
Bacillus thuringiensis Cry34Ab1/Cry35Ab1 Interactions
with Western Corn Rootworm Midgut Membrane Binding
Sites
Huarong Li, Monica Olson, Gaofeng Lin, Timothy Hey, Sek Yee Tan, Kenneth E. Narva*

Dow AgroSciences LLC, Indianapolis, Indiana, United States of America

Abstract

Background: Bacillus thuringiensis (Bt) Cry34Ab1/Cry35Ab1 are binary insecticidal proteins that are co-expressed in
transgenic corn hybrids for control of western corn rootworm, Diabrotica virgifera virgifera LeConte. Bt crystal (Cry) proteins
with limited potential for field-relevant cross-resistance are used in combination, along with non-transgenic corn refuges, as
a strategy to delay development of resistant rootworm populations. Differences in insect midgut membrane binding site
interactions are one line of evidence that Bt protein mechanisms of action differ and that the probability of receptor-
mediated cross-resistance is low.

Methodology/Principal Findings: Binding site interactions were investigated between Cry34Ab1/Cry35Ab1 and
coleopteran active insecticidal proteins Cry3Aa, Cry6Aa, and Cry8Ba on western corn rootworm midgut brush border
membrane vesicles (BBMV). Competitive binding of radio-labeled proteins to western corn rootworm BBMV was used as a
measure of shared binding sites. Our work shows that 125I-Cry35Ab1 binds to rootworm BBMV, Cry34Ab1 enhances 125I-
Cry35Ab1 specific binding, and that 125I-Cry35Ab1 with or without unlabeled Cry34Ab1 does not share binding sites with
Cry3Aa, Cry6Aa, or Cry8Ba. Two primary lines of evidence presented here support the lack of shared binding sites between
Cry34Ab1/Cry35Ab1 and the aforementioned proteins: 1) No competitive binding to rootworm BBMV was observed for
competitor proteins when used in excess with 125I-Cry35Ab1 alone or combined with unlabeled Cry34Ab1, and 2) No
competitive binding to rootworm BBMV was observed for unlabeled Cry34Ab1 and Cry35Ab1, or a combination of the two,
when used in excess with 125I-Cry3Aa, or 125I-Cry8Ba.

Conclusions/Significance: Combining two or more insecticidal proteins active against the same target pest is one tactic to
delay the onset of resistance to either protein. We conclude that Cry34Ab1/Cry35Ab1 are compatible with Cry3Aa, Cry6Aa,
or Cry8Ba for deployment as insect resistance management pyramids for in-plant control of western corn rootworm.

Citation: Li H, Olson M, Lin G, Hey T, Tan SY, et al. (2013) Bacillus thuringiensis Cry34Ab1/Cry35Ab1 Interactions with Western Corn Rootworm Midgut Membrane
Binding Sites. PLoS ONE 8(1): e53079. doi:10.1371/journal.pone.0053079

Editor: Guy Smagghe, Ghent University, Belgium

Received June 1, 2012; Accepted November 23, 2012; Published January 4, 2013

Copyright: � 2013 Li et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors report no current external funding sources for this study.

Competing Interests: The authors are employed by Dow AgroSciences, LLC. Data and information related to this manuscript are disclosed in US provisional
patent applications 61/476005 and 61/477447, and published PCT patent applications WO/2011/133891 and WO/2011/133895 filed by Dow AgroSciences. This
does not alter the authors’ adherence to all the PLOS ONE policies on sharing data and materials.

* E-mail: knarva@dow.com

Introduction

Corn rootworms (Diabrotica species) are major insect pests of

maize in the United States Midwest Corn Belt. Twenty-five years

ago annual economic losses were estimated at US $1 billion [1]

and since then the acreage, yield, and price of maize have all

increased substantially, such that the current economic impact of

corn rootworm is likely to be much higher. Corn rootworm larvae

feed on the roots of developing corn plants, which impairs water

and nutrient uptake, results in corn lodging and reduced

harvestability, and ultimately reduces overall crop yield. Three

Diabrotica species are of primary agronomic importance in the

United States. These species are western corn rootworm, Diabrotica

virgifera virgifera LeConte, northern corn rootworm, Diabrotica barberi

Smith and Lawrence, and Mexican corn rootworm, Diabrotica

virgifera zeae [2].

Corn rootworm management practices include chemical

insecticides, crop rotation with soybeans and, more recently, in-

plant solutions based on Bacillus thuringiensis (Bt) crystal (Cry)

insecticidal proteins [3,4,5,6,7]. The ability to effectively control

field populations of Diabrotica spp. has been challenged by the

propensity of Diabrotica spp. to develop resistance or change

behavior and thereby overcome these crop protection practices.

Western corn rootworm has demonstrated the ability to develop

resistance to several chemical insecticides [8]. In recent years,

females of a soybean adapted population have developed the

behavior of laying eggs in soybean fields, thus reducing the

effectiveness of crop rotation [9,10]. As a result, Bt maize

expressing insecticidal proteins to control corn rootworm has

been rapidly adopted as an alternative technology for control of

Diabrotica spp. The first Bt maize product for control of corn

rootworms, based on Cry3Bb1, was deregulated in 2003 by the

US EPA [3]. A recent report from Gassmann et al. [11] describes
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field-derived populations of western corn rootworm that have

lower susceptibility to the Bt protein Cry3Bb1, raising concerns

over the possibility of western corn rootworm resistance to

Cry3Bb1 resulting from continued use of Cry3Bb1 as the sole

corn rootworm resistance trait.

Clearly, more robust approaches to insect resistance manage-

ment (IRM) are needed to protect the long-term durability of

rootworm control technology. For Bt maize, a strategy combining

highly effective insect control traits with a non-Bt maize refuge is

implemented in the USA as an approach to delay the evolution of

resistance to transgenic Bt crops [12,13]. The refuge strategy

requires nearby non-Bt crop refuge where the non-transgenic

isoline crop does not produce a Bt insecticidal protein. The refuge

provides unselected, susceptible insect populations that survive and

mate with potential Bt-resistant individuals from the Bt crop.

Refuges are thought to be more effective with increasing levels of

insect mortality caused by the Bt crop. To date, documented cases

of field-relevant Bt resistance are inherited as a recessive trait

(reviewed in [14]) and the heterozygous offspring are susceptible to

the Bt maize trait. Thus, the refuge is expected to delay the spread

of the resistance alleles in the population.

Another tactic to mitigate the development of Bt-resistant

insects is the concept of combining or pyramiding more than one

insect resistance gene in the same crop plant. Combining proteins

with independent mechanisms of action (MOA) will delay the

development of resistant insect populations because only individ-

uals that have acquired resistance to both MOAs will be resistant

to crop plants expressing the combined trait genes [15].

Insecticidal proteins compatible for insect resistance management

are those with distinct differences in their MOA that therefore

have a low probability of cross resistance.

Bt Cry proteins show highly specific activity against certain

insect species [16]. Bt Cry proteins intoxicate susceptible larvae by

targeting and disrupting the midgut epithelium. The MOA for

classical three-domain Cry proteins is well understood. The most

widely accepted model for Bt Cry protein mode of action proposes

sequential binding to insect midgut epithelial cells followed by pore

formation and cell lysis [17,18]. Mode I insect resistance to Bt Cry

proteins is characterized by reduced Cry protein binding, recessive

trait inheritance and several hundred fold resistance [19]. In

lepidopteran pests, genetic loci for resistance determinants that

map to loss of binding have been characterized as mutations in

receptors such as cadherins [14,20,21,22] and aminopeptidases

[23,24]. In Coleopteran insects, Cry3Aa has been shown to bind

metalloprotease in Leptinotarsa decemlineata [25] and cadherin in

Tenebrio molitor [26], while Cry7Ab3 was recently demonstrated to

bind cadherin in Henosepilachna vigintioctomaculata [27]. Further, a

novel cadherin gene was characterized in D. virgifera virgifera [28].

Therefore, insect brush border membrane vesicle (BBMV) binding

site interactions that infer different receptors can be used as one

criterion to select candidate Bt proteins for combination in IRM

pyramids.

Cry34Ab1/Cry35Ab1 proteins have been developed for in-

plant control of corn rootworms [5,29] and are marketed as

HerculexH RW traits, or in combination with the Cry1Fa

lepidopteran active Bt protein as HerculexH XTRA, in corn

hybrids derived from Dow AgroSciences event DAS-59122-7 [4].

Cry34Ab1 and Cry35Ab1 comprise a binary insecticidal protein

pair. These proteins are structurally different from classical three-

domain Cry proteins such as Cry3Aa [30]. In this report, we

provide evidence that Cry34Ab1/Cry35Ab1 do not share western

corn rootworm BBMV binding sites with Coleopteran-active Bt

proteins Cry3Aa, Cry6Aa [31,32] or Cry8Ba [33].

Materials and Methods

BBMV preparation
Insect midguts were isolated from third instar western corn

rootworm larvae. Brush border membrane vesicles (BBMV) were

prepared from the isolated midguts using the method of

Wolfersberger et al. [34]. Leucine aminopeptidase was used as a

marker of membrane proteins during BBMV preparation. Leucine

aminopeptidase activity in crude homogenates and BBMV

preparations were determined as previously described [35]. The

enrichment of Leucine aminopeptidase activity in BBMV prepa-

rations ranged from 10 to 15 fold relative to that in crude

homogenates. The final BBMV pellet was resuspended in 50%

diluted ice cold homogenate buffer (0.3 M Mannitol, 5 mM

EGTA, 17 mM Tris–HCl, pH 7.5). Total protein concentration

of the BBMV preparation was measured using the method of

Bradford [36]. BBMV preparations were snap frozen in liquid

nitrogen and stored at 280uC in 100 or 200 ml aliquots until use.

Full-length Cry protein preparation
Cry protein inclusion bodies produced from recombinant

Pseudomonas fluorescens clones MR1253 and MR1636 (expressing

Cry34Ab1 and Cry35Ab1 proteins, respectively) were resuspended

separately in 25 ml of 100 mM sodium citrate buffer, pH 3.0, in a

50-ml conical tube [29]. The tubes were placed on a gently

rocking platform at 4uC overnight to extract full-length Cry34Ab1

and Cry35Ab1 proteins. The extracts were centrifuged at 30,0006
g for 30 min at 4uC and supernatants containing full-length Cry

proteins were retained and stored at 4uC for later use.

Cry3Aa, Cry6Aa, and Cry8Ba protein inclusions from recom-

binant P. fluorescens strains MR832, DPf13032, and DPf159,

respectively, were resuspended in 100 mM sodium carbonate

buffer, pH 11.0 (for Cry3Aa), or in 50 mM CAPS [3-(cyclohex-

amino)1-propanesulfonic acid] buffer, pH 10.5 (for Cry6Aa and

Cry8Ba). Full-length Cry protoxins were extracted in the basic

buffer as described above and stored at 4uC for later use.

Protease activation of Cry protoxins
Full-length Cry35Ab1, Cry3Aa, and Cry8Ba were digested with

chymotrypsin (for Cry35Ab1) or trypsin (for Cry3Aa and Cry8Ba)

to generate active protein core fragments [37,38,39]. Solubilized

full-length Cry35Ab1 was incubated with bovine pancreatic

chymotrypsin (Sigma, St. Louis, MO) at 50:1 (w/w ratio = Cry

protein:enzyme) in 100 mM sodium citrate buffer, pH 3.0, at 4uC
with gentle shaking for 2–3 days. Full-length Cry3Aa and Cry8Ba

were incubated with bovine pancreatic trypsin (Sigma, St. Louis,

MO) at a 20:1 (w/w ratio = Cry protein:enzyme) in 100 mM

sodium carbonate buffer, pH 11.0 ( Cry3Aa), or 50 mM CAPS

buffer, pH 10.5 (Cry8Ba) at room temperature for 1–3 hours.

Complete proteolysis was confirmed by SDS-PAGE analysis. The

molecular masses of the full-length Cry35Ab1, Cry3Aa, and

Cry8Ba are approximately 44, 73, and 134 kDa, and their

chymotrypsin-resistant or trypsin-resistant cores were 40, 55, and

57 kDa, respectively. Activated Cry proteins were used for all

experiments in this study except for Cry34Ab1 and Cry6Aa which

were used as full-length proteins.

Purification of Cry proteins
Cry35Ab1, Cry3Aa, and Cry8Ba proteolytic polypeptides and

full-length Cry34Ab1 and Cry6Aa were purified as follows.

Protease digestion reactions were centrifuged at 30,0006 g for

30 min at 4uC to remove lipids, and the resulting supernatant was

concentrated by 5-fold using an Amicon Ultra regenerated

cellulose centrifugal filter device (10,000 Molecular Weight Cutoff;

Cry34Ab1/Cry35Ab1 Binding on Rootworm Midgut Sites
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Millipore). The sample buffers were then changed to 20 mM

sodium citrate buffer, pH 3.5, for Cry34Ab1 and Cry35Ab1, and

to 10 mM CAPS buffer, pH 10.5 for Cry3Aa, Cry6Aa, and

Cry8Ba by dialysis at 4uC overnight. The final volumes were

adjusted to 15–20 ml using the corresponding buffer for purifica-

tion using an ATKA Explorer liquid chromatography system

(Amersham Biosciences). For Cry35Ab1, buffer A was 20 mM

sodium citrate buffer, pH 3.5, and buffer B was 20 mM sodium

citrate buffer, pH 3.5, +1 M NaCl. A 5-ml HiTrap SP column

(GE Healthcare Life Sciences, GEHL) was used for chromatog-

raphy. After the column being equilibrated with buffer A, the

Cry35Ab1 solution was injected into the column at a flow rate of

5 ml/min. Elution was performed using gradient 0–100% of

buffer B at 5 ml/min with 1 ml per fraction. For Cry3Aa, Cry6Aa,

and Cry8Ba, buffer A was 10 mM CAPS, pH 10.5, and buffer B

was 10 mM CAPS, pH 10.5, +1 M NaCl. A 5-ml Capto Q

column (GEHL) was used and the all other procedures were

similar to that for Cry35Ab1. Column fractions containing target

proteins were visualized on SDS-PAGE gels and pooled. The

buffer was changed for the purified Cry35Ab1 chymotrypsin core

with 20 mM Bis-Tris, pH 6.0 [29] as described above by dialysis.

For the purified Cry3Aa, and Cry8Ba trypsin-resistant cores, and

full-length Cry6Aa, salt was removed by dialysis against 10 mM

CAPS, pH 10.5 at 4uC overnight. Full-length Cry34Ab1 solubi-

lized in acidic buffer was sufficiently pure for labeling and binding

assays. Protein samples were analyzed on SDS-PAGE and

quantified on a Typhoon imaging system (GEHL) with BSA as a

standard.

Iodination of Cry proteins
Prior to radio-labeling, non-radioactive iodination was con-

ducted to assess the impact of iodination on Cry protein

insecticidal activity. Full-length Cry34Ab1 and Cry6Aa, or

protease-activated Cry35Ab1 and Cry3Aa were iodinated using

NaI and PierceH Iodination Beads (Pierce Biotechnology) in

multiple 1,200-ml reactions each containing two iodination beads

and 2 mM NaI. Optimal buffers were determined to be 100 mM

Bis-Tris, pH 6.0 for Cry35Ab1, 100 mM sodium citrate, pH 5.0

for Cry34Ab1, and 100 mM phosphate buffer, pH 8.0 for Cry3Aa

and Cry6Aa. The concentration of these Cry proteins in

iodination reaction was 0.5 mg/ml, and the reaction time was

3 min with gentle shaking at room temperature for all the Cry

proteins except Cry34Ab1. Cry34Ab1 was iodinated for four

different time periods: 1, 2, 3, and 4 min to obtain four different

levels of iodination. The reactions were stopped by removing the

protein solutions from the beads. The iodination reaction buffers

were dialyzed against 20 mM sodium citrate, pH 3.5 for both

Cry34Ab1 and Cry35Ab1, and against 10 mM CAPS, pH 10.5

for the other proteins. Finally, after concentration using Amicon-

10 or 30 MW cutoff tubes, the iodinated Cry proteins were

analyzed by SDS-PAGE and quantified with BSA as a standard.

Intact mass analysis methodology [40] was utilized to confirm

incorporation of iodine into the proteins (data not shown). The

iodinated Cry proteins were stored at 4uC for biological activity

assays.

Bioassay
Native or iodinated Cry34Ab1, Cry35Ab1, Cry3Aa, and

Cry6Aa were tested in overlay diet feeding assays to determine

whether iodination affected biological activity against western corn

rootworm neonates. Western corn rootworm eggs were received

from Crop Characteristics, Inc. (MN). The bioassays were

conducted in 24-well titer plates (BioQuip Products, Inc., CA)

for Cry34/35Ab1 and Cry6Aa or 128-well plastic trays (C-D

International, NJ) for Cry3Aa. Each well contained 1.5 mL of

Dow AgroSciences proprietary corn rootworm diet. A 60–80-mL

aliquot of aqueous solubilized proteins or control solution was

delivered onto the diet surface of each well as needed to meet

desired dose (mg/cm2). Four to 8 wells were treated per sample.

Combinations of native and iodinated proteins of Cry34Ab1 full

length/Cry35Ab1 chymotrypsin-resistant core, Cry6Aa full

length, and Cry3Aa trypsin-resistant core were tested at 50/50,

100, and 400 mg/cm2, respectively. For controls, 20 mM sodium

citrate pH 3.5 and 10 mM CAPS pH 10.5 buffers were used. The

treated samples were air dried and then covered with breathable

lids (Diversified Biotech, MA, or C-D International). Within 24–

48 hours of egg hatching, individual larvae were picked up with a

natural hair paintbrush and deposited on the treated diet surface,

2–5 larvae per well. The bioassays were held under controlled

environmental conditions (28uC, 40–60% RH, 16:8 [L:D]

photoperiod). After 5 days, the number of live and dead insects,

as well as the pool weights of surviving insects were recorded. The

assays were replicated 3–4 times. Data were grouped by toxin and

corresponding buffer and analyzed using JMPH Pro 9.0.1 (2010

SAS Institute Inc.). Statistical analyses on the mortality count data

and larval weights were performed by contingency analysis (Chi-

square Likelihood Ratio test) and analysis of variance (ANOVA)

with a means comparison (Tukey Kramer HSD), respectively.

125I-labeling of Cry proteins
Purified full-length Cry34Ab1 and Cry6Aa, chymotrypsinized

Cry35Ab1, and trypsinized Cry3Aa and Cry8Ba, were labeled

using 125I for specific and competition binding assays with PierceH
Iodination Beads (Pierce Biotechnology) and Na125I (PerkinElmer,

MA). The labeling was conducted in a 100-ml reaction volume for

all these proteins using the similar procedures described for

iodination. 125I-labeled Cry proteins were separated from free

Na125I in the solution using a desalting column (Pierce Biotech-

nology) and kept at 4uC in the labeling buffer. The radioactivity in

1-ml protein solution was measured with a COBRAII Auto-

Gamma counter (Perkin Elmer/Packard, Waltham, MA) to

estimate specific radioactivity. The specific radioactivity of the

iodinated Cry proteins was typically 1–5 mCi/mg.

Binding assays
Specific binding assays were performed using 125I-labeled Cry

proteins as described previously [41]. To determine specific

binding and estimate the binding affinity (disassociation constant,

Kd) and binding site concentration (Bmax) of Cry35Ab1 and the

competitor protein Cry3Aa to the insect BBMV, a series of

increasing concentrations of either 125I-Cry35Ab1 or 125I-Cry3Aa

were incubated with a given concentration (0.1 mg/ml) of the

insect BBMV in 150 ml of 20 mM Bis-Tris, pH 6.0, 100 mM KCl,

supplemented with 0.1% BSA at room temperature for 60 min

with gentle shaking. Cry protein bound to the BBMV was

separated from free protein in the suspension by centrifugation at

12,0006g at room temperature for 8 min. The pellet was washed

twice with 900 ml of ice-cold the same buffer containing 0.1%

BSA. The radioactivity remaining in the pellet was measured with

a COBRAII Auto-Gamma counter (Perkin Elmer/Packard,

Waltham, MA) and considered total binding. Another series of

binding reactions were set up side-by-side, and a 500–1,000-fold

excess of unlabeled corresponding Cry protein was included in

each of the binding reactions to fully occupy all specific binding

sites on the BBMV; this was a measure of non-specific binding.

Specific binding was estimated by subtracting the non-specific

binding from the total binding. The Kd and Bmax values of these

Cry proteins were estimated using the specific binding against the

Cry34Ab1/Cry35Ab1 Binding on Rootworm Midgut Sites
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concentrations of the labeled Cry protein used by running

GraphPad Prism 5.01 (GraphPad Software, San Diego, CA).

The charts were made using either Microsoft Excel or GraphPad

Prism programs. The experiments were replicated at least three

times. Specific binding assays for 125I-Cry6Aa and 125I-Cry8Ba on

western corn rootworm BBMV were conducted, and then the two

binding parameters (Kd and Bmax) were calculated. Since

Cry34Ab1 and Cry35Ab1 function together, the specific binding

of 125I-Cry35Ab1 was also tested in the presence of Cry34Ab1 at

the molar ratio of 50:1 (Cry34A1:125I-Cry35Ab1). The molar ratio

of 50:1 (Cry34Ab1:125I-Cry35Ab1) was used to ensure the

maximum effect of Cry34Ab1 on specific binding of 125I-

Cry35Ab1. Specific binding assay of 125I-Cry34Ab1 was attempt-

ed but no specific binding was observed (data not shown).

Competition binding assays
Competition binding assays were conducted to determine if

Cry35Ab1 and competitor proteins Cry3Aa, Cry6Aa, and Cry8Ba

share binding sites on western corn rootworm gut membrane. For

homologous competition binding assays of Cry35Ab1 and

Cry3Aa, increasing amounts (0 to 1,000 nM) of unlabeled

Cry35Ab1 or Cry3Aa were first mixed with 5 nM labeled

Cry35Ab1 or Cry3Aa, and then incubated with the BBMV at

0.1 mg/ml in 150 ml of 20 mM Bis-Tris, pH 6.0, 100 mM KCl,

supplemented with 0.1% BSA at room temperature for 60 min.

The percentages of 125I-Cry35Ab1 or 125I-Cry3Aa bound to the

BBMV were determined for each of the reactions as compared to

their initial specific binding in the absence of unlabeled

competitors. Similarly, homologous competition binding of 125I-

Cry35Ab1 was assayed in the presence of unlabeled Cry34Ab1 at

250 nM (a molar ratio of 50:1 = 250-nM Cry34Ab1:5-nM 125I-

Cry35Ab1). In addition, homologous competition binding assays

for Cry6Aa, and Cry8Ba were also performed in the same buffer

(20 mM Bis-Tris, pH 6.0, 100 mM KCl, supplemented with 0.1%

BSA) as described above.

Heterologous competition binding assays between 125I-Cry3Aa

and unlabeled Cry34Ab1, unlabeled Cry35Ab1 alone, or unla-

beled Cry35Ab1+Cry34Ab1 were performed to determine if

Cry34Ab1 and Cry35Ab1 share binding sites with Cry3Aa. Before

we optimized the ratio of Cry34Ab1 and Cry35Ab1 for maximum

binding of Cry35Ab1, a 1:3 molar ratio (Cry35Ab1:Cry34Ab1)

was used to compete with labeled Cry3Aa because a 1:3 molar

ratio is typically used in bioassays to measure mortality of

Cry34Ab1/Cry35Ab1. In optimization studies a 1:20 molar ratio

of Cry35Ab1:Cry34Ab1 resulted in maximum binding of

Cry35Ab1. Cry35Ab1 binding did not further increase with

further increased amounts of Cry34Ab1 (data not shown). To

ensure enough Cry34Ab1 was present in the reaction to facilitate

Cry35Ab1 binding a 1:50 molar ratio of Cry35Ab1/Cry34Ab1

was used in subsequent experiments. The heterologous competi-

tion binding assay was conducted with increasing amounts of

unlabeled Cry34Ab1, unlabeled Cry35Ab1 alone, or the

Cry35Ab1+Cry34Ab1 mixture. The experiments were replicated

at least three times. Reciprocal heterologous competition binding

assays were also performed using 125I-Cry35Ab1 alone or the

mixture of 5-nM 125I-Cry35Ab1 and 250-nM unlabeled

Cry34Ab1 (1:50 molar ratio) with unlabeled Cry3Aa as a

competitor. Similarly, heterologous competition binding assays

between Cry35Ab1 alone or the mixture of Cry35Ab1 and

Cry34Ab1 at a 1:50 molar ratio (Cry35Ab1:Cry34Ab1) with

Cry6Aa, or Cry8Ba were performed separately.

Results and Analyses

Effect of iodination on Cry proteins
The effect of iodination on Cry protein biological activity was

ascertained (Table 1). On SDS-PAGE gels iodinated Cry35Ab1

migrated as a single band relatively free of contaminant proteins

Figure 1. Effect of iodination on stability of Cry proteins. (A) Autoradiograph of 125I-labeled Cry35Ab1, 125I-Cry3Aa and 125I-Cry6Aa. Cry35Ab1
chymotrypsin-resistant core was the product of chymotrypsin digestion and Cry35Ab1 recombinant core was expressed in Pseudomonas fluorescens.
Proteins were labeled with different levels of 125I as indicated (mCi/mg protein). (B) SDS-PAGE of native and nonradio-iodinated Cry35Ab1, Cry34Ab1,
Cry6Aa and Cry3Aa. Cry and I-Cry represent native and iodinated forms of Cry proteins. Cry34Ab1 was iodinated for 1, 2, 3, or 4 min, all of which
showed lack of activity in diet bioassays on western corn rootworm larvae.
doi:10.1371/journal.pone.0053079.g001
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Table 1. Mean percent mortality and larval weight (6 SE) of the D. virgifera virgifera when exposed to native and iodinated
Cry34Ab1/35Ab1, Cry6Aa and Cry3Aa for 5 days on overlay diet bioassay.

Cry toxinsa Concentration (mg/cm2) % Mortalityb Larval weight (mg)b

Cry34Ab1/35Ab1 50/50 91.063.7A 0.0260.01D

Cry34Ab1i/35 Ab1 50/50 34.765.0B 0.1960.02C

Cry34Ab1/35Ab1i 50/50 89.462.8A 0.0460.02D

Cry34AB1i/35Ab1i 50/50 11.563.8C 0.2860.03B

20 mM Na citrate pH 3.5 buffer 0 16.465.5C 0.4260.01A

Cry6Aa 100 97.561.4A 0.00360.003B

Cry6Aa i 100 87.061.4B 0.0660.02B

10 mM CAPS pH 10.5 buffer 0 3.961.3C 0.4260.03A

Cry3Aa1 400 35.9616.6A 0.1360.01C

Cry3Aa1i 400 4.562.2B 0.4160.02B

10 mM CAPS pH 10.5 buffer 0 2.162.1B 0.7160.06A

aCry protein followed by the letter (i) denotes that the protein was iodinated. Unlabelled Cry proteins were in native form. Cry34/35Ab1 was comprised of full length
Cry34Ab1 and Cry35Ab1 chymotrypsin-resistant core, whereas full length Cry6Aa and Cry3Aa1 trypsin-resistant core were used.
bFor each Cry protein, means followed by the same letter within the column are not significantly different at Pr = 0.05. For statistical analysis data were grouped by Cry
protein and corresponding buffer. Statistical analysis on the mortality count data was performed using Chi-square Likelihood Ratio test. Analysis of variance (ANOVA)
with means comparison was conducted using Tukey-Kramer HSD test on larval weight data (4 replications, n = 20). For Cry3A, similar statistical analyses were used
except there were 3 replications, n = 16.
doi:10.1371/journal.pone.0053079.t001

Figure 2. Specific binding of 125I-labeled Cry35Ab1, Cry3Aa, Cry6Aa and Cry8Ba. (A) Specific binding of 125I-Cry35Ab1 (chymotrypsin-
resistant core) alone or in the presence of Cry34Ab1 (1:50 molar ratio of 125I-Cry35Ab1:Cry34Ab1 across all concentrations tested), and (B) Specific
binding of 125I-Cry3Aa (trypsin-resistant core), 125I-Cry6Aa (full length), and 125I-Cry8Ba (trypsin-resistant core) as a function of input radiolabeled Cry
proteins to BBMV at 0.1 mg/ml.
doi:10.1371/journal.pone.0053079.g002
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(Fig. 1A and 1B) and iodination did not affect biological activity of

Cry35Ab1. However, iodination of Cry34Ab1 drastically reduced

activity of the binary insecticidal protein in the presence of native

or iodinated Cry35Ab1. Interestingly, a proportion of iodinated

Cry34Ab1 was in the form of dimers with a molecular size of

approximately 28 kDa (Fig. 1B). Dimers of approximately

108 kDa were observed in both native and iodinated preparations

of Cry6Aa (Fig. 1B). Cry6Aa monomers and dimers were able to

be radio-iodinated as indicated in Fig. 1A. Mortality of iodinated

Cry6Aa treatment was only slightly reduced and larval weight was

similar to native Cry6Aa. Iodinated Cry3Aa migrated as a single

band relatively free of contaminant proteins. Mortality for

iodinated Cry3Aa treatment was significantly reduced but

biological activity was not completely abolished as indicated by

the reduction in larval weights for iodinated Cry3Aa.

Native, unlabelled Cry34Ab1 binds to distinct BBMV proteins

on ligand blots (data not shown). However, because Cry34Ab1 was

inactivated by iodination we were unable to measure 125I-

Cry34Ab1 specific binding to western corn rootworm BBMV.

Further attempts to detect Cry34Ab1 specific binding using

proteins labeled with fluorescein-5-maleimide via engineered

cysteine residues at the Cry34Ab1 N-terminus or C-terminus

were also unsuccessful.

Specific binding of Cry35Ab1
In either the presence or absence of unlabeled Cry34Ab1 (1:50

molar ratio = 125I-Cry35Ab1:Cry34Ab1), radio-labeled Cry35Ab1

exhibited specific binding to western corn rootworm BBMV

(Fig. 2A). In the absence of Cry34Ab1, the dissociation constant

(Kd) of 125I-Cry35Ab1 was 11.66611.44 nM, and the Bmax was

0.7860.46 pmol/mg BBMV, indicating a low level of specific

binding. However, the binding of 125I-Cry35Ab1 increased over

10-fold in the presence of Cry34Ab1, indicating that Cry34Ab1

facilitated binding of Cry35Ab1. In the presence of Cry34Ab1, the

specific binding of 125I-Cry35Ab1 accounted for most of the total

binding of 125I-Cry35Ab1, i.e., non-specific binding was relatively

low by comparison to Cry35Ab1 alone (data not shown). In this

case the Kd and Bmax values could not be calculated because

specific binding was not saturated when Cry34Ab1 was included

in the binding reaction. These data indicate that Cry34Ab1

facilitates the binding of Cry35Ab1 to western corn rootworm

BBMV and the specific binding of Cry35Ab1 alone may be not

significant when compared to that in the presence of Cry34Ab1.

Specific binding of Cry3Aa, Cry6Aa, and Cry8Ba
125I-Cry3Aa showed specific binding to western corn rootworm

BBMV, with a dissociation constant (Kd) of 24.069.76 and

binding site concentrations (Bmax) of 21.9765.99 (Fig. 2B). These

Figure 3. Cry34Ab1/Cry35Ab1 competition binding with Cry proteins. (A) Competition binding between 125I-Cry35Ab1 in the absence of
Cry34Ab1 and unlabeled Cry35Ab1, Cry3Aa, or Cry6Aa. (B) Competition binding between 125I-Cry35Ab1 in the presence of 250 nM Cry34Ab1 and
unlabeled Cry35Ab1, Cry3Aa, Cry6Aa or Cry8Ba. The data for homologous competition between labeled and unlabeled Cry35Ab1 in panel B were an
average of 9 replicates (3 replicates for 3 independent experiments); all other data were the average of triplicate assays. The concentration of western
corn rootworm BBMV was 0.1 mg/ml. The concentration of 125I-Cry protein was 5 nM, and the increasing concentrations of the unlabeled
competitors were indicated. Error bars represent standard deviation.
doi:10.1371/journal.pone.0053079.g003
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Kd and Bmax values could be slightly different if the specific

binding were fully saturated. The specific binding of full-length

Cry6Aa was calculated to have a Kd value of 6.5162.95 nM and

a Bmax value of 2.3860.51 pmol/mg BBMV (Fig. 2B). Both the

binding affinity and binding site concentration are higher than

those of Cry35Ab1 alone. Specific binding of Cry8Ba was detected

as well and the binding affinity was higher than all other Cry

proteins tested with a Kd = 2.1361.06 nM, but the binding

capacity was 1.8460.31 pmol/mg BBMV, a moderate level

among the proteins tested (Fig. 2B).

Competition binding between Cry34Ab1/Cry35Ab1 and
Cry3Aa, Cry6Aa, or Cry8Ba

Homologous competition of 125I-Cry35Ab1 was demonstrated

in the absence or presence of Cry34Ab1. Cry3Aa and Cry6Aa did

not compete for 125I-Cry35Ab1 binding in the absence (Fig. 3A) or

presence (Fig. 3B) of unlabeled Cry34Ab1. Cry8Ba did not

compete for 125I-Cry35Ab1 binding in the presence of unlabeled

Cry34Ab1 (Fig. 3B). In a reciprocal competition binding

experiment, we observed homologous competition when the

molar concentration of Cry3Aa was increased to 5 nM (equal to
125I-Cry3Aa) (Fig. 4A). However, neither Cry35Ab1 nor

Cry34Ab1 alone nor the mixture of Cry35Ab1+Cry34Ab1 (1:3

molar ratio), competed for 125I-Cry3Aa binding (Fig. 4A).

Similarly, we observed homologous competition between 125I-

Cry8Ba and unlabeled Cry8Ba when the concentration of

unlabeled Cry8Ba was increased to 100 nM (equivalent to 20

fold excess of 125I-Cry8Ba). However, unlabeled Cry35Ab1 did

not compete for 125I-Cry8Ba binding (Fig. 4B). These data suggest

that Cry34Ab1, Cry35Ab1, and their mixture (Cry34Ab1/

Cry35Ab1) do not share binding sites with Cry3Aa, Cry6Aa or

Cry8Ba.

Discussion and Conclusions

Sustainable in-plant control of Diabrotica spp. depends on

innovation and robust IRM plans to prevent or delay the

development of resistant insect populations. In the United States,

refuges are required for Bt maize [12], which are expected to be

more effective when planted along with Bt maize that causes high

levels of insect mortality. This approach to IRM is known as the

‘‘high dose/refuge’ strategy. Pyramided Bt traits are expected to

dramatically delay the development of resistant insect populations

and provide a theoretical basis for reduced refuge size [15]. Bt

proteins active against corn rootworms, e.g. Cry34Ab1/Cry35Ab1

[5,29], mCry3Aa [7], Cry3Bb1 [6] and several other candidate

Cry proteins, e.g. Cry6Aa [31,32], Cry8Ba [33], along with new

technology such as RNAi [42] provide options to develop corn

varieties with pyramided insect resistance traits.

The concept of pyramiding Bt proteins to mitigate the

development of resistant insect populations requires that the

proteins do not share a common high-level resistance mechanism

in the insect pest. Mode 1 resistance to Cry proteins, the most

common type of insect resistance to Bts, is characterized by

recessive inheritance and reduced Cry protein binding to midgut

receptors [14,19]. Determination of interactions on insect midgut

membranes is one measure of whether two proteins share a

common binding site, and are therefore compatible when

combined as pyramided insect resistance traits.

The present study focused on the assessment of the potential for

receptor mediated cross resistance by measuring binding site

interactions on western corn rootworm midgut BBMV. For the

binary insecticidal proteins Cry34Ab1/Cry35Ab1 we successfully

radiolabeled Cry35Ab1 by iodination as a reagent for BBMV

binding studies. However, iodination of Cry34Ab1 abolished the

biological activity of this protein and specific binding of 125I-

Cry34Ab1 to BBMVs was not detectable even though native

Cry34Ab1 binds distinct BBMV protein bands on ligand blots

(data not shown).

As a first step toward understanding Cry34Ab1/Cry35Ab1

binding interactions we demonstrated 125I-Cry35Ab1 specific

binding to sites on western corn rootworm BBMV. Interestingly,

unlabeled Cry34Ab1 facilitated Cry35Ab1 binding in what seems

to be a cooperative manner (Figure 2A). This observation is

consistent with the need for both proteins to attain full membrane

permeabilization and insecticidal activity [29,37]. Cry34Ab1/

Cry35Ab1 cooperative binding is reminiscent of a report showing

enhanced membrane binding between the B. spharaericus binary

toxin components BinA and BinB on Anopheles gambiae brush

border membrane fragments [43]. Mechanistically, enhanced

Cry35Ab1 binding in the presence of unlabeled Cry34Ab1 might

reflect Cry35Ab1 binding to a Cry34Ab1/BBMV complex or,

alternatively, binding of a Cry34Ab1/Cry35Ab1 complex to

specific BBMV sites.

Our next objective was to determine binding site interactions

between Cry34Ab1/Cry35Ab1 and other corn rootworm-active

proteins in assays using 125I-Cry35Ab1. Two lines of evidence

presented here support the lack of shared binding sites for

Cry34Ab1/Cry35Ab1 and Cry3Aa, Cry6Aa or Cry8Ba: 1) No

competitive binding to rootworm BBMV was observed for

competitor proteins when used in excess with 125I-Cry35Ab1

alone or combined with unlabeled Cry34Ab1, and 2) No

competitive binding to rootworm BBMV was observed for

unlabeled Cry34Ab1 and Cry35Ab1, or a combination of the

Figure 4. Competition binding between unlabeled Cry34Ab1/
35Ab1 and 125I-labeled other Cry proteins. (A) for 125I-Cry3Aa and
(B) for 125I-Cry8Ba. The concentration of western corn rootworm BBMV
was 0.1 mg/ml. The concentration of 125I-Cry protein was 5 nM.
Increasing concentrations of the unlabeled competitors are indicated.
Error bars represent standard deviation.
doi:10.1371/journal.pone.0053079.g004
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two, when used in excess with 125I-Cry3Aa or 125I-Cry8Ba. These

results indicate that midgut receptors involved in the mechanism

of action differ between Cry34Ab1/Cry35Ab1 and the other

proteins, and therefore suggest a low likelihood of receptor-

mediated cross resistance between Cry34Ab1/Cry35Ab1 and the

other Cry proteins examined in this study.

From both functional and structural perspectives Cry34Ab1/

Cry35Ab1 are unique among the known Cry proteins active on

western corn rootworm. In addition to the membrane interactions

presented here, the primary sequence and three dimensional

crystal structures of Cry34Ab1 and Cry35Ab1 differ from the

other proteins tested [44,45,46]. Therefore, we conclude that

Cry34Ab1/Cry35Ab1 are compatible with one or more insect

resistance proteins selected from Cry3Aa, Cry6Aa or Cry8Ba for

new IRM pyramids for in-plant control of western corn rootworm.

Consistent with this conclusion, Gassmann et al. (2011) recently

demonstrated that field-derived western corn rootworm popula-

tions with reduced susceptibility to Cry3Bb1 corn, showed

unchanged susceptibility to Cry34Ab1/Cry35Ab1 proteins [11].

In summary, this study provides the first evidence for

Cry34Ab1/Cry35Ab1 specific binding sites on western corn

rootworm BBMV, enhanced specific binding of Cry35Ab1 by

Cry34Ab1, and that Cry34Ab1/Cry35Ab1 binding sites are

independent from binding sites for Cry3Aa, Cry6Aa, and Cry8Ba.

These data along with the unique protein structures of Cry34Ab1/

Cry35Ab1 suggest a different mechanism of action for Cry34Ab1/

Cry35Ab1 that enables several possibilities for new Bt combina-

tions for pyramided traits targeting western corn rootworm.
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