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Abstract 
 

Insecticide resistance in caterpillars has been attributed to many environmental and genomic changes, but 
the role of the microbiome in insects in comparison has barely been explored.  In recent years, several studies 
suggest the microbiome might affect insect susceptibility to insecticides.  The microbiome of an organism also can 
be affected by a number of variables including the insect’s diet and potentially the introduction of transgenes into 
crop plants in which caterpillars feed.  Often insects from the field are bioassayed using highly enriched artificial 
diet containing antimicrobial agents that might affect insecticide susceptibility tests.  We report ongoing studies over 
two field seasons on the microbial diversity in the bollworm, Helicoverpa zea, collected from the field from non-Bt 
and WideStrike cotton.  In years 2 and 3, the internal cultivable bacteria were higher in 2nd to 3rd stadium bollworms 
from WideStrike versus non-Bt cotton, even when the plants were grown in the field just a few rows apart.  
Amplification of the bacterial V3 region of the 16S rRNA gene suggested differences in bacteria diversity between 
WideStrike versus non-Bt cotton-collected bollworms, although additional work is needed to understand reduced 
PCR product amplification and a low number of OTUs in our Illumina sequencing work.  Potential reasons for the 
differences in the bollworm microbiome between WideStrike and non-Bt cotton are discussed.  Our findings argue 
for more research to understand the interactions between the bollworm and plant microbiomes and the impact of 
cotton variety and transfer to artificial diets on Bt susceptibility.   
 

Introduction 
 

Microorganisms are important to the survival and success of any higher organism including insects.  The 
insect gut is a highly nutrient rich ecological niche in which various microbes survive and multiply (Rajagopal 
2009).  Insect and bacteria act in symbiont relationships, and absence of these microbes can affect adversely insect 
growth and development.  For example, bacteria free crickets have a lower enzymatic hydrolytic activity as 
compared to their conventional counterparts, and these bacteria help in utilizing a wider range of food substrates 
(Domingo et al. 1998).  Hemipterans, such as aphids, survive exclusively on plant sap which is deficient in essential 
nutrients.  The sap feeding aphids are dependent on their association with gut symbionts to use nutrient deficient 
food sources for survival (Rajagopal 2009).  Similarly, Megacopta cribraria without gut symbionts show 
developmental delays, reduced ability to reproduce, and die prematurely (Hosokawa et al. 2006).  In addition to 
growth and development, microbial symbionts also are involved in their host’s immunity.  Axenic locusts are 
susceptible to infection by the entomopathogenic fungi, Beauveria and Metarhizium (Rajagopal 2009).  Similarly, 
axenic silkworms, Bombyx mori, larvae were found to be more susceptible to Serratia piscatorum and baculovirus 
infection (Kodama and Nakasuji 1971).  Flies with no gut microbes were more susceptible to Gluconobacter, 
compared to flies with its normal gut micro flora (Ryu et al. 2008).  Hamiltonella defensa protects the aphid from 
attack by the parasitoid, Aphididus ervi (Oliver et al. 2005).  Similarly, infection by the facultative symbiont, 
Serratia symbiotica, helps the aphid to tolerate higher temperatures (Russel and Moran 2006).   

 
Symbionts not only play an important role in host nutrition, development, and immune responses, but they may also 
be important in developing insect resistance to insecticides (Berticat et al. 2002, Kikuchi et al. 2012, Xia et al. 2013, 
Gressel 2018).  Insect resistance to pesticides is a worldwide problem, and the mechanisms of resistance include 
increased metabolism, target site modification, behavior modification, reduced penetration, increased excretion and 
sequestration (van Kretschmar et al. 2013).  The role of symbionts in insect resistance to pesticides is an 
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understudied area, but in recent years several scientific papers highlight their role.  Kikuchi et al. (2012) found that a 
soil specific bacteria from the genus Burkholderia when acquired by the bean bug, Riptortus pedestris, induced 
resistance to the insecticide, fenitrothion.  Also, in the diamond back moth, Plutella xylostella, where resistance to 
different insecticides have been studied and many mutations have been identified related to resistance, the 
microbiome is different between resistant and susceptible strains for chlorpyrifos and fipronil (Xia et al. 2013).  In 
another study, microbe-free mosquito larvae were more susceptible to Bacillus thuringiensis (Bt) toxin compared to 
larvae with their natural flora.  Berticat et al. (2002) found a higher density of Wolbachia in mosquito, Culex 
pipiens, strains which are resistant to organophosphates.  The microbiome of the Oriental fruit fly has been reported 
to confer elevated insecticide resistance (Cheng et al. 2017).  Further, recent whole metagenome sequencing 
evidence found links between mosquito microbiota and insecticide resistance in malaria vectors (Dada et al. 2018). 
 
Insect resistance to transgenic plant technologies threatens their long-term effectiveness (Oppert et al. 1997), and in 
recent years resistance towards Bt has also been documented.  The first case of H. zea resistance toward Bt was 
documented in 2002 (Tabashnik et al. 2013) and in cotton by Reisig et al. (2018).  Spodoptera frugiperda resistance 
towards Bt corn (Cry1F) has also been reported in the US (Hung et al. 2014).  Development of resistance could at 
least in theory be attributed to microbial diversity in the larvae.  For example, Bt protoxins need an alkaline pH for 
their activation (Wilson and Benoit 1993), and Enterococcus faecalis, found in higher pHs can acidify their 
environment through metabolite production (Manero and Blanch 1999).  If this bacteria could invade the insect 
midgut, this could protect the insect from Bt toxicity (Broderick et al. 2003).  There is also evidence that the 
microbiome can be propagated across generations.  Jin et al. (2018) recently found a dominant point mutation in a 
tretraspanin gene associated with field-evolved resistance of the cotton bollworm, Helicoverpa armigera, to 
transgenic cotton, and Zhang et al. (2018) found decreased Cry1Ac activation by midgut proteases associated with 
Cry1Ac resistance in Helicoverpa zea 
 
The two year focus of our laboratories was to examine potential difference in the bollworm microbiome from field 
collected caterpillars collected from non-Bt versus WideStrike cotton grown in the same area in North Carolina.  
Reported here is the sequencing results of the microbiome analysis of bollworms from Year 1 collections and results 
from Year 2 bollworm collections of differences between non-Bt cotton versus WideStrike cotton in the density of 
bacteria determined by culturing.  Both Year 1 and 2 results are presented in toto for comparison purposes where the 
year 1 results (not including Illumina sequencing) were presented earlier at a Beltwide conference (Dhammi et al. 
2017).   

 
Materials and Methods 

 
Insect Collection, Treatment and Sample Preparation in Year 2 Studies 
In this study, the effects of cotton variety on bacterial density and diversity in the cotton bollworm microbiome were 
assessed.  Bollworms (2nd to 3rd instars), Helicoverpa  zea, were collected in 2018 (Year 2 of the study) from non-Bt 
(also referred to as “conventional” cotton) and Bt (WideStrike) cotton located at the Upper Coastal Plain Research 
Station, Rocky Mount, NC and immediately returned to the laboratory for assays.  Initial processing of the larvae 
was as follows: each larva was surface sterilized with 95% ethanol (30 sec) followed by 1% bleach (30 sec) and 
finally washed 5 times with sterile water.  The larvae were then homogenized separately in 750 µL of sterile 
phosphate-buffered saline (PBS) and then used in cultivable bacteria density assays using plate count agar (PCA) 
bacterial growth media. 
 
Bacterial Enumeration of Year 2 Collected Bollworms  
To estimate the amount of total cultivable bacteria, homogenates from each sample were serially-diluted up to 10-6.  
Volumes of 50 microliters of each dilution (10-1, 10-2, 10-3, 10-4, 10-5 and 10-6) were applied (two drops of 25 µl 
each) to a PCA plate for CFU (colony forming unit) counts.  Colonies were counted after 48h of incubation at 37 °C.  
CFUs/insect were calculated based on the maximum colony forming units corresponding to the dilutions.   
 
DNA Extraction of Year 1 Collected Bollworms 
Bollworms in Year 1 of our studies were collected from non-Bt (conventional) versus WideStrike cotton as 
described before by Dhammi et al. (2017).  DNA was extracted from bollworms by a method described previously 
(Ponnusamy et al. 2014).  Briefly, two hundred microliters of homogenate were transferred to a 1.5 ml Eppendorf 
tube, and 160 microliters of lysis buffer 1 was added along with 20 microliters lysozymes and 20 microliters of 
proteinase K to each sample. Samples were then incubated at 37 °C for 1h.  Subsequently, 200 microliters of pre-
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warm lysis buffer 2 were added with further incubation at 56 °C for 1h.  DNA was recovered through 
phenol/chloroform extraction and ethanol precipitation, and the resulting DNA pellet was resuspended in 100 
microliters of DNA grade water.  Subsequently, crude DNA was purified with the WIZARD DNA Cleanup System 
(Promega Corporation, Madison, WI, USA).   
 
DNA Amplification and Illumina Sequencing of Year 1 Collected Bollworms 
Isolated and purified DNA from 14 bollworm larvae were used in PCR reactions to amplify the V4 region of the 16S 
rRNA gene to produce an Illumina library.  Sample subjects included 6 bollworm larvae that had been collected on 
conventional (non-Bt) cotton and 8 larvae collected from WideStrike (Bt) cotton.  The library development protocol 
followed the Illumina protocol (Illumina Preparation Guide) using universal bacterial primers 515F and 806R for 
paired-end sequencing on the Illumina MiSeq platform.  Sequencing, sequence quality control, taxonomic 
assignment and analysis were performed at the UNC Metagenomics facility (Chapel Hill, NC).   

 
Results and Discussion 

 
Comparison of Methods Used for Characterization of the Bollworm Microbiome 
The experimental design was to collect 2nd to 3rd stadium bollworms, Helicoverpa zea, from non-Bt (referred to as 
“conventional”) versus Bt (WideStrike) cotton grown in the field in locations as close to each other as possible 
where the cotton fields a priori were being used for other research projects.  This restriction on the original planting 
of cotton plant types was dictated by land availability, routine field usage, normal farming practices and economy of 
resources for conducting the research and not based on any biases associated with the research objectives.  The 
research presented in this proceedings presentation resulted from research during two field seasons, i.e., Year 1 in 
2016 and Year 2 in 2018.  A previous presentation and proceedings paper for work completed in Year 1 was 
published before (Dhammi et al. 2017) and will be discussed again here for comparison purposes.   
 
The bacteria characterization in bollworms collected from conventional versus Widestrike cotton was restricted to 
bacteria internal to the caterpillars.  The insect surface was treated to remove any living bacteria and also any 
bacteria DNA.  Three methods (Fig. 1) were used to characterize the bacteria: Method I to determine the cultivable 
bacteria density (Year 1, see Dhammi et al. 2017; Year 2, see Materials and Methods); Method II used denaturing 
gradient gel electrophoresis (DGGE) to characterize bacteria species variability (Year 1 only; see Dhammi et al. 
2017); and Method III used Illumina sequencing as described in the Materials and Methods (Year 1 sample results 
reported here; Year 2 sample analysis not completed at the time of this report).   

 
Figure 1.  Three different methods were used to characterize the microbiome of 2nd to 3rd stadium bollworms, 
Helicoverpa zea, collected directly from the field from conventional (non-Bt) versus WideStrike (Bt) cotton. 
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Collection Sites for Bollworms from Conventional Versus WideStrike Cotton 
The location of the conventional (non-Bt) and WideStrike (Bt) cotton field sites in Year 1 is shown in Fig. 2, top 
(Dhammi et al. 2017).  Although the collection sites were in the same area, they were one field apart.  In Year 2, the 
collection sites were just a few rows apart (Fig. 2, bottom) to further control for any possible field to field variations 
other than cotton type that that might account for differences in the caterpillar microbiomes. 
 

 
 

 

 
Figure 2. Bollworm collection sites at the Upper Coastal Plain Research Station, Rocky Mount, NC (USA).  

Bollworms from conventional (non-Bt) cotton were collected from plot C15 in Year 1 (top map) and from plots 106 
and 309 (bottom) in Year 2. Bollworms from WideStrike were collected from plot C19 in Year 1 and from plots 112 

and 201 in Year 2.  
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Estimation of Cultivable Bacteria by TSA (Tryptic Soy + Agar) (Year 1) and PCA (Plate Count Agar) (Year 
2): Conventional (Non-Bt) Versus WideStrike (Bt) Cotton 
Comparison of the CFUs per insect in bollworms collected from conventional (non-Bt) versus WideStrike (Bt) 
cotton in Year 1 showed that the majority of bollworms from Bt cotton had a higher density of live bacteria as 
compared to their conventional counterparts (Fig. 3) (Dhammi et al. 2017). Bollworms on WideStike had a mean 
bacterial count (log 10 CFUs/insect) of 8.42 as compared to 5.85 (log 10 CFUs/insect) for conventional cotton, 
which is a 2.57 log (10) difference (Fig 4).  Comparison of the CFUs per insect in bollworms collected from 
conventional versus WideStrike cotton in Year 2 showed again that the bollworms from Bt cotton overall had a 
higher density of live bacteria as compared to their conventional (non-Bt) counterparts (Fig. 5).  Bollworms on 
WideStike had a mean bacterial count (log 10 CFUs/insect) of 5.36 as compared to 4.30 (log 10 CFUs/insect) for 
conventional (non-Bt) cotton (Fig 6).  For both Years 1 and 2, the bacterial count was higher for bollworms 
collected from Widestrike versus conventional cotton, even though in Year 2 the insect collections were much closer 
between the two cotton types (Fig. 2).    
 

 
Figure 3.  Prevalence of cultivable bacteria in bollworms from conventional (non-Bt) cotton (CF) versus WideStrike 

(WF) from the field in Year 1 (Fig. 2, top).  Each bar represents CFUs from a single larva.  Presented before by 
Dhammi et al. (2017). 

 

 
Figure 4. Mean prevalence of cultivable bacteria in bollworms from conventional (non-Bt) cotton (CF) versus 

WideStrike (Bt) cotton (WF) from the field in Year 1 (Fig. 2, top). 
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Figure 5.  Prevalence of cultivable bacteria in bollworms from conventional (non-Bt) cotton (CF) versus WideStrike 

(Bt) cotton (WF) from the field in Year 2 (Fig. 2, bottom).  Each bar represents CFUs from a single larva. 
 

 
Figure 6. Mean prevalence of cultivable bacteria in bollworms from conventional (non-Bt) cotton (CF) versus 

WideStrike (Bt) cotton (WF) from the field in Year 2 (Fig. 2, bottom). 
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Illumunia sequencing and microbiome analysis 
Previous characterization of bollworm microbiome diversity.  Dhammi et al. (2017) investigated the species 
composition of the bacterial community (species richness and evenness) for bollworms collected in Year 1 from the 
field as shown in Fig. 2 (top) using a DGGE analysis of the 16S rRNA gene products amplified by PCR (Fig. 7).  
Each band (OTU = bacterial species) represents at least one unique phylotype.  The richness of bacterial species in a 
sample in this analysis is reflected in the number of DGGE-DNA bands, the intensity of a band reflecting the 
relative abundance of the bacterial species.  This approach provides a rough estimation of the diversity of the 
bacterial communities but is not as precise as a sequencing approach to identify species.  This DGGE approach is 
less expensive and faster and is a reasonable first look at our samples before a more precise and costly sequencing 
method is conducted.   
 
Bollworms from the conventional cotton had 1-2 prominent bands and 4-6 weak bands in different replicates.  On 
the other hand, bollworms from WideStrike (Bt) cotton had 2-3 prominent bands but 10-12 weak bands.  Bollworms 
in Year 1 from WideStrike had a higher density of bacterial (discussed earlier) than conventional cotton.  Similar 
results were found in another study, where resistant Heliothis virescens had a higher bacterial diversity when fed on 
Bt cotton as compared to conventional (non-Bt) cotton (Dhammi et al. 2014). 
 

 
Figure 7.  DGGE profile of bacterial communities from bollworms from conventional (non-Bt) cotton (C1-3) versus 

WideStrike (Bt) cotton (BF1-BF3) collected from the field in Year 1 (Fig. 2, top).  Each lane represents a sample 
(one insect), and each band represents a possible single bacterial species.  Presented before by Dhammi et al. (2017). 
 
Illumina sequencing analysis (Method III).  Since the DGGE analysis of our bollworm samples from Year 1 
collections suggested a difference in bacteria diversity between conventional versus WideStrike cotton, this was a 
reasonable justification to conduct a more detailed analysis of species diversity of these same samples using a high 
throughput, Illumina sequencing approach.  The method is described in the Materials and Methods, Fig. 8 shows the 
general work flow for this analysis, and Fig. 9 shows the species diversity.  For some unknown reason, the 16S 
rRNA gene amplifications for these samples produced low amounts of PCR product.  In trouble shooting the 
problem, the low amplification levels seem to be specific to caterpillars collected from the field.  Because of this low 
product level from PCR, the number of sequences (operational taxonomic units, OTUs) obtained from Illumina 
sequencing was lower than what would be considered valid for microbiome characterization.  Since the analysis was 
conducted and the data available and since a similar analysis for Year 2 was in progress but not completed at the 
time of this report, we present the results obtained in Year 1 (Fig. 9).  Interestingly, we also are finding the same 
issue with amplification problems for Year 2 samples; we do not see any of these issues with genomic bacteria DNA 
from other sources including from other insects and chiggers, and we do not see this problem when we add 
exogenous bacteria genomic DNA to our caterpillar DNA.   
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Figure 8.  Method III (Fig. 1), outline of Illumina sequencing method used for characterization of the microbiome 
from bollworms from conventional versus WideStrike cotton.  See Materials and Methods for details of procedure. 

 

 
Figure 9.  Bacteria diversity determined by Illumina sequencing (Figs. 1 and 8; see Materials and Methods for 

details) for the internal microbiome for bollworms, Helicoverpa zea, collected from conventional (non-Bt) cotton 
versus WideStrike (Bt) cotton in Year 1 (Fig. 1, top). 
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WideStike versus conventional bollworm microbiome diversity by sequencing.  The microbiome diversity 
analysis by sequencing (Fig. 9) of bollworms collected directly from the field from conventional (non-Bt) versus 
WideStrike (Bt) cotton in Year 1 (Fig. 2, top) were consistent with the findings from the same collections analyzed 
by DGGE (Fig. 7).  The microbiome of bollworms from WideStrike was dominated by 2 Enterobacter spp. unlike 
that from conventional cotton (Fig. 9).  Overall bollworms were internally populated with common gut lepidopteran  

 

 
 

Enterobacter spp.  Because of the domination of two bacteria species in WideStrike bollworms and the low number 
of sequences obtained from the Illumina sequencing run, the level of diversity in WideStrike could not be fully 
assessed.  Our hypothesis is that the lack of other bacteria which were found by DGGE (Fig. 7) in the WideStrike 
bollworms but not in the same samples by Illumina sequencing (Fig. 9) resulted from the dominance of 
Enterobacter genus 1 and genus 2 bacteria and the low number of OTUs obtained for the latter.   

 
Conclusions and Future Directions 

 
In summary, greater bacteria density was found internally in 2nd-3rd stadium bollworms, Helicoverpa zea, collected 
from WideStrike (Bt) versus conventional (non-Bt) field cotton over two field seasons.  There was a difference  
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in microbial diversity between bollworms collected from WideStrike versus conventional cotton as determined by 
two different methods from samples analyzed in Year 1 of the project.  Bollworms from WideStrike were dominated 
by two Enterobacter spp. unlike that of conventional (non-Bt) bollworms.  When considering changes in caterpillar 
susceptibility to Bt and other toxins, differences in the microbiome should be considered.  The microbiome could be 
an important factor in the evolution of Bt toxin resistance in caterpillars, but also important, the microbiome could 
be a long-term solution to caterpillar control. 
 

Acknowledgements 
 

This work was funded by a grant from Cotton Inc. and supported by the NC Ag. Research Foundation.   
 

References 
 

Berticat, C., F. Rousset., M. Raymond, A. Berthomieu and M. Weill. 2002. High Wolbachia density in insecticide-
resistant mosquitoes. Proc. R. Soc. Lond. B. 269:1413-1416. 
 
Broderick, N. A., R. M. Goodman, J. Handelsman and K. F. Raffa. 2003. Effect of host diet and insect source on 
synergy of gypsy moth (Lepidoptera: Lymantriidae) mortality to Bacillus thuringiensis subsp. kurstaki by 
zwittermicin A. Environ. Entomol. 32:387-391. 
 
Cheng, D., Z. Guo, M. Riegler, Z. Xi, G. Liang and Y. Xu. 2017. Gut symbiont enhances insecticide resistance in a 
significant pest, the oriental fruit fly Bactrocera dorsalis (Hendel). Microbiome 5:13. 
 
Dada, N., M. Sheth, K. Liebman, J. Pinto and A. Lenhart. 2018. Whole metagenome sequencing reveals links 
between mosquito microbiota and insecticide resistance in malaria vectors. Scientific reports 8:2084. 
 
Dhammi, A., L Ponnusamy, M. Kakuman and R. M. Roe. 2014. Global analysis of the tobacco budworm-cotton 
microbiome. In Proceedings, Beltwide Cotton Conferences, New Orleans, Louisiana, January 6-8, 2014. Pages 895-
900. 
 
Dhammi, A., L. Ponnusamy, J. Zhu, G. Cave, R. M. Roe and R. W. Kurtz. 2017. Caterpillar, cotton pest protection 
and insect bioassay: Don’t forget the microbiome.  In Proceedings, Beltwide Cotton Conferences, Dallas, Texas, 
January 4-6, 2017. Pages 771-780. 
Domingo, J. W. S., M. G. Kaufman, M. J. Klug, W. E. Holben, D. Harris and J. M. Tiedje. 1998. Influence of diet 
on the structure and function of the bacterial hindgut community of crickets. Mol. Ecol. 7:761-767. 
  

5142019 Beltwide Cotton Conferences, New Orleans, LA, January 8-10, 2019



Gressel, J. 2018. Microbiome facilitated pest resistance: potential problems and uses. Pest Manag. Sci. 74:511-515. 
Hosokawa, T., Y. Kikuchi, N. Nikoh, M. Shimada and T. Fukatsu. 2006. Strict host-symbiont cospeciation and 
reductive genome evolution in insect gut bacteria. PLoS Biol. 4(10), e337. 
 
Huang, F., J. A. Qureshi, R. L. Meagher Jr, D. D. Reisig, G. P. Head, D. A. Andow, ... and F. Yang. 2014. Cry1F 
resistance in fall armyworm Spodoptera frugiperda: single gene versus pyramided Bt maize. PLoS One. 9: e112958. 
 
Jin, L., J. Wang, F. Guan, J. Zhang, S. Yu, S. Liu, Y. Xue, L. Li, S. Wu, X. Wang, Y. Yang, H. Abdelgaffar, J. L. 
Jurant-Fuentes, B. E. Tabashnik and Y. Wu.  2018.  Dominant point mutation in a tetraspanin gene associated with 
field-evolved resistance of cotton bollworm to transgenic Bt cotton. Proc. Natl. Acad. Sci. 115:11760-11765. 
 
Kikuchi, Y., M. Hayatsu, T. Hosokawa, A. Nagayama, K. Tago and T. Fukatsu. 2012. Symbiont-mediated 
insecticide resistance. Proc. Natl. Acad. Sci. 22:8618-8622. 
 
Kodama, R. and Y. Nakasuji. 1971. Further studies on the pathogenic mechanism of bacterial diseases in gnotobiotic 
silkworm larvae. IFO Res. Comm. 5:1-9. 
 
Manero, A. and A. R. Blanch. 1999. Identification of Enterococcus spp. with a biochemical key. Appl. Environ. 
Microbiol. 65:4425-4430. 
 
Oliver, K. M., N. A. Moran and M. S. Hunter. 2005. Variation in resistance to parasitism in aphids is due to 
symbionts not genotype. Proc. Nat. Acad. Sci. 102:12795-12800. 
 
Oppert, B., K. J. Kramer, R. W. Beeman, D. Johnson and W. H. McGaughey. 1997. Proteinase-mediated insect 
resistance to Bacillus thuringiensis toxins. J. Biol. Chem. 272:23473-23476. 
 
Ponnusamy, L., A. Gonzalez, W. Van Treuren, S. Weiss, C. M. Parobek, J. J. Juliano, ... and S. R. Meshnick. 2014. 
Diversity of Rickettsiales in the microbiome of the lone star tick, Amblyomma americanum. Appl. Environ. 
Microbiol. 80:354-359. 
 
Rajagopal, R. 2009. Beneficial interactions between insects and gut bacteria. Indian. J. Microbiol. 49:114-119. 
 
Reisig, D. D., A. S. Huseth, J. S. Bacheler, M.-Amir Aghaee, L. Braswell, H. J. Burrack, K. Flanders, J. K. Greene, 
D. A. Herbert, A. Jacobson, S. V. Paula-Moraes, P. Roberts and S. V. Taylor. 2018. Long term empirical and 
observational evidence of practical Helicoverpa zea resistance to cotton with pyramided Bt toxins. J. Econ. Entomol. 
111:1824-1833. 
 
Russel, J.A. and N. A. Moran. 2006. Costs and benefits of symbionts association in aphids: variation among 
symbionts and across temperatures. Proc. R. Soc. B. 273:603-610. 
 
Ryu, J. H., S. H Kim, H. Y. Lee, J. Y. Bai, Y. D. Nam, J. W. Bae, D. G. Lee, S. C. Shin, E. M. Ha and W. J. Lee. 
2008. Innate immune homeostasis by the homeobox gene caudal and commensal gut mutualism in Drosophila. 
Science 319:777-782. 
 
Tabashnik, B. E., T. Brévault and Y. Carrière. 2013. Insect resistance to Bt crops: lessons from the first billion acres. 
Nature biotechnol. 31:510-521. 
 
van Kretschmar, J. B., A. Dhammi and R. M. Roe. 2013.  New mechanism for Bt resistance in caterpillars. In 
Proceedings, Beltwide Cotton Conferences, San Antonio, Texas, January 7-10, 2013.  Pages 892-896. 
 
Wilson, G. R. and T. G. Benoit. 1993. Alkaline pH activated Bacillus thuringiensis spores. J. Invert. Pathol. 62:87-
89. 
 
  

5152019 Beltwide Cotton Conferences, New Orleans, LA, January 8-10, 2019



Xia. X., D. Zheng, H. Zhong, B. Qin, G. M. Gurr, L. Vasseur, H. Lin, J. Bai, W. He and M. You. 2013. DNA 
sequencing reveals the midgut microbiota of diamondback moth, Plutella xylostella (L.) and a possible relationship 
with insecticide resistance. PLoS One. 8:e68852.  
 
Zhang, M., J. Wei, X. Ni, J. Zhang, J. L. Jurat-Fuentes, J. A. Fabrick, Y. Carriere, B. E. Tabashnik and X. Li. 2018. 
Decreased Cry1Ac activation by midgut proteases associated with Cry1Ac resistance in Helicoverpa zea.  Pest 
Manag. Sci.  DOI 10.1002/ps.5224. 
 

5162019 Beltwide Cotton Conferences, New Orleans, LA, January 8-10, 2019



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Magnification /FitPage
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
  /PageLayout /SinglePage
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


