006, Tabashnik and
Carriére 200).

The dominance of fithess costs impacts the degree to which resistance evolution is
delayed, with greater delays whtre costs are nomecessive, meaning that heterozygote
fitness is reduced compared to susceptible ingetke absence of Bt toxir{€arriere and
Tabashnik 200)L Costs can vary depending on ecological conditions including host plant

type (Carriere et al. 2005), competition (Raymond et al. 2005), and the presence of



entomopathogens (Gassmann et al. 2006, Raymond et gl ZDO& waythat fitness costs
can be detected by evaluating fithess components such as survival, size, and develapment
rateof a resistant population in the absence of Bt compared to a susceptible population.
Alternatively, the stability of resistance in thesance of Bt can be quantified over time.
Using this method, a decrease in resistance over time indechtesss costhat selects
against resistance in the absence of Bt toxins (Gassmann et al. ED@9gview of fithess
costs, Gassmann et al. () found fitness costs were detected in 34% of experiments that
tested one or more individual fithess components, as has been damsstiem corn
rootworm andfitnesscostswere detecteth 62% of experiments that tested for declines in
resistance ovanultiple generations the absence of Bt

Past studies comparing lifestory characteristics using populationsaafstern corn
rootwormwith laboratoryselectedand fieldevolvedBt resistance have found variation in
the presence and magnitude ofdis costsMeihls et al. (2012) conducted greenhouse,
field, and laboratory experiments on ABhcorn withwestern corn rootworrstrainsthat
were selected in the greenhousedmp3Bb1l corn. Théitness components of larval survival,
survival to adulthod, development time, size, fecundiggg viability,and longevitywere
tested The Cry3Bbiselected colonies had lower fecundity and a shorter average male
lifespan compared to unselected colonies. Oswald et al. (2012) conducted laboratory
experimenthat also used laboratesglected colonies of Cry3Bbgsistantvestern corn
rootwormand measured the fithess components of survival, fecundity, and egg viakhlgy
authorsfound increased fecundity and development rate for resistant individuals reshipa
susceptiblendividualson nonBt corn. The presence of nematodes and fungi did not induce

fitness costs in twaboratory experimenisieasuring larval survival @itrains ofwestern



corn rootwormwith laboratoryselected resistance to Cry3Btdrn (PetzoldMaxwell et al.
2012, Hoffmann et al. 2014)ngber and Gassmann (2015) found variation in fithess costs
between two strains efestern corn rootwormith field-evolved resistance to Cry3Bletrn

in a laboratory experiment. The fithessmponents measured were survival to adulthood,
development time, size, fecundity, egg viability, and longeJity fitness costevere
detectedn one of the resistant straibst for theother resistant strain, there were fitness
costs ofincreased timéo developmentlecreased survival to adulthood, and decreased
fecundity.

Fitness costare also associated with somelwd lepdopteran species that have
evolved resistance to Bt crops in the fiekitnesscosts ar@associated witleorn earworm
resigance to CrylAc cottanAnilkumar et al. (2008), using laboratesglected strains,
found fitness costs including increased larval mortality and decreased larval size. For strains
of pink bollwormwith laboratoryselected resistance to CrylAc cott@ariére et al. (2001)
found a ftness cost ofeduced survivaior two of threeresistant strainsompared tawo
susceptiblestrains in the absence of. Btitness costs fguink bollwormare also affected by
the presence of entomopathogenic nematodasgtann et al. 2012b)A fitness cost of
longer larval development time was detected in a strdiallcirmywormwith field-evolved
resistance to CrylF maize in a laboratory experiment (Jakka et al. 2014). However,
resistance was stable for this straireaft2 generations, suggesting that the delay in
development did not impose a significant fithess cost insthéén Kruger et al. (2014)
found no fitness cost associated with fielblved resistancef maize stalk boreto Cry1lAb
corn among the fithesomponents of longevity, fecundity, fertility, larval mass and survival,

and sex ratio.
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Inheritance of Resistance to Bt

Another factotthat affectdhe successf the refuge strategp delay resistanas the
extentto which the offsprindgrom resstant and susceptible matings can surviveaBhcrop.
Resistance is expected to develop fastest when inheritance is dgmmeaning thathe
survival of heterozygous individuals on Bt plants is equivalent to homozygous resistant
insects Gould 1998 Tabashnik et al. 2008)At high doseswhenthe concentration of toxin
is 25 times greater than required to kill a susceptible individualdmse thakills 99.99% of
susceptible individualsesistance is effectively recessive becawesly all heterbygous
and homozygous susceptible insects are kibkethe Bt toxin(Gould 1998, Tabaslinet al.
2013). Corn hybridghat produce Bt toxinkr rootworm management do not produce a high
dose of Bt toxin (Siegfried et al. 2005, Storer et al. 2006, Metrds. 2008, Binning et al
2010), so resistangs notexpected to b&nctionally recessive.

Studies ofwestern corn rootworrstrains withlaboratoryselectedand fieldevolved
resistance to Cry3Bavefound nonrecessive inheritance ofsistance (Meihls et al. 2008,
PetzoldMaxwell et al. 2012andIngber and Gassmann 2015), which means that delays in
the evolution of resistance associated with the refuge strategy will be less than if inheritance
were recessiveDominance of resistaeacan be calculated using survival on Bt corn with the
equationh = (heterozygoté susceptible) / (resistantsusceptible), where h = 0 is recessive,
h = 0.5 is additive, and h = 1 is dominant inheritance (Liu and Tabashnik 1997). Using
laboratoryselected resistanivestern corn rootwornm a greenhouse experiment, Meihls et
al. (2008) calculated inheritance values of h = 0.285 for larval survival and h = 0.296 for
adult survival. PetzoldMaxwell et al. (2012), also usiivgestern corn rootworrstrainswith

laboratoryselected resistance to Cry3Bb1 corn, found sex linkage in a laboratory
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experiment. Resistant females x resistant males had an inheritance value of h = 0.19 but
susceptible females x resistant males had an inheritance value of h = 1122lbege was
higher survival on Cry3Bb1 than resistant females x resistant males. Ingber and Gassmann
(2015), using twavestern corn rootworrstrains with fieldevolved resistance to Cry3Bbl
corn, found one strain with an inheritance value of h =.0/&Yother strairhadan
inheritancevalue of h = 0.2 butsurvivalon Cry3Bblcorn was not significantly different
than a susceptible strainarlaboratory experimentThis suggests that there is variation in
the inheritance of Cry3Bb1 resistancestrairs with field-evolved resistance

The prediction that resistance will develop faster when inheritance igenessive is
also supported in other species with resistance to Bt cioggeneral, resistancelsss
common wherit is recessively inherited @bashnik et al. 2013). Resistance is-necessive
for corn earworn(Burd et al. 200Q)maize stalk borefvVan Rensburg 1999pink bollworm
in India(Nair et al. 2016), anthll armyworm(Storer et al. 200)0and theyare not exposed to
a high dose of toxin in the field. These species have all evolved resistance to Bt toxins as a
result of repeated exposure in the field. By conttabgcco budworma closely related
species t@orn earwormdoes experience a high dose of CrylAc aaslyet to evolve
resistance in the field_(itrell et 4. 1999, Tabashnik et al. 2008Likewise,European corn
borer Ostrinia nubilalisHUbner)andsouthwestern corn borddiatraea grandiosellaDyar)
are exposed to a high dose of CrylAb on cornpopllationsremain susceptible to the
toxin (Huang et al. 2011).

Focus ofThesis and Relevance
This thesisquantifiestheinheritance of resistance and fitness costs in two strains of

western corn rootworrwith field-evolvedresistance to the Bt toxin Cry3BbThetwo
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strains were collected from fields in lowa with more than one node of root injury to Cry3Bb1
corn Elma experienatwo selections on Cry3Bb1 corn in the field and Monona
experienced four field selections. éde two strains were also shown to be resistant
Cry3Bblin plantbased bioassays (Gassmann et al. 2012, Gassmann et al. 2014). Field
collected adultsverecrossed with a nediapausing Bsusceptible strain afestern corn
rootwormand selected on Crigd1 corn to facilitate their use in experiments and allow for
comparison with the susceptible straifhe nheritance of resistance to GBb1l was
investigated by crossing resistant and susceptibltern corn rootworrand evaluating the
survival of thef progeny on Bt using diddased assays and experiments with whole plants
and seedling matd.aboratory and greenhouse experiments were conducteldamine if
fitness costs ere associated with resistancehis researchvill give insightinto the

dynamics ofthe evolution of Bt resistance farestern corn rootworrandthe persistencef

resistancen the field
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CHAPTER 2: INHERITANCE AND FITNESS COSTS OF FIELD -DERIVED
RESISTANCE TO CRY3BB1 CORN BY WESTERN CORN ROOTWORM

A paper for submission to tR®urnal ofEconomic Entomology
Aubrey R. Paolino and Aaron J. Gassmann
Department of Entomology, lowa State University

Ames, |A 50010

Abstract
The western corn rootwornD{abrotica virgifera virgiferaLeConte) is an economically
important pest of corn. One stratagged to manage western corn rootworm is the planting
of transgenic corn that produces one or more Cry toxins derivedBeaaitius thuringiensis
(Bt). Refuges of noiBt corn function to delathe development of resistance and the greatest
delay in resisince is expected whdéine inheritance of resistance is recessivktaere are
associated fitness costé/e characterized the inheritance of resistance of two strains of
western corn rootworm with fielderived resistance to the Bt toxin Cry3Bbl1 (Elma and
Monona) and tested for fithess costs of resistaftantbased and digtased bioassays
found that inheritance of resistance was-neressive.ln a greenhouse experiment in which
larvae were reared on whole corn plants in field soil, no fithess aossistance were
detected for Monona. In a laboratory experiment with Elmahich larvae experienced
intraspecific and interspecific competition for foaditness cost of delayddrval
development was identified, however, no other fithess costsfaend. These results
highlight the potential for rapid evolution of resistance to Cry3Bbl corn by western corn
rootworm and will aid in the development of resistance management strategies for this pest
Keywords: Bacillus thuringiensisBt corn,Diabroticavirgifera virgifera, resistance

management, refuge strategy
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Introduction

The western corn rootwornD(abrotica virgifera virgiferaLeConte) is a serious pest
of corn in the United Staté&ray et al 2009) Rootwormlarvae feed on the roots o,
reducing yieldand makng plants more susceptible to lodging, whad@ncomplicate harvest
(Koehler et al. 1985, Dunn et al. 2010). Pruningred node ofoots from larval rootworm
feedingis associated with a 17% loss in yielduf et al. 2010 Rootworm management has
been complicated by the evolution of resistance to several management strategies, including
organochloride, organophosphate, carbamate, and pyrethroid insecticides (Ball and
Weekman 1963, Meinke et al. 1998, Pereira et al. 2015),rotation (Levine et al. 2002,
Gray et al. 2009), and corn that produces insecticidal toxinsBexilus thuringiensigBt)
(Gassmann et al. 2011, Gassmann 2012, Gassmann et aM2iiglla et al. 2016

Transgenic cropthat produce Bt toxinareused in the management of many
agricultural pestsCorn producinghe Bt toxin Cry3Bb1 was first commercialized for
management of larval rootworm in 2003 (EPA 2003). The planting of Bt corn places
selective pressure on populations to develop resistanddaboratory studidsgave
demonstrated the capacity of rootworm populations to evolve Bt resistance quickly (Meihls
et al. 2008, Deitloff et al. 2015). Populations of western corn rootwuatrevolved
resistance to Bt corn as a result of field exposteee first collected in 2009 from fields in
lowa with severe root injury to Cry3Bb1l corn (Gassmann et al. 2011). Other instances of
field-evolved resistance to Cry3Bbl, as well as cressstance between Cry3Bb1l corn and
mCry3A corn have since beaentified (Gassmann et al. 2012, 2014, Wangila et al. 2015).

The refuge strategyn which a portion of the field is planted to a ABnhhost, is one

approach to manage the development of resistance to Bt crops. For a corn hybrid expressing
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a single Bttait for western corn rootworm, 20% of a field must be planted teBt@orn for
a spatially segregated (i.e., block) refuge and 10% of the field must K&t mom if an
integrated (i.e.blended) refuge is planted (EPA 2010). The-Bomportion of thefield, or
refuge,serves as a source of susceptible individudlat maymate with resistannhsects,
therebyproduaeng heterozygous offspringnd reducing the number of homozygous resistant
individuals (Gould 1998) The delay in resistance achieved bg tefuge strategy is
expected to be greatest when the inheritance of resistance to Bt is recessive and there are
associated fitness costs (Gassmann 20aBashniket al. 2013).

Fitness costs occun the absence of Bivhenindividuals with one or ore
resistance alleles have lower fithess compared to susceptible individuals (Gassmann et al
2009). Fitness costs remove resistance alleles from the refuge, telajnyg the
evolution ofresistance (Gould 1998rowder and Carriére 2008assmann etl. 2009
Tabashnik et al. 20)3 Ecological variables such as host plants (Carriére et al. 2005), the
presence of entomopathogens (Gassmann et al. 2006, Raymond et al 2007), and competition
(Raymond et al. 2005) can influence the magnitude of fithess. cBgness costs of
resistance have been investigated in rootworm populations with labesaiected
resistance (Meihls et al. 2012, Oswald et al. 2012, Peiakivell et al. 2012, Hoffmann et
al. 2014) and fieldlerived resistance (Ingber and Gassm2®15), with variation found in
the presence and magnitude of costs among populations. Further investigations of fitness
costs and the effect of ecological variables on fitness costs will provide a better
understanding of the extent to which fithess €osay be associated with Bt resistance in

western corn rootworm populations.
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Another factor determining the effectiveness of the refuge strategy to delay resistance
is the inheritance of resistance traits, in particular, the effective dominance @fmesisThe
effective dominance of resistance is the degree to which the survival of heterozygous
resistant insects on a Bt crop resembles that of homozygous resistant insects (Gould 1998,
Tabashnik et al. 2008). At a high dose of Bt toxin, which carebeet] as either a
concentration of Bt toxin 25 times greater than is required to kill a susceptible individual or
that which kills 99.99% of susceptible individuals, nearly all heterozygous and homozygous
susceptible insects are killed by a Bt crop arsistance is effectively recessive (Gould 1998,
Tabashnik et al. 2013). Corn hybrids currently available for rootworm management do not
produce a high dose of Bt toxin (Gassmann 2012, Andow et al. 2016), so resistance is
expected to be inherited as a regessive trait. Understanding the ability of heterozygous
resistant individuals to survive in the Bt portion of the field is important for predicting the
ability of the refuge strategy to delay the evolution of resistance.

Our studyguantifiedthe inheritance and fithess costs of resistance to the Bt toxin
Cry3Bb1l in two strains of western corn rootworm with fidketived resistance (Monona and
Elma). Heterozygous crossesre establishedetween the resistant strains and a susceptible
strain toassess inheritance of resistance using a variety of bioassays includingpkngle
assays, seedling mat assays andludsed assays. We also tested for fithess costs of
resistance under differing ecological conditions. One experiment, conducted in a
greenhouse, tested for fitness costs when larvae were reared on corn plants grown in field
soil, and a second experiment, conducted in a growth chaeXaeninedhe effect of

competition on fitness costs. The data from these experiments will add toriat c
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knowledge about Bt resistance by western corn rootworm and will aid in improving
resistance management for this pest.

Methods

Rootworm Strains. In total three strains of western corn rootworm and one strain of
southern corn rootwornDfabrotica undcimpunctata howardsarber) were studied in these
experiments. Th8usceptiblestrainis a nondiapausing strain of western corn rootwdirat
was brought into laboratory cultune the mid1960s(Branson 1976Kim et al. 200y and
was never exposed Bt corn Insects were acquired from the USIARS North Central
Agricultural Research Laboratory in Brookings, South Dakmtstablish the Susceptible
strain at lowa State Universiily October 2009F;). This research usegdto Fss of
Standard.

TheMononaand Elma strainarenon-diapausing strasof western corn rootworm
with field-evolved resistance to Cry3Bb1l corm. August 2011adult male western corn
rootworm were collected frorireld S5 in Gassmann et al. (2012) to establish Monona and
field P2 in Gassmann et al. (2014) to establish ElIma. Two hundreeGitatted adult
males were collected to initiate Monona and 142 {celtflected adult malesere collected to
initiate EIma. To generate eadtrain, fieldcollected males wererossed wh 150 virgin
females from 8sceptible Monona was subsequently selected on Cry3Bb1 awman
backcrossed with Susceptible at a 1:1 ratice (R and k) and selected on Cry3Bb1 corn
without backcrossing four more times ¢H11, Fi4, and ks). Elmawasselected on Cry3Bbl
cornand backcrossed with Susceptible at a 1:1 ratio twicar(@ F) and selected on
Cry3Bb1 corn without backcrossing twice{nd k). In all other generations, the strains

were reared on neBt corn (Pioneer 34M94, DuPont Peer Johnston, IA)Our assays and
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experiments used§to F, of Monona and fsto Fyg of EIma. The adult population size was
maintained at c&2500adults for the three western corn rootworm strains, and all corn seed
did not contain any type of pesticidal seed treatment.

In two experiments, southern corn rootworm (SCR) were used in addition to western
corn rootworm. This strain was generated in October 2013 from 381 adult SCR adults that
were collected from the Sustainable Agriculture Garden at lowa State University. All
generations were reared on ABhcorn and maintained at a population size oB06A. adults.
SCR K, F, Fi4, and kg were used in our experiments.

Strain Rearing. Adult insects were kept in cagel8(x 18 x 18 cm,MegaView
Science Co. Ltd., Taichgn Taiwan) in an incubator (Percival Scientific, Perry, 2&;C
16:8 [L:D] h photoperiod). Food provided was a complete adul{(\@&ttern corn rootworm
adultdiet, product #/9768BM, Bio-Serv, Frenchtown, N&and corn leaf tissue, and the
water soure wasa 1.5% agar solid. A petri dish (150 mm diameter) of moistened sieved
field soil (<180um) was used as an oviposition substrate and was replaced two times per
week. Larvae were reared on mats of corn seedlings following the methods of Jackson
(21986)and Ingber and Gassmann (2015). Adult insects were collected from seedling mats
and placed into cages.

Quantifying Inheritance of Resistance to Cry3Bb1Reciprocal crossesere
establishedeparately, but in an identical manner between ElIma and Susceptible and between
Monona and Susceptibfellowing Petzdd-Maxwell et al (2012). First, all adults were
collected and discarded from seedling mats to remove any adults that may haveheated,
virgin adults were collecteelvery 2 to 3 h to ensure that the adults had not ma#tddlts

were held separately in Petri dishes and sex of each insect was detdathonedg
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Hammack and French (2007). Virgin adults were then placed in doarafages

Susceptible x Susceptiblé , Susceptible x Resistarit , Resistarit x Susceptiblé ,and
Resistarit x Resistant . Crosses between Susceptible and Elma were established between
18 July and 26 September 2014 usingdahd kg of Susceptible and;FandF;¢ of Elma with
cages maintained at awerage population size of 109 + 34 adults (Mean + SD). Crosses
between Susceptible and Monona were established between 10 December 2014 and 9
October 2015 usingskto Fss of Susceptible and,gto Fs of Monona ad maintained at an
average population size of 133 + 41 adults.

SeedlingMat BioassayThe seedling mat bioassays were conducted between 21
August and 21 November 2014 using the Susceptible and Elma crosses and 21 February and
9 December 2015 using the $aptible and Monona crosses. Assays followed Ingber and
Gassmann (2015). Brieflyesdling mats of either Cry3Bb1 corntbenon-Bt near isoline
were grown in 0.5 L plastic containers (RB Placon Corporation, Madison, Wéyx 7 d in
an incubator (photoperiod 16:8 [0} h), after which tim&5 neonate larvae<24 h old)
were placed on the corn root tisstmm one of the foustrains established with the
reciprocal crossesAfter 1 wk, the seedling masoil and larvaerbm 0.5 L containersvere
transferred to a correspondifid- plastictray (C32DE; Dart Container Corporation, Mason,
MI) that was made usingamecornhybrid as was used for 0.5 L containesfter 1 wk,
trays were checked for adult emergence three tpaesveek andhis continued until no
adults were collectefiiom a replicate for 14 d. A replicate consiste@ofe norBt
seedling mat and one Cry3Bb1l seedling mat for each of the four strains tested. The

experiment with the Elma and Susceptitdasised of nine blocks with two replicates per
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block and the experiment with the Monona and Suscepdrisisted of 12 blocks with two
replicates per block.

SinglePlant BioassayThis experiment was conducted from 29 January to 11
November 2015 with the csses established between Susceptible and Monona. An initial
singleplant bioassay was conducted following the methods of Gassmann et al. (2011), but
due to low recovery of the neatiapausing strains, the assay was modified to use older corn
plants, with nore root tissue that more closely resembled seedling mats on which non
diapausing strainserereared. The experiment consisted of 12 blocks with each block
containing two nofBt and two Cry3Bb1 corn plants per strain established by the reciprocal
crosses Corn plants were grown singly in 1 L plastic contairfBtacon#22373; Placon
Corporation, Madison, Wijlled with 750 mL of potting soil. Containers received 300 mL
water just before seeds were planted (depth =5 cm). Plants were given 100 mérof wat
three times per week and were fertilized weekly beginning 2 wks after planting (4mg/mL
Peters Excel 15-15 CalMag SpeciglEverrisNA Inc., Dublin, OH). When plants had
reached V6 to V8, they were trimmed to a height of 20 cm and 12 neonate lap/ab ¢id)
were placed on the base of each plant. Containers were placed in an in@45&p65%

RH, 16/8 L/D and watered as needed. After 14 d, the aboveground plant material was
removed and contents of the container (soil, roots and larvae) laeeslpn a Berlese
funnel for4 d to extract larvae.

Diet-Based Bioassaiet-based bioassays were conducted between 14 March and 28
November 2015 and followed Siegfried et al. (2005) using the Susceptible and Monona
strains, and their reciprocal cress Eggs were incubated in soil (P€767% RH, 0/24h

L/D) until hatching beganSoil was then washed from the egaisgdany remaining debris
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separated by salt flotation (Chandler et al. 19@5)gs were thesurface sterilized in a 2%
bleach solutiorfollowed by a 0.085 Lysol solutiomfter which theylaced on a moistened
coffee filter placed on top of a 1.8% agar séidtwas held in 0.5 L containeMonsanto
Corporation (St. Louis, MO) provided 96 well plates with d&egfried et al. 2005, Ingber
and Gassmann 2015 solution of Cry3Bb1 toxin, and a buffer solution. Toxin was overlaid
on the diet at six concentrations, which varied by strain due to anticipated differences in
susceptibility to Cry3Bb1 among strainShe concentrations tested were: Susceptible =
85.40, 42.70, 21.40, 10.70, 5.40, pg Cry3BbF/cand a control with only buffer and no
toxin; heterozygos = 170.80, 85.40, 42.70, 21.40, 10.70 pdl/cand a control; Monona =
341.60, 170.80, 85.40, 42.70,.20 pg/cniand a control. Each bioassay plate consisted of
12 larvae per concentration, for a total of 72 larvae per plate. One neonate larva was placed
in each well and then covered with an adhesive cover and held in a chamber for 5 d. After
five days the plates were checked for survival (defined as showing movement when
prodded). For each plate, survival of at least eight larvae in control wells was used as the
threshold for a successful plate. Six out of 12 plates were successful for Susdepitilola,
of 12 plates were successful fausceptibld x Mononall , five out of 13 plates were
successful foMononal x Susceptibldl , and five out of 16 plates were successful for
Monona.

Greenhouse Experiment Testing for Fitness CostsThis experinent used the Jr
of Monona and ¥, of Susceptible and occurred from 2 January to 12 June 2015BNon
corn with no seed treatment was grown in a greenhouse to tN& gtage, at which time 25
neonate larvae (<24h old) were placed on the roots of eaah plats were covered with

chiffon fabric secured around the outside of the pot with rubber bands and tied around the
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stalk with a twist tie. A replicate consisted of one plant with larvae, and 16 replicates each
were established for the Monona and Spsbée strains.

Adult insects were collected three times per week begirBwg after larvae were
added to pots until there were six consecutive days without emergence. Adults were sexed
and placed into cages with one cage for all individuals thatged from the same pot. Non
Bt corn plants@8T91CMV,Blue River Hybrids, Ames, IA) were also grown in the
greenhouse to serve as a food source for adult rootworm. Cages received chopped corn ear,
silk, and leaves from these plants as well as 1.5%sadjdras a source of water, and both
were changed three times per wk. Each cage contained a petri dish with moistened sieved
field soil for oviposition which was changed once per we€kages were checked three
times per wk for deaddults,which wereremoved andtored in 85% ethanolAdult beetles
were later sexed and their head capsules measured according to the methods of Ingber and
Gassmann (2015). Egg viability was quantified at 2, 4, and 6 wks after a cage was
established by placing 25 eggs oh.5% agar solid and checking for hatctl per wk until
there were no newly hatched larvae on three consecutive days.

Competition Experiment Testing for Fitness CostsThis experiment was
conducted between 12 August and 26 November 2014 and st of ElIma, k9 and
F30 of Susceptible, andsfand F; of (SCR). Theexperiment was a fully crossed design with
three factorsfood availability, presence or absenceéS@iR as a competing speciasd
strain of western corrootworm (Susceptible or EImapeedling mats were prepared in 0.5
L plasticcontainers witkeitherlow or high food availabilityachieved by adding either five
or 10 kernels of noiBt corn, 60mL of DI water, and 200 mL of 0% field-collected soil

and50% potting soilmixture. After 1 wk, fedling matseceived25 neonate larvagom
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either Elma or StandardAt that time, half of the seedling mats also received 25 neonate
SCR larvae. After 7 d, small seedling mats were transferred to larger seedtsithat
consisted oéither 10 or 20 kernels per tray of aBhcorn (corresponding to low or high

food availability respectively, 60mL of DI water, and 500nL of soil, all of which was

placed in €l L plastic tray. Larger seedling mats were allowedrow for 7 d before

smaller seedling mats were transferred. Adult western corn rootworm were collected and
separated into cages following the same methods as the greenhouse exp&ameath
combination of strain x food availability x presence lmsence of SCR, there was one
replication per block and a total of 10 blocks.

Data were collected and adults maintained as in the greenhouse experiment, with the
exception of how food was provided. In this experiment, we simulated the reduced food
availablity that adult rootworm experience as corn matures in the field. For four weeks,
each cage received adult rootworm gdnein-Bt corn leaf, and 1.5% agar solidhanged
three times per weekThen, for the next two weeks, ageas always present but atdlet
was only provided for 1d per wk. After thatges received only agar and corn leaf.

Interaction of Western and Southern Corn Rootwofinis experiment was
conducted between 24 July 2015 and 6 January 2016 to determine the potential for larval
predation by western and southern corn rootworm and used Fz; of Susceptible andfr
to g of SCR. Larvae were obtained from seedling mats and placed onto moistened filter
paper in 65 mm petri dishes with either two or four pieces ofBtarorn root(2.5 cm in
length).These dishes were sealed with Parafilm M (Bemis, Oshkosh, WI) to prevent the
larvae from escapingeight to 12 dishes were established for each of 10 larval treatments that

tested various combinations of western corn rootworm lan@a&amR larvae (Table 1).
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After 2 d, the number of live, dead, and missing larvae was recorded. Western corn
rootworm and SCR larvae were distinguished morphologically based on Mendoza and Peters
(1964).

Data analysis All data were analyzed with SAS 9.3 (SAS Institute Inc., Cary, NC).
For the seedlingnat and singlglant bioassays, data were analyzed with a miredel
analysis of variance (ANOVA) (PROC MIXED). Fixed effects were strain, hybrid, and the
interaction & strain and hybrid. Random effects were block and ialleractions with fixed
effects For these and all analyses using mixeddel ANOVA, te significance of random
effects was tested withlag-likelihood statistic (2 RES Log Lilelihood) based on ana
t ai ftestvithcone degree of freedom (Littell et al. 2008):andom effect was included
in the model ifit wassignificant at < 0.25o0r if higher order interactions including the
effect were significant.

For the seedlingnat and singlglantbioassays, @irwise comparisons wefest
madebetween the two heterozygous crossgiag the CONTRAST statementth ap value
of 0.06 to determine if the strains could be combiné&brrected survival on Cry3Bb1 corn
in these bioassays was calculateth@scomplement of corrected mortality based on Abbott
(1925). Resistance ratios were the quotient of corrected survival on Cry3B1 corn for the
resistant strain divided by Susceptible. Dominance of resistBhea$¢ calculatebased on
phenotypeausing orrected survival on Cry3Bb1 corn with the equatios: (heterozygoté
susceptible) / (resistantsusceptible), where 0 = recessive, 1 = dominant, and 0.5 = additive
inheritance (Liu and Tabashnik 1997).

For the dietbased bioassay, corrected larvalrtality for each plate wasalculated

based on Abbottdés correction (Abbott 1925).
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which determined.Cs values, 95% fiducial limits, and goodnesfsf i t based? on
(PROC PROBIT).

For the fitness cosexperiment with plants grown in the greenhouse, data on
proportion survival to adulthood and egg viability weoenpared between straimgth a
model | ANOVA (PROC GLM). In the analysis of development rate, head capsule width,
and adult lifespan, a mixedodel ANOVA was used. Fixed effects were strain, sex, and the
interaction of strain and sex, and the random effect was cage x strain x sexyasitie
mean square error term for the analydtgyg production was analyzed with repeated
measures ANOVA bsed on a sphiplot design. Fixed effects were strain, week and week x
strain and the random effectsazfge nested withirtrsin and weekx cage(strain), which
were the mean square error terms for the analysis

For the experiment measuring the effect of competition on fitness costs, data were
analyzed with a mixedhodel ANOVA. The analysis of data on proportion survival to
adulthood and egg viability used tfieed effects of strain, number of kernels, SEResen
vs. absent)and all interactionsThe fixed effects of strain, number of kernels, SCR, sex, and
all interactions were used in the analysisievelopment rate, head capsule width, and adult
lifespan. Random effects were block and all interactions otkbith fixed effects. Egg
production was analyzed by repeated measures ANOVA with the fixed effects of strain,
week, SCR, kernels and all interactions among these factors. Random effects were block all
its interactions with fixed effectsCage (strainx kernels x SCR presence x block) and week
x cage (strain x kernels x SCR presence x blagke additional random effects aweére
not pooled regardless of significartmecause they would serve as mean square error terms if

other random effects were podle

Pea
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The interaction of western and southern corn rootworm was analyzed with a model |
ANOVA. Of the 2,020 larvae used in this experiment, 91 were missing and 57 were dead
after 2 d. The proportion missing data were transformed with the arcsine of #ne szpt
function. Data on the proportion western corn rootworrand SCR larvae missing were
analyzed separately and factors included the number of roots, treatment (see Table 1), and the
interaction between these factors. Planned pairwise compawsoasnade between
controls (second or third instar western corn rootworm only or second or third instar SCR
only) and the other treatmentghat treatment containgtie samenstarand species of
larvae

Results

Quantifying inheritance of resistance toCry3Bb1 For the seedlingnat bioassay
with Elma, here was a significant interaction between strain and corn hybrid for survival to
adulthood(df = 3,125; F = 27.22; P <0.00(Mable 2; Fig. 1a) Qurvival of the heterozygous
strains was similar on neBt corn(0.86+ 0.02and 0.84 + 0.022nean = SE; df =1,125; F
= 0.35; P = 0.5543)ut differenton Cry3Bb1 corn(0.44 + 0.085and 035 + 0050; df =
1,125; F =4.87; P =0.0291). Consequently, Weeheterozygous strains weret pooled.
Thefour genotypes (resistant, susceptible Hmeltwoheterozygasstraing had equivalent
survival on norBt corn (P > 0.15) budiffered in their survival on Bt cornSurvival on
Cry3Bb1 corn wagreatest for Ena andthere was no difference in survival on ABhcorn
compared to Ci38b1 for this strain (df = 1,12% =2.39 P = 0.246), suggesting complete
resistancé€Fig. 1a). Survival of the Susceptidlex EImd andEIma x Susceptiblé
strains weresignificantly greater than Saeptible on Cry3Bb1 cors(sceptible x EImdl :

df = 1,125 F =17.84; P < 0.0001; Elnhax Susceptiblé : df =1,125; F = 4.09; P = 0.04p2
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indicatingnonrecessive inheritance for these strains. Both strainsoaat surwal on
Cry3Bb1 corn compared to EInf8usceptible x Elmal : df = 1,125; F = 61.19; P < 0.0001,
Elma x Susceptiblé : df = 1,125; F = 96.57P <0.0001), indicating that resistance \was
dominant. Thecorrected survival to adulthood on Cry3Bb1 catas 093 (0.7 + 0.82) for
Elma 052 (0.45+ 0.86) for the Susceptible x EImdl strain, 0.43 (0.36 0.84)for the
Elmd X Susceptiblé strain, and 0.35 (0.290.81) for Susceptible This yielded a
resistance ratio for Elma of 2.74 (0.98.35 andinheritancevaluesof 0.20 based on the
Susceptible x ElImdl strain and 0.14 based on the Elma Susceptiblé strain

For the seedlingnat bioassay with Monondjdre was a significant interaction
between rootworm strain and corn hybrid (df = 3, 81;%69; P < 0.0001). However, no
difference in the survival of the two heterozygous strains orBi¢0.65 + 0.072 and 0.64+
0.111 df =1,81; F=0.01; P =0.9258) 6ry3Bb1 corn 0.38+ 0.062and 0.3 £ 0.094; df =
1,81; F = 0.29; P = 0.5927) was detededstrains were pooled into a single heterozygous
strain for all analyses. Using the single heterozygous strain, there was a significant
interaction between strain and corn hybrid (Table 2; Fig. 1b). Wwese1o difference
among the three strains on rRBhcorn (p > 015) but the genotypes differedsarvival on
Cry3Bb1 corn. Monona had the highest survival on Cry3Bb1 corn and survival was
equivalent between the Bt and rRBhhybrids (df = 1,13; F = 0.4% = 0.5163), indicating
complete resistance. Survival on Cry3Bb1 corn was lowest for Susceptible and significantly
lower compared to survival on ndt corn (df = 1,13; F = 50.55; P < 0.0001). Survival of
heterozygas on Cry3Bbl was significantly greathan Susceptible (df = 1,13; F=6.42; P =
0.0249) indicating norrecessive inheritance of resistance, $ignificantly lower than

Monona (df = 1,13; F = 13.76; P = 0.0026Jicatingthat resistance wamtdominant.
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Corrected survival to adulthood &€ry3Bb1 corn was 0.91 (0.620.68)for Monona, 0.52
(0.33+ 0.63)for Heterozygousand 0.20 (0.14 0.70) for SusceptibleThe resistance ratio
for Monona is 4.55 (0.9% 0.20) and the inheritance is 0.45.

With the singleplant bioassay using Monanthere was a significant interaction
between strain and corn hybrid (df = 3,107; F = 3.03; P = 0.0325). Because there was no
difference in larval survival between the two heterozygous strains eBm@®b6 + 0.060
and 063+ 0.068; df = 1,107; F = 0.8; P = 0.4476) or Cry3Bb1 cor.41 + 0.076 and0.44
+ 0.06b; df = 1,107; F = 0.07; P = 0.7978), they were combined into one heterozygous strain
for all analyses. There was a significant interaction between strain and hybrid when the
heterozygous straingere combined (Tablel; Fig. 1c) with equivalent survival of the strains
on nonBt corn (P > 0.15n all case} indicating no difference in vigorSurvival of Monona
on Cry3Bbl corn was not significantly different compared to survival orBt@orn (df=
1,135; F = 1.30; P = 0.2571), indicating complete resista@®ceCry3Bbl corn, survival was
significantly different between Susceptible and heterozygotes (df = 1,135; F = 12.52; P =
0.0006), indicating nomecessive inheritance of resistan&eirvival of the heterozygous
strain on Cry3Bb1 corn wasot significantly differenttcompared to Monon@f = 1, 135; F =
0.02; P = 0.8930Q)ndicating that resistance was domina@brrected larval survival was
0.83 (0.43+ 0.52)for Monona, 0.70 (0.44 0.63) forheterozygous, andl.34 (0.21+ 0.61)
for Susceptible. This produced a resistance ratio for Monona of 2.44+{0.83) and
inheritance of 0.7.3

In the dietbased assayith Monona(Table 3; Fig. 2) the heterozygous strains were
once again pooled. Weene able to calculate lsgvalues and 95% fiducial limits for the

Susceptible strain and heterozygstrainsbut not for Monona, because mortality never



37

exceeded 50% (Table 3; Fig. 2). There was a significant differeneeidenced by non
overlapping 9% fiducial limits, between the Lgvalues for the susceptible and
heterozygous genotypes (Table iBgicating norrecessive inheritance of resistance
Greenhouse assessment fitness costsin theexperiment with Monona and
Susceptible,tsain and its interaction with sex were rsdnificantfor any of the variables
measured (Table 4; Fig).3This suggests an absence of fithess costs of Cry3Bb1 resistance
in Monona. There was a significant effect of sex on development rate with malesngmergi
before females (Table 4; Fig. 3d). There was also a significant effect of week on fecundity
with egg production decreasing with time (Fig. 3f).
Effect of competition on fithess costsSurvival to adulthood was affected both by
food availability and prsence of SCR, indicating an effect of competition on survival.
Proportion survival to adulthood was greatest in seedling mats witlidagravailability
and no SCRFig. 4b). However, for survival there was not a significant effect of strain or
interadion of strain with other factors, indicating that a fithess cost affecting survival was not
present (Table 6; Fig 4b). There was a significant effect of strain on development rate (Table
6). On average, Elma emerged about 1.49 d later than Susceiptildating a fitness cost
of resistance (Fig. 4a). Neither strain nor any interaction with strain were significant for size,
adult lifespan, fecundity or egg viability, indicating that no fitness costs were associated with
these lifehistory components @ble 5; Fig. 4). There was a significant effect of week and
an interaction between week and number of kernels for fecundity. Initially egg production
was greater from insects with 10 vs. 5 kernels (week 3: 5 kernels = 272 + 155 eggs per cage;
10 kernels= 1073 + 118) but this difference decreased over time (week 5: 5 kernels = 30

156; 10 kernels = 246 £121).



38

In the larval predation experiment, there wasignificant interaction of treatment
with number of roots for proportiassurviving western corrootworm (df =6,131;F =0.46
P =0.8380. There was also no effect of treatment (&,£31 F =2.14 P = 0.830). There
was no significantreatment x number of roots interaction for proporgarviving SCR (df
= 6,116, F =0.8 P = 05685, but thee was a significant effect of treatment (df = 6,116, F =
2.88 P =0.@19. There were significantlfewer surviving SCR larva@ the treatment with
five second instar western corn rootworm larvae and five second instaa®@8compared
to the controbf 10 second instar SCRrvae(Table 1; df = 1,116, F 4.99 P = 0.@75 and
in the treatment with 5 second and 5 third instar SCR larvae compared to the treatment with
10 third instar SCR larvae (df = 1, 116; F = 4.17; P = 0.048h)erall, there wasome
evidence ofarval predationparticularly of £R larvae, butte proportion ofurviving
larvaewas never belo85% and was typicallygreaterthan90% (Table 1).

Discussion

Our study investigated the inheritance of resistance and associated fitness costs for
two strains of western corn rootworm with fiedgtolved resistance to Cry3Bb1 corn. For
these strainggsistance was nemecessiveand minimal fitness costs were deesttPast
studies havalsodocumented noenecessive inheritanc® Bt resistancéor western corn
rootworm(Meihls et al. 2008, Petzolslaxwell et al. 2012, and Ingber and Gassmann 2015)
while thepresence of fithess codtasvaried among strains and expnents(Petzold
Maxwell 2012, Oswald et al. 2012, Hoffmann et al. 2014, Ingber and Gassmann 2015).
These findingsand those of other studies, suggest that-Belalved resistance to Cry3Bb1l

corn by western corn rootworm was likely facilitated by-mecessive inheritance of
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resistance traits and similar fitness between resistant and susceptible insects in refuges
(Gassmann 2012, Tabashnik et al. 2013).

Fitness costsf Bt resistancéunction to remove resistance alleles from a population
in the absece of Bt toxins.When fitness costs aminimal, resistance alleleray
accumulate in the refuge population because of selection within Bt fields and subsequent
dispersal into refuge populatiofSould 1998).By contrast, Wen fitness costs are present,
the selection against resistance allatethe refugecan delay or reverse the evolution of
resistance in a populatig@arriere and Tabashnik 2001)his would occur if such a cost
removes resistance alleles in the refuge to a greater extent thaeldseak selected for in
the Bt portion of the field (Gassmann et al. 2008)our experiments, no fithess costs were
detected for Monona (Fig. 3) agreenhouse experiment, but there was a fitness cost of
increased time to developmédat Elma inour competition experiment (Fig. 4a). Ingber and
Gassmann (2015) also identified a fitness obskelayed larval developmefudr onestrain
(Cresco) ofwestern corn rootworrwith field-evolved Cry3Bb1 resistance. Conversely,
Oswald et al. (2012¥entifiedno fitness costs aksistance to Cry3Bbl in laboratery
selected resistamtestern corn rootworrstrainsand found that resistant lines had an
increased the rate of larval development compared to unselected sRagudts with other
strains of Cry3BbZesistaniwestern corn rootworrhave ranged from finding no fitness
costs associated with resistance (PetMéckwell et al. 2012, Hoffmann et al. 2014, Ingber
and Gassmann 2015) to costs that affected survival (Ingber and Gassmann 2015) and
fecundity (Meilts et al. 2012, Ingber and Gassmann 2015).

Compared tavestern corn rootworprmore research with fitness costs of Bt

resistance rebeen conducted depidopteran pests, especialiye diamondback moth
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(Plutella xylostellaLinnaeus)andthe pink bollworm(Pectinophora gossypiell@aunders)
(Gassmann et al. 2009). Fitness costs have been observed for both of theseGpries.
et al. (2001) found an average of 51.5% reduction in survival of Bt regpsténibollworm
on nonBt cotton compared to scsptible strains. Likewise, a fithess cost of reduced
survival and a decrease in resistance over multiple generations in the absence of Bt toxins
were associated wittesistance to CrylAc ithediamondback motfiTabashnik et al. 1994).
A review of studes byGassmann et al. (2009) found fitness costs in 34% of experiments that
tested fitness components and costs in 62% of experiments thatoestedines in
resistance over multiple generations. Future studies that test for a decline in resistance ov
time instrainsof western corn rootworm with fielderived resistance should be condudted
betterunderstand fitness cosi§ Bt resistancén the western corn rootworm.

Resistance is expecteddevelop faster as the effective dominance of resistare.,
thesurvival of heterozygous individuals on Bt plaotsnpared tthomozygous resistant
insects increase¢Gould 1998, Tabashnik et al. 2008)\e found norrecessive inheritance
of resistance for both the EIma and Monona strains with our-péeeid assay$ig. 1).
Others have also identified noecessive inheritance in Cry3Bbdsistant strains (Meihls et
al. 2008, PetzoldMlaxwell 2012, Oswald et al. 2012, Hoffmann et al. 2014, Ingber and
Gassmann 2015), suggesting that-necessive inheritece is common fowestern corn
rootworm In the dietbasedioassay, th&Csy valuesof the Susceptible and heterozygous
strains weravithin the range found by Siegfried et al. (2005) for laboraamy field strains
and there waa significant difference in L§gvaluesbetweenthe Susceptiblestrainand
heterozygosresistant individual§Table 3. Again, this suggests nenecessive inheritance

of resistance.The relationship between dominance and dose likely affecefféetive
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dominance oCry3Bbl resistanctr western corn rootwormWhen insects are not exposed
to a high dose of toxin, as is the case with Cry3Bblveestern corn rootworpthe effective
dominance ofesistanceéncreasesand resistances expected tevolve more quickly (Gould
1995, Tabashnik et al. 2004, Tabashnik and Carriere 2009).

Evidence from fieleevolved resistance in other insect species supports the
predictions of the effect of dominance on the rate of resistance develogdmettier species
targeted by Bt crops, resistansdess common for cases wheesistance isecessively
inherited (Tabashnik et al. 2013for example, the carearworm Kelicoverpa ze@oddie)
has norrecessive inheritance (Burd et al. 2000) and evolved resistancgltAdotton
faster compared to théosely-related tobacco budworrkiéliothis virescen&abricius)

(Lutrell et all. 1999, Tabashnik et al. 2008i). addition towestern corn rootworrand corn
earworm,two other species with nerecessive inheritanc#he maize stalk boreBusseola
fuscaFuller) (Van Rensburg 199@ndfall armyworm Spodoptera frugiperd&mith)

(Storer et al. 2010) developed resistancean8t crops thatailed toproduce a high dose of
toxin (Tabashnik et al. 2013).

There were diffegnces irthe magnitude ofesistance and inheritance between the
two strains, wittElma having a resistance ratio of 2af#d Monona having a resistance ratio
of 4.55in the seedlingnat bioassaysThis, along withdiffering resistance ratios in other
western corn rootworrgtrains with fieldevolved resistance (Ingber and Gassmann 2015)
may have resulted from differences in the intensity of selection each strain experienced in
either the field or the laboratoryhere were also differences among oue¢hassay types
used to measure inheritancé/hile results from the two plattased bioassays with Monona

both indicate nomecessive inheritance, heterozygotes in the seediaigoioassay differed
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from theresistanstrain forsurvival on Cry3Bb1 cornral had a calculated inheritance value
of 0.45 (Fig. 1b)butby contrastthere was no difference between heterozygous and resistant
genotypes fosurvival on Cry3Bb1 corn isingle planbioassag with an inheritance value
of 0.75 (Fig. 1c).This difference between these tvioassaysnayberelatal to exposure to
Cry3Bb1, with higher exposure in the seedling mat assay than the-gilaglieassay. This
hypothesiss supported by higher corrected survival of the susceptible strain on Bt corn in
the singleplant experimen{0.34)compared to the seedling mat experim@m20) Another
possibility is that additional mortality of the heterozygotes on Cry3Bbl1 corn occurred in later
larval instars or during pupation, a phenomenon that the gt bioassaywhich
measured larval survivaould have missed. In general, the proportion survival of
susceptible insects on V5 to V6 Bt corn plants is 0.00 to 0.04 (Gassmann et al. 2014), which
is lower than survival for V6 to V8 corn plants used in this studgwever, due to low
survival of the nordiapausing strains of studied here on V5 to V6 plants, it was not possible
to use the same asdidmat isapplied to evaluate field populations.

Our findings of norrecessive inheritance and a lack of major fitnessscowestern
corn rootworm strainwith field-derived resistance to Cry3Bb1 suggéikat the refuge
strategy alonés likely insufficient to delay resistance developmenhis highlights the need
for more diversified management of western corn rootwibmough arintegratedpest
management approackclodingrotationamongmanagement strategies. The use of diverse
approaches such as pyramiding of multiple Bt toxiusg, ofsoil-applied insecticidavith
corn lacking rootworractiveBt toxins, and cropatationmayhelp to delay the evolution of

resistance to current and future Bt traits for management of western corn rootworm.
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Tables

Tablel: Relative survival of western cornotworm(WCR) and SCR larvae

Treatment
Proportion WCR  Proportion SCR
WCR' SCR Roots ~ N° Sur\F/)ivaI (xSE) Sur\F/)ivaI (xSE)
10 small ] 2 12 0.9985 (+0.0038) -
4 12 0.9992 (+0.0038) -
10 large ] 2 12 0.9803 (+0.0038) -
4 12 0.9915 (+0.0038) -
2 9 - 0.8550 (+0.0075)
; 10 small 4 9 - 0.9107 (+0.0075)
] 10 large 2 12 - 0.9652 (+0.0056)
4 12 - 0.9707 (x0.0061)
5small +5 2 12 0.9971 (+0.0038) -
large i 4 12 0.9935 (+0.0038) -
5small +5 2 8 - 0.9201 (+0.0084)
i large 4 8 - 0.9056 (+0.0084)
5 small 5 small 2 8 0.9966 (+0.0057) 0.9495 (+0.0084)
4 10  0.9914 (+0.0046) 0.9137 (x0.0067)
5 small 5 large 2 8 0.9700 (+0.0057) 0.9966 (+0.0084)
4 8 0.9866 (+0.0057) 0.9866 (+0.0084)
5 large 5 small 2 8 0.9472 (+0.0057) 0.8888 (+0.0084)
4 8 0.9795 (x0.0057) 0.9927 (+0.0084)
2 12 0.9718 (+0.0041) 0.9961 (+0.0061)
5 large 5 large
4 12 0.9295 (+0.0038) 0.9909 (+0.0056)

2 smallrefers to2" instar larvae and largefers to3" instar larvae

® humber of replicates
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Table2: Mixed-model analyss of variance for Susceptible Monona and Susceptible vs
Elmasurvival on Cry3Bb1l vs neBt corn

Experiment Effect df F P

Elma seedling mat Strairf 3,125 26.22 <0.0001
Hybrid 1,125 355.68  <0.0001
Strainx Hybrid 3,125 27.22 <0.0001

Monona seedling mat  Strain 2,13 6.98 0.0087
Hybrid 1.1 41.05 <0.0001
Strainx Hybrid 2,13 10.32 0.0021

Monona single plafit Strain 2,135 3.72 0.0268
Hybrid 1,135 30.14 <0.0001
Strainx Hybrid 2,135 411 0.0185

®Random effects included in the model whreo ¢ k  (°d£.2, 2 =(11380,6

block x hybrid( d f 2=0.1, P =@67518,blockxst r ai n A=@..L, P=0.7619, G
and block x hybrid x strain (df = & = 2.2, P = 0.1380)

The randoneffectof B o ¢ k  (%& 6.9, = 00086 was included in the model

‘See Fig. 1

YRefers to the Susceptiblesistantand heterozygous strains



Table 3: Goodness of fit and kgraluesfor dietbased bioassays with Cry3Bb1
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Strain df ¢ P LCsc® (95% FL)
Susceptible 3 1.57 0.6653 6.09 (2.22 to 10.01)
Heterozygous 3 1.01 0.3892 26.90 (14.09 to 41.37)
Monona 3 263 0.0480 > 341.60

4Measured in pg/cm
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Table 4 Analysis of variance for Susceptible and MononaHif&ory traits

Analysis Effect df F P
Development rafe  Strair? 1,58 0.03 0.8651
Sex 1,58 11.14 0.0015
Strainx Sex 1,58 0.03 0.8537
Survival Strain 1,30 0.18 0.6713
Sizé Strain 1,58 0.69 0.6913
Sex 1,58 0.02 0.9018
Strainx Sex 1,58 0.25 0.6186
Adult lifesparf Strain 1,58 052  0.4746
Sex 1,58 3.02 0.0877
Strainx Sex 1,58 0.70 0.4059
Egg viability Strain 1,30 0.71 0.4072

*The random effect of cage x strain x sex (df % 103.1, P < 0.0001) was included in the
model

PStrains were Susceptibte Monona

°The random effect of cage x strain x sex (df €% 4.7, P = 0.0302) was included in the
model

“The random effect of cage x strain x sex (df €% 19.2, P < 0.0001) was included in the
model
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Table 5 Repeated measures analysis ofarare for fecundity

Experiment Effect df F P

Susceptible vs Mon@fi  Strain 1,30 042 0.5212
Week 8,227 37.03 <0.0001
Strainx Week 8,227 1.09 0.3720

Susceptible vs Elmffa  Strain 1,2 0.01 0.9273
No. kernels 1,2 3.05 0.2228
SCR 1,2 0.86 0.4522
Strainx No. kernels 1,2 1.51 0.3437
Strainx SCR 1,4 0.06 0.8260
No. kernels XSCR 1,2 0.36 0.6084
Strainx No. kernelsx SCR 1,4 0.04 0.8564
Week 6,169 14.54 <0.0001
Strainx Week 6,169 0.79 0.5797
No. kernelsx Week 6,169 4.86 0.0001
SCR presence Week 6,169 0.56 0.7636
Strainx No. kernelsx Week 5169 0.79 0.5594
Strainx SCR x Week 6,169 0.66 0.6856
No. kernelsx SCRx Week 5169 0.59 0.7074
Strainx No. kernelsx SCRx Week 5,169 0.02 0.9998

*The random effects of cages t r a i n9=72.2) P < 0z0001),andaveek x cage (strain)
( df 2=0,P=1)avere included in the model
PRandom effects included in the model were cage (strain x no. kernels x SCR x block) (df =

6RP1T bl oc

1 ,%= 56, P =0.2059), week x cage (stfain n o .

kernels 1

= 0.0121), %6l @ck,(®f ==0110603Y53,m300838), T strai
block T no. *keBnd8l s P(&f 0=05,138=29=6.6886),] SCR
bl ock T strain 7=56d.=0.818)boekkx SCR(xtd. kermelsl(df = 1

6> =4, P = 0.0455)



Table6: Mixed-model analysis of variance for Susceptible and Elméhigeory traits
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Analysis Effect df F P
Development rafe  Strair? 1,69 8.66 0.0044
No. kernels 19 11.95 0.0072
Sex 1,69 16.87 0.0001
SCR 1,69 0.75 0.3890
Strainx No. kernels 1,69 3.00 0.0878
Strainx Sex 1,69 2.90 0.0929
Strainx SCR 1,69 2.96 0.0900
No. kernelsx Sex 1,69 8.17 0.0056
No. kernelsx SCR 1,69 1.25 0.2667
Sexx SCR 1,69 4.62 0.0352
Strainx No. kernelsx Sex 1,69 0.63 0.4306
Strainx No. kernelsx SCR 1,69 0.13 0.7151
Strainx Sexx SCR 1,69 0.29 0.5944
No. kernelsx Sexx SCR 1,69 0.21 0.6479
Strainx No. kernels x Sex SCR 1,69 1.92 0.1698
Survivaf Strain 1,50 0.54 0.4644
No. kernels 1,50 124.58 <0.0001
SCR 1,50 34.20 <0.0001
Strainx No. kernels 1,50 0.02 0.8831
Strainx SCR 1,50 0.08 0.7827
No. kernelsx SCR 1,50 1.33 0.2540
Strainx No. kernelsx SCR 1,50 0.21 0.6466
Sizé Strain 1,6 0.04 0.8497
No. kernels 1,52 1.48 0.2298
Sex 1,52 1.42 0.2383
SCR 1,6 2.42 0.1711
Strainx No. kernels 1,52 0.04 0.8355
Strainx Sex 1,52 0.02 0.8840
Strainx SCR 1,6 0.50 0.5079
No. kernelsx Sex 1,52 1.10 0.2987
No. kernelsx SCR 1,52 0.06 0.8132
Sexx SCR 1,52 1.00 0.3225
Strainx No. kernelsx Sex 1,52 0.03 0.8702
Strainx No. kernelsx SCR 1,52 0.00 0.9667
Strainx Sexx SCR 1,52 0.51 0.4795
No. kernelsx Sexx SCR 1,52 0.01 0.9118
Strainx No. kernelsx Sexx SCR 1,52 0.45 0.5068
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Table 6(cont.)

Analysis Effect df F P

Adult lifesparf Strain 1,6 0.68 0.4420
No. kernels 1,18 2.57 0.1266
Sex 1,43 3.44 0.0706
SCR 1,6 0.46 0.5214
Strainx No. kernels 1,43 0.17 0.6850
Strainx Sex 1,43 0.00 0.9857
Strainx SCR 1,6 0.12 0.7460
No. kernelsx Sex 1,43 4.23 0.0458
No. kernelsx SCR 1,43 1.95 0.1699
Sex x SCR 1,43 1.85 0.1811
Strainx No. kernelsx Sex 1,43 0.01 0.9432
Strainx No. kernelsx SCR 1,43 1.01 0.3207
Strainx Sexx SCR 1,43 0.75 0.3900
No. kernelsx Sexx SCR 1,43 3.78 0.0585
Strainx No. kernelsx Sexx SCR 1,43 0.27 0.6082

Egg Viability Strain 1,1 0.21 0.7277
No. kernels 1,1 2.44 0.3627
SCR 1,7 2.73 0.1426
Strainx No. kernels 1,1 0.17 0.7541
Strainx SCR 1,7 0.26 0.6258
No. kernelsx SCR 1,7 7.40 0.0298
Strainx No. kernelsx SCR 0 - -

®Random effects included in the model wereo ¢ k  (“& 1.3, B = A 2542%d Bock x
no.ler nel s 2£216f P =0.1069) &

PStrains were Susceptible or EIma

°The random effectdfl o ¢ k ( %c-fL7.2=P <10,001  was included in the model
9Random effects included in the model whreo ¢ k  (?cD.7, © = @4028Block x
strain (df = 1,62 =0, P = 1.000),lockx SCR ( d¥=0.2, P £ 0.7588 and Bock x
strainx SCR( d f °= 2.3, P = @.1138)

®Random effects included in the model whieck (df =1 ,? =@, P = 1.000), block x strain
(df =1, %=, P=1.000, block x no. kernefdf =1, ?=d.9, P =0.3428, block x SCR(df
=1, ?=d), P =1.000, and block x strain x SCRIf =1, *=1.2, P =0.04049

'Random effects included in the model whkeo ¢ k  (%c=D.1, ® = @ 7518Block x
strain (= 1,6°=0, P = 1.0000),Ibckxno. ke r ne | s ?£@ P = =000DYlocksx
strainxno. ke r nel s ¢ Hd7A P =0.1923) &

9The strain x no. kernels x SCR interaction could not be calculated because Elma cages with
5 kernels and SCR did niaty enough eggs to test egg viability
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Figures

Fig. 1.Survival to adulthood on Cry3Bb1 corn and #8incorn for (a) the seedlingnat

bioassay with Elma (Cry3Bb1 resistant) and Susceptible, (b) the segdingoassay with
Monona (Cry3Bb1 resistant) drbusceptible, and (c) larval survival in the singjlent

bioassay with Monona and Susceptible. Bar heights represent sample means and error bars

are the standard error of the mean.

Fig. 2. Larval mortality in diebased bioassays for the Susceptiblenbha (Cry3Bb1
resistant), and heterozygous strains. Data w
correction. Points represent means, error bars are the standard error of the mean, and the

curve is the plot of the probit analysis.

Fig. 3 Comparisonsf life-history data for Susceptible and Monona (Cry3Bbl1 resistant)
strains on noiBt corn. Bar heights represent sample means and error bars are the standard
error of the mean. Data are presented fodéaelopmental rate, (by@porion survival to

aduthood, (c) dult size, (d)egg viability, (e) adult lifespan and (f) fecundity

Fig. 4. Comparisons of lifdnistory data for Susceptible and Elma (Cry3Bb1 resistant) strains
on nonBt corn at high or lowarval food availability (5 vs 10 kernels in thaitial seedling
mats)andin the presence and absence of competftimm southern corn rootworm (SCR)

Bar heights represent sample means and error bars are the standard error an tiixatae

are presented for (a) developmental rate, fbpprion suwvival to adulthood, (c) adult size,

(d) egg viablity, (e) adult lifespan and (f) fecundity
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