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•  Entomological Society 
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•  Open-access, peer-
reviewed, extension 
journal covering IPM 
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professionals, 
growers, retailers, 
manufacturers, pest 
control operators – 
any aspect of IPM 

www.entsoc.org/Pubs/Periodicals/jipm 
 
 



Presentation of Bt CRW Paper … 

Scientific evidence for western corn rootworm resistance to Bt corn 
Cropping system practices that contributed field-evolved resistance 
Insect Resistance Management Reality and Recommendations 
 

http://www.ingentaconnect.com/content/esa/jipm/2013/00000004/00000003/art00003 



Widespread planting of Bt corn, 
selection pressure for insect resistance 

� Planted acreage 96.4 million acres, up 5 % 
from 2011 and highest in U.S. since 1937. 

 

� Bt corn has become the standard insect 
management tactic across the U.S. corn 
belt. 

 

� 2012: 67% of all corn planted contained a 
Bt trait (USDA ERS 2012) 

Sources: USDA National Agricultural Statistics Service 
and Reuters, 2012. 



Impressive history of adaptation 
� Resistance to the organochlorine 

insecticide aldrin (Ball and Weekman 1963) 
 

� Resistance to adult control measures 
methyl-parathion (organophosphate) and 
carbaryl (carbamate) (Meinke et al. 1998) 

 

� Resistance to crop rotation in the 
western corn rootworm attributed to 
loss of ovipositional fidelity to corn      
(Levine et al. 2002, Cullen et al. 2008, Gray et al. 2009) 



Metcalf’s (1986) “Billion-Dollar Pest” 

•  Direct yield impact. 
•  Change composition 

of plants and grain. 
•  Reduce leaf CO2 

assimilation and 
photosynthetic rate. 

•  Difficult to harvest 
lodged plants. 

• Node injury score: 0 – 3 nodes of roots pruned 
• NIS of 1.0 generally results in 15.2% - 17.9% yield 
decrease (Tinsley et al. 2013: J. Appl. Entomol.) 



Keeping track of Bt traits 

•  Different combinations 
of traits have different 
refuges 

 

•  Structured (rows, 
block) or in-the-bag 

 

•  Understand Bt CRW 
traits to manage corn 
rootworm resistance 

http://labs.russell.wisc.edu/cullenlab/extension/extension-publications/ 
 



Stacked and Pyramided Traits 

Stacked Bt traits   Pyramided Bt traits 



Bacillus thuringiensis mode of action 



Plant Incorporated Protectants 
�  PIPs are pesticidal substances produced by 

plants and the genetic material necessary for 
the plant to produce the substance. 

 

�  Both the Bt Cry protein and its genetic 
material are regulated by EPA; the plant itself 
is not regulated. 

 

�  FIFRA (pesticidal substance and DNA) 
 

�  FFDCA (sets tolerances, or exemptions, for 
allowable residues of pesticides applied to 
food and animal feed) 



Insect Resistance Management 
�  IRM plan required by EPA for Bt corn 

registration to preserve long-term viability 
of PIP and microbial Bt sprays. 

 

�  Refuge (areas within or close to a field of 
the Bt corn where non-Bt corn is planted).  

 

�  Refuge percentage and configuration 
 

� Historically a 20% structured refuge 
 

  



Insect	  Resistance	  Management	  (IRM)	  Refuge	  Strategy:	  
Reduce	  chances	  that	  resistant	  moths	  mate	  with	  each	  other	  by	  providing	  large	  

numbers	  of	  suscep8ble	  moths	  from	  the	  refuge,	  non-‐Bt	  corn.	  	  	  	  

Bt Corn Non-Bt Corn 

Resistant Moths Susceptible Moths 

Courtesy of Rick Hellmich, USDA ARS ISU 



Status of Resistance to Bt corn 
�  First Bt lepidopteran active traits 

registered in 1996 in U.S. (Bt corn borer). 
� High dose expression (25 X the lethal 

concentration [LC]99) for European corn 
borer. 

�  Field-evolved resistance documented in 
four lepidopteran species:  

Fall armyworm: Cry1F in Bt corn (Puerto Rico) (Storer et al. 2010)  
Stalk borer: Cry1Ab in Bt Corn (S. Africa) (Van Rensburg 1999)  

Pink bollworm: Cry1Ac in cotton (India) (Dhurua and Gujar 2011) 
Cotton bollworm:  Cry1Ac/Cry2Ab in cotton (U.S.)  
(Tabashnik et al. 2009) 
 



Bt corn rootworm (CRW) traits 

•  Cry3Bb1 (MON863) ‘YieldGard’ in 2003 
 

•  Cry3Bb1 increased from 0.49 million acres 
in 2003 to 29.6 million acres by 2008 

 

•  Cry34/35Ab1 ‘Herculex’ (DAS-59122-7) in 
2005 

 

•  mCry3A (MIR604) ‘Agrisure’ in 2006 
 

•  eCry3.1Ab (5307) ‘Agrisure Duracade’ in 
2014 

  



Lab Selection for CRW Resistance 

� WCRW developed resistance in the lab 
and greenhouse to all commercially 
available Bt CRW proteins. 

� WCRW can readily develop resistance to 
Cry3Bb1 and Cry34/35Ab1. 

� Lab colony resistance to mCry3A within 
10 generations. 

�  In 2013, Frank et al. selected a lab colony 
of WCRW resistant to eCry3.1Ab. 

See Cullen et al. 2013: J. of IPM article for full references 



Western CRW Resistance to Bt Corn 

•  Field-evolved CRW resistance to Bt toxin 
Cry3Bb1 has been confirmed by on-plant 
bioassays in the peer-reviewed scientific 
literature for 11 populations in Iowa. 

 

•  In each of these cases, fields had been 
planted to the same single Bt rootworm 
trait for at least 3 consecutive years, and 
as many as 7 consecutive years. 

Gassmann et al. 2011.  PLoS ONE 6: e22629. 
Gassmann et al. 2012. Journal of Invertebrate Pathology 110: 287-293. 



Adults collected from two problem fields in NW and 
NC Illinois during 2011 growing season. 
 

Severe lodging, root pruning, continuous corn, 
reliance on single Bt CRW trait – Cry3Bb1 
 

Bioassays on progeny at ISU revealed the 
populations are resistant to Cry3Bb1 and no cross-
resistance to Cry34/35Ab1). 
 
 Gray, 2011 



Eggs in cold storage before on-plant 
bioassays with Bt and non-Bt corn 

§ WI CRW eggs sent to USDA – ARS, Brookings, SD 
§ Eggs in cold storage for 5 months minimum for diapause 
§ Followed by on-plant bioassays (Bt corn vs. non-Bt corn) 
 
Do these CRW survive at higher rates on Bt Cry3Bb1 corn? 
Other Bt trait corn? 
Results will tell us if this is a resistant population (2014) 



High Dose/Refuge Strategy 

� 20% structured refuge was developed 
based on European corn borer biology, 
mating behavior, and dispersal patterns – 
coupled with high dose Bt for ECB. 

 1.  Protein expressed in plant tissue at high dose 
2.  Resistance is inherited recessively 
3.  Random mating occurs 
4.  Initial resistance alleles are rare 
5.  Fitness costs are associated with resistance 

Sources: Gould 1998; Glaser and Matten 2003  



One approach to IRM may not 
be optimal for all insect pests 

“Even though there is increased use of refuge-in-the-
bag seed mixtures and pyramided hybrids with 
multiple Bt toxins targeting corn rootworms, these 
products were accompanied by a reduction in refuge 
size and it remains unclear whether these recent 
developments will keep resistant corn rootworm 
populations in check”. 

Cullen, Gray, Gassmann and Hibbard. 2013. Journal of Integrated Pest Management 
4(3): DOI: http://dx.doi.org/10.1603/IPM13012 
 



Field-Evolved Resistance to Bt Corn by 
Western Corn Rootworm – Why? 
�  For western corn rootworm, none of the three 

Bt CRW traits are expressed at high dose (EPA 
2002;  Storer et al. 2006; Hibbard et al. 2010) 

�  Non-recessive inheritance (Gassmann et al. 2011) 

�  Evidence of non-random mating (Kang &Krupke 2009) 

�  Initial resistance allele frequencies may be much 
higher than assumed (Onstad & Meinke 2010) 

�  Fitness costs of resistance may be small (Meihls et 
al. 2008; Gassmann et al. 2009)  

�  Insufficient planting of refuge plays a role 
(Gassmann et al. 2011) 



Bt corn with at-plant insecticide? 

Treatment Node-Injury  
Score 

Non-Bt Check 0.80 a 
VT3P (RK 585) 0.01 b 
VT3P (RK 585) + Capture LFR 0.00 b 
Herculex RW (P9675 AMRW) 0.00 b 
Herculex RW (P9675 AMRW) + Capture LFR 0.00 b 

*No  difference in root node injury scores for Bt vs. Bt + insecticide 
Data collected by B. Jensen, UW IPM 

•  Wisconsin Trial (Jensen 2013) 



Bt corn + at-plant insecticide? 
•  Illinois Study (Steffey and Gray 2007) 

       Bt (Cry3Bb1), NIS = 0.84 
Bt (Cry3Bb1) + Counter 15G, NIS = 0.07 

*Root feeding reduced at only 1 of 3 locations 
 
•  Iowa Study (Gassmann 2012) 

Bt (Cry3Bb1) 
Bt (Cry3Bb1) + Force 3G 

Bt (Cry3Bb1) + Aztec 2.1G 
*Root injury to Cry3Bb1 corn was higher than to other types 

of Bt corn or to corn roots protected with soil insecticide 



Bt + Insecticides and IRM? 
•  Mortality achieved by soil insecticides may be 

too low to have a meaningful effect on Bt CRW 
resistant CRW in the population 

•  Bt corn delayed adult CRW emergence by 12 
days relative to non-Bt corn  

•  Bt corn + insecticide emerged even later 
•  Difference in timing of emergence in refuge vs. 

Bt corn can hinder random mating – a 
requirement for IRM 

Petzold-Maxwell et al. 2013: J. Econ. Entomol. 



*Trait Stewardship - IRM 
•  Rotate to soybean or nonhost crop 
•  Non-Bt hybrid with soil insecticide 
•  Alternate Bt corn modes of action (rotate traits)   
•  Pyramided Bt corn with multiple CRW traits 
•  Adult suppression for 1-2 seasons if rotation is not 

an option or pyramids not used (soil insecticide to 
non-Bt corn, foliar adulticide) 

•  Long term integrated approach based on scouting 
and multiple tactics. 

Cullen et al. 2013: J. Integrated Pest Mgt. 



Resistance Reality 
•  Confirmation of Cry3Bb1 resistance in WCRW 

field populations raises concerns about durability 
of Cry34/35Ab1. 

 

•  Cry3Bb1 + Cry35/35Ab1 pyramid in fields/
regions with confirmed WCRW resistance may 
function as a ‘single trait’ – at 5% refuge. 

 

•  It is crucial that WCRW susceptibility to Bt traits 
be preserved in light of pyramided hybrids, and 
any potential for cross-resistance in the field. 

 

Porter et al. 2012 
http://www.regulations.gov/#!documentDetail;D=EPA-HQ-OPP-2011-0922-0013 
  



NCCC46 Letter to EPA 
�  EPA-HQ-OPP-2011-0922-0013. Porter, P., E. Cullen, 

T. Sappington, A. Schaafsma, S. Peuppke, D. Andow, J. 
Bradshaw, L. Buschman, Y. Cardoza, C. DiFonzo, et al. 
2012. Comment submitted by Patrick Porter, North 
Central Coordinating Committee NCCC46. 
http://www.regulations.gov/#!
documentDetail;D=EPA-HQ-OPP-2011-0922-0013 

 

�  Recommendations on IPM and IRM to preserve Bt 
CRW technology, while acknowledging the 
challenges.  



Photo: Mark Steil, Minnesota Public Radio, Quote: Gassmann et al. 2012 

“Effectively dealing with the challenge of field-evolved 
resistance to Bt corn by western corn rootworm will 
require better adherence to the principles of 
integrated pest management.” 




