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Agriculture has suffered enormous changes since the first human attempts to domesticate plants
to obtain productive varieties which could become a constant source of food. Many developments have
shaped current agricultural systems, especially those that led to extensive industrial monocultures.
Concurrently with those, there are numerous other types of small scale agricultural systems with an
important social and economic impact.

The development of ecosystems with scarce plant varieties has favored the presence of specialized
phytophagous that have evolved and adapted to plant species used in agriculture. Pest species
share some biological traits, such as short generation cycles and large offsprings. Improvements in
agriculture have led to a high production efficiency and the control of pests through different strategies.
Modern agriculture seeks to evolve to more environmentally-friendly systems with little environmental
impact and accessible to developing countries.

The strategy of pest control based on the use of specific pathogenic microorganisms was already
developed at the beginning of the XX century, though its extended commercial use was not achieved
until relatively recently, with public awareness of the problems caused by the use of chemical
synthetic insecticides.

One of the most successful agents, because of its environmental friendly properties, is the
pesticides based on the Gram-positive bacterium Bacillus thuringiensis. This bacterium produces protein
inclusions during sporulation, known as crystals, which are toxic to some insects and nematodes.
The proteins in the parasporal crystal are called Cry proteins, or Bt toxins, and are the active ingredient
of B. thuringiensis based insecticides. Each Cry protein has a very specific spectrum of action against a
few insect species and, therefore, each one is suitable for the control of a determined number of pest
insects. Several of these proteins have been expressed in different plants of commercial interest (the so
called Bt crops), which become protected from the target pests. The current challenge for Bt crops is to
maintain their success with strategies aimed at increasing their efficacy and broadening their spectrum
of action while, at the same time, preventing the evolution of resistant populations.

Most of the Bt toxins used so far belong to the so called three-domain toxins (3D-toxins), because
they have three well differentiated domains in their structure. The mode of action of these proteins
has been studied for a long time, but all the steps involved are not yet fully understood. A key step
leading to their specificity is the binding to receptors in the midgut of the target insects. Changes in
these receptors may lead to insect resistance to all Cry proteins that share them as binding targets,
conferring cross-resistance. Thus, the study of other toxins present in this bacterial species, such as
those produced in the vegetative phase (called Cry1I and Vip3), is of interest to complement or replace,
in the future, those that are currently in widespread use.

Lepidoptera species control has been a main target for these proteins, but other types of insects,
such as Coleoptera, are drawing more attention because of their strong economic impact. In fact,
several studies with Bt proteins toxic to Coleoptera are being carried out with 3D-toxins (i.e., Cry3),

Toxins 2017, 9, 396 1 www.mdpi.com/journal/toxins



Toxins 2017, 9, 396

with dual toxic proteins in Lepidoptera/Coleoptera, (i.e., Cry1I) and with novel binary proteins
(i.e., Cry34/Cry35). In these cases, studies on beneficial insects are even more urgent due to the
abundant non-pest Coleopteran species that occur in soil ecosystems.

In the following articles, you can find a brief synopsis of a review and ten research papers that
make up this special issue entitled “The Insecticidal Bacterial Toxins in Modern Agriculture”.

The screening and characterization of new B. thuringiensis strains is described by Djenane et al. [1],
by characterizing 157 isolates. Most of them (99%) were shown to have antifungal activity with
endochitinase and exochitinase genes, whereas only very few isolates (30%) showed antibacterial
activity. Several shapes of parasporal crystals were observed within the 50% of isolates harboring cry1,
cry2, or cry9 genes. Moreover, 70% of isolates contained a vip3 gene, suggesting that they could have a
wide range of entomotoxic activity.

The accumulation of Cry proteins in the parasporal crystal has been reviewed by Adalat et al. [2].
The crystal form is important to the stability of the proteins in adverse conditions and for long duration.
Dense protein accumulation in the crystal has been attributed to the C-terminal end of the 135 kDa
Cry proteins, but other proteins have different sizes. The authors studied the genomic organization
of several Cry proteins, some of the scarcely studied, and the necessity of helper proteins or other
factors for crystallization. These data provide the bases for Cry classification on the ground on their
requirements for crystallization.

Vip3A toxins are one of the types of secretable proteins from B. thuringiensis (they do not
accumulate in the crystal) whose mode of action is even much more poorly understood than the
best studied Cry proteins. Vip3A proteins are some of the new toxins implemented on transgenic
crops, such as cotton and corn. Bel et al. [3] analyzed the Vip3Aa processing by trypsin and midgut
juice, showing that the apparent early degradation of this protein at high concentration of proteases
observed by SDS-PAGE is an experimental artifact. This study also confirms that the activated Vip3Aa
indeed consists of two polypeptides; one is the N-terminal 20 kDa fragment and the other the 66 kDa
C-terminus, which are retained together. Both are extremely resistant to proteases. The data suggested
a cluster of beta sheets in the C-terminal region as the basis for the high stability of the 66 kDa core
to proteases.

To delay the evolution of resistance to Bt crops it is important that the inheritance of resistance is
recessive and that it is associated to fitness costs. Determination of a pest baseline susceptibility and
of its resistance genetic basis to a pesticide is key for its implementation and for an early resistance
detection. Wang et al. [4] reported data for a Cry1Ie highly resistant (>800-fold) strain of the Asian
corn borer, Ostrinia furnacalis, based on transgenic maize experiments. The genetic basis was nearly
recessive when using maize leaf tissue, but nearly dominant when using maize silk. The resistance
was controlled by more than one locus, but it did not conferred cross-resistance to Cry1Ab, Cry1Ac,
Cry1F, and Cry1Ah, suggesting that Cry1Ie would be an appropriate candidate for co-expression
with other genes currently in use in Bt maize. In other experiments, Wei et al. [5] analyzed Vip3A,
one of the new toxins implemented on transgenic cotton, which it is expanding in China before of
the use of Cry1Ac and Cry2Aa cotton. They tested the susceptibility of 12 populations of the cotton
bollworm Helicoverpa armigera, obtaining a 25-fold range of natural variation. The results showed no
cross-resistance in four Cry1Ac and Cry2Aa resistant populations indicating that Vip3A is a good
alternative for the Cry proteins. In another paper, Paolino and Gassmann [6] analyzed two strains
of the coleopteran Diabrotica virgifera virgifera (Western Corn Rootworm, WCR) with field-evolved
resistance to Cry3Bb1 maize. Using plant-based and diet-based bioassays, the authors revealed that
the inheritance of resistance was non-recessive and had no fitness costs associated. These findings
highlight the potential for the rapid evolution of resistance to Cry3Bb1 and indicate the necessity of
improvement of resistance management strategies for this pest.

Non-3D Cry proteins are still far from having a deep understanding of their mode of action.
In fact, only few papers have dealt with the binary toxin Cry34Ab/Cry35Ab, already implemented
in transgenic plants to control the WCR. Bowling et al. [7] studied its specific effects on cells
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and tissues using high-resolution resin-based histopathology methods. In addition, the effects of
other toxins—such as Cry3Aa1, Cry6Aa1, and the Photorhabdus toxin complex protein TcdA—were
documented. Clear symptoms of intoxication were observed for all insecticidal proteins tested,
including swelling and sloughing of enterocytes, constriction of midgut circular muscles, stem cell
activation, and obstruction of the midgut lumen. On the other hand, Wang et al. [8] analyzed by
RNAseq the changes in gene expression profiles after ingestion of the Cry34Ab/Cry35Ab and their
isolated components and the group. Most of the genes that showed differences in expression have
no significant hits in the NCBI nr database, but some of them were associated with binding and
catalytic activity.

The study of the mechanisms of resistance are key to avoid or delay resistance. Pauchet et al. [9]
reported data about the poplar beetle pest, Chrysomela tremula, with a population resistant to Cry3Aa.
The resistance was controlled by a single autosomal locus, and the transcriptome data and cell analyses
pointed to a gene from the ABC transporter family as a candidate resistance gene, and its protein as a
receptor candidate. This result will strengthen the involvement of ABC proteins in the mode of action
for 3D Cry proteins, as it has been described in other insects by other authors.

Minimizing detrimental effects of Bt toxins on non-target organisms is a key issue for their safe use
in Bt sprays and Bt crops. This fact is more relevant for proteins that can affect a wider number of insect
species, such as Cry1I, which is toxic to Lepidoptera and Coleoptera. Li et al. [10] analyzed the effect of
the pure toxin and from Bt-transgenic maize pollen on the predator and pollen feeder, Propylea japonica,
finding negligible risk for this insect species. In a broader approach, Skoková Habuštová et al. [11]
explored the suitability of carabid beetles as surrogates for the detection of unintended effects of
genetic modified crops, mainly Bt crops. The study of 86 species showed that a group of just 16 species,
representing 15 categories of functional traits, typical dominant inhabitants of agroecocenoses in
Central Europe, can be a good indicator of the ecological impact of these crops.

We hope that the novel aspects reported in the present special issue can be of interest to those
interested in bacterial toxins, especially those toxins derived from B. thuringiensis, in the further research
and application in agriculture. This compilation of papers facilitates access to all this information,
provides the “state-of-the art” on this topic, and paves the way to future challenges.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: This work represents the first initiative to analyze the distribution of B. thuringiensis in
Algeria and to evaluate the biological potential of the isolates. A total of 157 isolates were recovered,
with at least one isolate in 94.4% of the samples. The highest Bt index was found in samples from
rhizospheric soil (0.48) and from the Mediterranean area (0.44). Most isolates showed antifungal
activity (98.5%), in contrast to the few that had antibacterial activity (29.9%). A high genetic diversity
was made evident by the finding of many different crystal shapes and various combinations of shapes
within a single isolate (in 58.4% of the isolates). Also, over 50% of the isolates harbored cry1, cry2,
or cry9 genes, and 69.3% contained a vip3 gene. A good correlation between the presence of chitinase
genes and antifungal activity was observed. More than half of the isolates with a broad spectrum
of antifungal activity harbored both endochitinase and exochitinase genes. Interestingly, 15 isolates
contained the two chitinase genes and all of the above cry family genes, with some of them harboring
a vip3 gene as well. The combination of this large number of genes coding for entomopathogenic
proteins suggests a putative wide range of entomotoxic activity.

Keywords: B. thuringiensis; antibacterial; antifungal; cry; vip3; chitinase; biocontrol

1. Introduction

The economies of most countries worldwide are based on agriculture, which are threatened by
various phytopathogens such as bacteria, fungi, or insects. Up to now, B. thuringiensis is the most used
biological agent for the control of insect pests, mainly Lepidopteran species, the most injurious pests
of cereals [1,2], and palms [3,4], which are the most important cultivated crops in North Africa.

Bacillus thuringiensis is a ubiquitous Gram positive bacterium found in various ecological habitats
such as soil, sediment, stored products, dust, dead insects, phylloplane, and aquatic environments [5–11].
It has been the subject of most of the research and applications in the biological control of phytopathogenic
insects, mainly due to the entomotoxic properties of some strains. The main interest of its use is to
replace chemical pesticides with a new sustainable alternative, that is biodegradable and friendly to
the environment and public health. Cry and Vip proteins, synthesized during the stationary and the
vegetative phase, respectively, form the primary axis in B. thuringiensis based biological control of insect
pests. In addition, other molecules synthesized by this bacterium can either act in synergy with Cry

Toxins 2017, 9, 139 5 www.mdpi.com/journal/toxins
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and Vip proteins or as an antimicrobial agent against several pathogenic and/or phytopathogenic
bacteria and fungi. These could be chitinases [12,13], acylhomoserine lactone lactonase [14,15], some
lipopeptides [16–18], and certain antibiotics such as zwittermycin [19,20].

The Cry proteins (or δ-endotoxins) accumulate during sporulation producing crystalline
inclusions with several morphologies [21–24]. They exhibit specific activity against one or several
orders of insects belonging to the orders Lepidoptera, Diptera, and Coleoptera [22,25,26], mainly due
to the specificity of membrane receptors [27,28]. These receptors are absent in beneficial insects, plants,
and mammals [26,29]. The identification of B. thuringiensis isolates carrying a wide variety of cry genes
suggests a broad entomotoxic spectrum against different insect hosts [30,31].

Vip proteins are known to complement or synergize the insecticidal activities of Cry proteins [32].
They are produced by certain B. thuringiensis strains and bind to receptors that are different from those
of Cry proteins [33,34], and thus, they have a spectrum of activity complementary to that of the Cry
proteins. Therefore, a combination of Cry and Vip proteins could broaden the spectrum of insecticidal
activity [35–38] and prevent the evolution of resistance of insects to Cry proteins [39–41].

A threat to the B. thuringiensis-based insecticides is the development of resistance by the insect
populations exposed to them or to transgenic crops expressing their insecticidal proteins (Bt-crops) [39,42].
Therefore, the search for novel genes or new alleles encoding for insecticidal proteins, or other type of
biomolecules that could synergize the action of the Cry and Vip proteins, is highly desirable.

Chitinases are enzymes that hydrolyze chitin (β-1,4-N-acetyl-aligned-glucosamine polymer),
the main component of the invertebrates’ exoskeleton and fungi outer wall. They have been used for a long
time to control several fungal pests [12,13,43–45], as synergistic agents to increase the entomotoxicity of
biopesticides [46–50] and in the production of recombinant strains of B. thuringiensis [51,52] or transgenic
plants [53,54]. Within the insect, chitinase potentiates the toxicity of the B. thuringiensis Cry proteins
by perforating the peritrophic barrier of the midgut of the larvae, and thus, increasing the access of
δ-endotoxins to the receptors located in the outer membrane of the epithelial cells [47]. The subsequent
pores that are formed facilitate the penetration of spores in the hemolymph [46,48].

The aim of the present study was to screen B. thuringiensis isolates for the presence of a wide variety
of biomolecules with the potential for insect, bacterial, and fungi control. This is the first initiative to
perform a country-wide study of this bacterial species in Algeria, a Mediterranean country with a vast
area (about 2382 million km2), large landscape diversity, and a high variability of climatic regions
(Mediterranean, Sub-arid, and Desert).

2. Results

2.1. Isolation and Distribution of B. thuringiensis Isolates

A total of 157 crystalliferous colonies (B. thuringingiensis) were isolated from 54 samples collected
from five ecological niches (rhizospheric and non rhizospheric soil, sediment, dead insects, and grain
storage) distributed over three geographical areas of Algeria viz., Mediterranean, Semi-arid, and Desert
(Table 1 and Figure 1).

As shown in Table 1, B. thuringiensis was found in 51 (94.4%) out of the 54 collected samples.
It was present with a high recovery (more than 50%) in all the ecological sources. With respect to
the geographical origin, 100% of the samples collected from the Mediterranean and Semi-arid area
harbored B. thuringiensis isolates, whereas their frequency in the Desert was 78.6%. The global Bt index
was 0.41 and it varied considerably depending on the sample source. Within the different ecological
niches, it ranged from 0.27 (in the non-rhizospheric soil) to 0.48 (in the rhizospheric soil). Regarding the
geographical distribution, the Bt index varied from 0.32 (in samples from the Semi-arid area) to 0.44
(in samples from the Mediterranean area). The highest Bt index (0.51) was obtained with samples
collected from rhizospheric soil either in the Mediterranean area or from the Desert.

From the original 157 B. thuringingiensis isolates, 137 were chosen for further phenotypic,
biological, and molecular characterization.
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2.2. Phenotypic Characterization of Parasporal Crystals

Based on the morphology of the crystalline inclusions (independent of whether they were present
alone or in combination with other shapes), the isolates were classified into seven groups (Table 2).
The most abundant shape was spherical (64.2% of isolates) and the least abundant one was the elongate
crystal (3.6%). An example of the observed shapes is shown in Figure 2.

Table 2. Description of the crystal shape variability in B. thuringiensis isolates.

Crystal Shape
No. of Isolates Containing Crystals with a Given Shape

Alone Combined with Other Crystals Total (%)

Spherical 30 58 88 (64.2%)
Bipyramidal 4 42 46 (33.6%)

Irregular/Geometrical 19 36 55 (40.1%)
Triangular 2 16 18 (13.1%)
Cuboidal 0 16 16 (11.7%)

Ovoid 2 8 10 (7.3%)
Elongate 0 5 5 (3.6%)

Figure 2. Scanning electronic microscopy (SEM) of B. thuringiensis isolates, showing some of the
characterized parasporal inclusion shapes. Sp: spore, C: crystal (CB: bipyramidal, CC: cuboidal,
CE: elongate, CG: geometrical, CI: irregular, CO: ovoid, CS: spherical, CS-At: spherical attached to the
spore/sporangium, CT: triangular).

Regarding the number of different crystal shapes found within the same strain, 57 out
of the 137 isolates (41.6%) harbored only one crystal shape, while 80 isolates (58.4%) had
several shapes including 59 (43.1%) with two shapes and 21 (15.3%) having more than two
shapes. We also observed that the most abundant combination was spherical-bipyramidal (10.9%)
followed by spherical-geometrical (8%), spherical-triangular (4.4%), bipyramidal-geometrical (3.6%),
and spherical-cuboidal (2.9%). The cuboidal and elongate crystal shapes were present only when
combined with other crystal shapes.
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2.3. Screening of the Biological Activity

2.3.1. Antibacterial Activity

Bacillus thuringiensis isolates were tested for their antibacterial activity against four pathogenic
bacteria, two Gram positive (Staphylococcus aureus including a wild type variant (SM) and a resistant
to methicillin variant (RM)), and two Gram negative (Escherichia coli and Pseudomonas aeruginosa)
(Figure 3A). Among the 137 B. thuringiensis isolates, 41 (29.9%) showed activity against at least one
tested pathogenic bacteria (Table 3). Considering each test bacterium independently, 30 B. thuringiensis
isolates were active against S. aureus SM (21.9%), 27 isolates were active against S. aureus RM (19.7%),
20 against E. coli (14.6%), and 10 against P. aeruginosa (7.3%). Table 3 summarizes the combined/single
antibacterial activity of those isolates.

 

Figure 3. Antimicrobial activity of B. thuringiensis isolates. Panel (A): Antibacterial activity evaluated
by the agar plug diffusion method. Plugs from four or five Bt isolates were tested on each Mueller
Hinton Agar (MHA) plate. The pathogenic test bacteria (indicator) grew on the whole surface.
A clear zone (+) around some Bt plugs indicated the presence of antibacterial activity (synthesis
and diffusion of antibacterial molecules). A1: Staphylococcus aureus sensitive to methicillin ATCC25923,
A2: Staphylococcus aureus resistant to methicillin ATCC34300, A3: Escherichia coli ATCC25922, and A4:
Pseudomonas aeruginosa ATCC25853. Panel (B): Antifungal activity assay evaluated by the dual culture
method. Each Potato Dextrose Agar (PDA) plate contained the fungal plug of one test fungus (center of
the Petri dish) and three to four bacterial plugs (corresponding to three different Bt isolates) deposited
radially 2.5 cm away. A fourth position in the plate was left empty as a negative control. The antifungal
activity of the Bt isolates was revealed by the inhibition of fungal growth facing that bacterial plug as
compared with the fungal growth facing the control area. The fungus grew around the plugs of bacteria
that lack antifungal activity. B1: Fusarium sp., B2: Monelia sp., B3: Coletotricum sp., B4: Thielaviopsis sp.,
B5: Aspergilus niger.

Table 3. Profile of the antibacterial activity of B. thuringienis isolates.

Spectrum of Activity
Gram Positive a Gram Negative b

SaSM SaRM Ec Pa n c

Against both Gram positive and Gram negative
pathogenic bacteria (n = 20)

+ + + + 3
+ + + − 9
+ + − + 4
+ − + − 2
− + + − 2

Against Gram positive pathogenic bacteria (n = 14)
+ + − − 7
+ − − − 5
− + − − 2

Against Gram negative pathogenic bacteria (n = 7) − − + − 4
− − − + 3

Total Bt isolates positive for each bacterium type 30 27 20 10
a SaSM: S. aureus sensitive to methicillin ATCC25923; SaRM: S. aureus resistant to methicillin ATCC34300; b Ec: E. coli
ATCC25922; Pa: P. aeruginosa ATCC25853; c Number of B. thuringiensis isolates with activity against pathogenic
bacteria within the reported profile.
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2.3.2. Antifungal Activity

The antifungal activity of B. thuringiensis isolates was tested against five phytopathogenic fungi
(Figure 3B). Almost all isolates tested (135 out of 137) exhibited activity against at least one fungus
and 81 (59%) isolates were active against at least three fungi (Table 4). Considering each test
fungus independently, 106 B. thuringiensis isolates (77.4%) inhibited the growth of Aspergilus niger,
98 isolates (71.5%) were active against Colletotricum sp., 81 (59.1%) against Monilia sp., 65 (47.4%)
against Thielaviopsis sp., and 54 (39.4%) against Fusarium sp. Table 4 summarizes the combined/single
antifungal activity of those isolates.

2.4. Molecular Screening

2.4.1. cry and vip Gene Families (cry1, cry2, cry9, and vip3)

Identification of gene-families coding for lepidopteran-active toxins was carried out with universal
primers used for amplifying the cry1, cry2, cry9, and vip3 genes (Table 5). Isolates giving an amplicon
of the expected size were considered positive to the corresponding gene-type (Figure 4). Table 6 shows
that out of the 137 B. thuringiensis isolates, 112 (82%) were positive for at least one cry gene. Genes from
the cry1, cry2, and cry9 families occurred in 54%, 59.9%, and 50.4% of the isolates, respectively. The vip3
gene was found in 95 (69.3%) of the isolates, 13 of which did not contain any other lepidopteran-active
toxin gene.

 

Figure 4. Agarose (1%) gel electrophoresis of PCR products amplified with the set of primers
Un1(f)/Un1(r) (a), Un2(f)/Un2(r) (b), Un9(f)/Un9(r) (c), and vip3-sc(f)/vip3scII(r) (d), which reveal
the presence of genes from the cry1, cry2, cry9, and vip3 families, respectively. Bacillus thuringiensis
isolates were considered positive for the studied gene when their genomic DNA amplified with the
corresponding primers and gave a band of the expected size.

2.4.2. Exochitinase (chi36) and Endochitinase (chit) Genes

The occurrence of exochitinase and endochitinase genes was assessed by PCR amplification using
gene-specific primers (Table 5 and Figure 5). Overall, 88 (64.2%) of the 137 B. thuringiensis isolates
harbored at least one type of the chitinase gene, with 66 (48.2%) being positive for the exochitinase
gene and 82 (59.9%) being positive for the endochitinase gene (Table 6). Sixty isolates (43.8%) harbored
both types of genes and 28 (20.4%) exhibited only one of them.
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Figure 5. Agarose (1%) gel electrophoresis of PCR products amplified with the set of primers
chi36(f)/chi36(r) (a) and chit(f)/chit(r) (b), which reveal the presence of exochitinase 36 and
endochitinase genes, respectively. Bacillus thuringiensis isolates were considered positive for the
studied gene when the genomic DNA amplified with the corresponding primers and gave a band of
the expected size.

Table 7 shows the relationship between the chitinase genes content and the spectrum of antifungal
activity. Among the 81 B. thuringiensis isolates showing a wide spectrum against at least three fungi,
50 isolates harbored both exochitinase and endochitinase genes, and out of the 54 isolates with a
narrower spectrum of antifungal activity, 27 were negative for both chitinase genes.

Table 7. Relationship between the chitinase genes profile and the spectrum of antifungal activity.

Spectrum of the Antifungal Activity

Profile of Chitinase Genes

Both chi36 and chit a Only chi36 Only chit None

N n x n x n x n x

Activity against at least three fungi 81 50 0.62 5 0.06 4 0.05 22 0.27
Activity against one or two fungi 54 10 0.19 1 0.02 16 0.30 27 0.5

N, n: number of B. thuringiensis isolates; x: ratio n/N. a chit: endochitinase.

3. Discussion

The current work is the first initiative to perform a country-wide study of B. thuringiensis in Algeria.
A collection of 157 B. thuringiensis isolates was built from samples collected from various niches (soil,
sediment, dead insects, and grain storage) in three different climatic regions (Mediterranean, Semi-arid,
and Desert). In all locations, no Bt-based biopesticide had been previously applied. Overall, 94.4% of
the samples collected yielded at least one colony of B. thuringiensis. This high recovery reflected the
large abundance of this species in Algeria. It is comparable to that found in earlier studies surveying
various ecosystems, where B. thuringiensis recovery was over 79% [58–60]. Our results confirm the
ubiquity of B. thuringiensis, since it was detected in samples from all the ecological and geographical
habitats analyzed, including very arid ecosystems.

The global Bt index observed was relatively high (0.41) compared to earlier screening programs
(less than 0.18) [10,58,61,62]. The Bt index differed among the different climatic regions (from 0.32 to
0.44) with the Mediterranean area being the richest source (0.44) (Table 1). It was relatively high to
moderate in all niches (from 0.27 to 0.48). In agreement with earlier studies, samples from rhizospheric
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soil [58,60] and grain storage [61] were better sources for B. thuringiensis isolation (Bt index was 0.48
and 0.39, respectively). We found the non-rhizospheric soil to be the one with the lowest Bt index (0.27),
also in agreement with previous studies [63–66]. This difference may be related to different factors, mainly
the vegetation abundance, which constitutes a nutrient supply and an extra source of B. thuringiensis
isolates, and also the physicochemical features of the biotope, as well as the presence of other symbiotic
bacteria. In this context, several studies described the widespread presence of B. thuringiensis in the
phylloplane [67–70]. Therefore, when performing screening of B. thuringiensis from soil samples, it would
be important to distinguish between rhizospheric and non-rhizospheric soil samples.

The frequency values of the crystal shapes given in Table 2 refers to how often a given shape is
found in the 137 B. thuringiensis isolates, independent of whether it was combined with other shapes
or not. Despite the fact that bipyramidal crystals are generally reported to be the most abundant
ones [9,10,71,72], in our collection the crystals with a spherical shape were the most abundant (64.2% of
the isolates) (Table 2). The latter were found at a similar high frequency (about 40%) in studies carried
out in Colombia [69] and Spain [59], but at very low frequency in other studies from Iran (5%) [10] and
India (3.6%) [72]. Bipyramidal and irregular/geometrical crystal shapes were also frequent within the
Algerian collection (33.6% and 40.1%, respectively). This percentage is comparable to that found in
a study from India (28% and 21.5%, respectively) [72]. Triangular and cuboidal crystal shapes were
present in 13% and 11.7% of our isolates, respectively. The differences in the distribution of the crystal
shapes could be a consequence of the adaptation of this bacterium to the biotope.

A high percentage of our B. thuringiensis isolates (58.4%) produced more than one crystal shape
(Table 2). This percentage is relatively high when compared to those found by Seifinejad et al. (40%) [10]
and Mahadeva Swamy et al. (36%) [72]. Among the diverse combinations observed, spherical crystals
were found combined with bipyramidal crystals (10.9%), geometrical crystals (8%), triangular crystals
(4.4%), and cuboidal crystals (2.9%). These results demonstrated the high diversity and variability of
the native B. thuringiensis isolates from Algeria and reflected their genetic diversity.

Some crystal shapes have been related to the expression of specific Cry proteins [24,55,68,71].
For example, the expression of cry4, cry10, or cry11 genes give rise to spherical shape crystals, and
their respective proteins are known to be active against Diptera [73–76]. Crystals with a bipyramidal
shape result from the accumulation of Cry1 or Cry9 proteins, which are active mainly against
Lepidoptera [24,77,78]. Cry2 proteins, some of which are active against both Lepidoptera and Diptera, form
cuboidal crystals [24,77–79]. Therefore, the combination of several crystal shapes within an individual B.
thuringiensis isolate, which is an indication of the presence of Cry proteins from different families, holds
the potential for a spectrum of activity against a broad range of insect pests [30,31].

Overall, 29.9% of the B. thuringiensis isolates in our collection were active against at least
one pathogenic bacterium. Three isolates inhibited all four pathogenic bacteria, including the
resistant variant of S. aureus. This reflected a wide range of antibacterial molecules synthetized
by these B. thuringiensis isolates, which could be further used in the control of some pathogenic
and/or phytopathogenic diseases. It would be interesting to survey those isolates against some
phytopathogenic bacteria causing serious losses in fruits and vegetables in Algeria, such as
Erwinia amylovora and Erwinia carotovora [80,81]. In 2012, Djenane [82] investigated 97 isolates of
Bacillus spp. and showed that the most potent Bacillus species in terms of antibacterial activity do not
belong to the B. thuringiensis species, but mainly to B. amyloliquefasiens and B. subtilis. The same finding
was reported by Mora et al. [83], who found that the B. thuringiensis species belonged to the group of
plant-associated bacteria with the lowest antimicrobial activity.

It is important to note that in the reported antibacterial activity of B. thuringiensis isolates from
our study, the activity was observed after 24 h using a fresh culture on the surface of a rich medium
(MHA plates). These conditions are appropriate for bacterial growth but not for B. thuringiensis
sporulation. Thus, some molecules synthetized during the stationary phase, and exhibiting an
antibacterial activity, such as Cry11A and Cry4B [84], the 28 kDa and 37 kDa fragments from Cry1A,
and the 49 kDa fragment from Cry3Aa [85], could not have contributed to the reported activity.
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Bacillus thuringiensis isolates collected in Algeria form a good source of antifungal-specific
candidates (98%) compared to the antibacterial ones (29.9%). It might be a consequence of the
adaptation of this bacterium to the appropriate biotope (soil, phylloplane, grain storage, dust), where
fungus proliferation is common. More than 60% of the isolates showed activity against Monolia sp.,
Colletotricum sp., and A. flavus, 47% against Thielaviopsis sp., and 39% against Fusarium sp. Moreover,
59% of the isolates exhibited broad spectrum activity against at least three phytopathogenic fungi
and, among them, 24 isolates (17.5%) were active against all the five fungi tested. These high
antifungal potentials could be related to a panoply of antimicrobial molecules such as zwittermycin [86],
lipopeptides [17,83,87], and chitinase [12,13,43,44]. Earlier surveys showed the contribution of
lipopeptides to the antifungal activitiy in some Bacillus species [16,83,87,88]. The latter was confirmed
in B. thuringiensis strains from Algeria by Abderrahmani et al. [17,89]. The 24 isolates with the
highest spectrum of activity could be good candidates to control fungal pests of serious economic
impact in agriculture, both in North Africa and the rest of the world [90,91]. Specifically, in Algeria,
the most injurious fungus species affecting palms are Fusarium oxysporum, the causal agent of ‘bayoud’,
or Fusarium wilt [92,93], and Thielaviopsis paradoxa, the agent of the black scorch disease [94,95].
Different species of the genus Fusarium also affect cereals [2,96], forest trees (Aleppo Pine) [97,98],
vegetables [99], and legumes [100]. Similar to the antibacterial activity, earlier studies showed that
B. thuringiensis isolates were less potent, in terms of antifungal activity, compared to other Bacillus
species such as B. amyloliquefaciens and B. subtilis [82,83].

Other than lipopeptides, chitinase enzymes exhibit a strong antifungal activity [12,13,43–45].
In the current work, a good correlation between the presence of both chitinase genes in B. thuringiensis
isolates and their broad antifungal activity was observed. Essentially, more than half of the isolates
(ratio 0.6) showing a broad spectrum of antifungal activity (against at least three fungi) had both
chitinase genes (Table 7). These isolates would form the best candidates for fungal pest control.
A synergistic activity between chitinase enzymes and other biomolecules could enhance and broaden
the antifungal activity. However, it is interesting to note that 20 isolates had a broad spectrum of
antifungal activity but did not exhibit any of the tested chitinase genes. Thus, possibly other chitinases
and/or other antifungal molecules could be involved in that high antifungal activity.

Lepidoptera-specific insecticidal protein genes were present in a high frequency within the
Algerian collection of B. thuringiensis: 82% of the 137 isolates harbored at least one cry gene, which
is similar to what was found in earlier surveys investigating cry1, cry2, and cry9 genes [10,66,101].
Every cry gene family was found in more than half of the isolates (54% cry1, 60% cry2, and 50%
cry9). Among the isolates containing a cry1 gene, 76% carried a cry2 gene and 58% carried a cry9
gene. Among those containing a cry2 gene, 68% and 60% carried a cry1 and a cry9 gene, respectively;
and among those containing a cry9 gene, 62% and 71% carried a cry1 and a cry2 gene, respectively.
Previous studies [9,55,62] suggested that the cry1 and cry2 genes are genetically associated since
they occur together in a high frequency. Several complete genome sequencing programs described
that many cry genes (most of them belonging to the cry1 and cry2 families) are located on the same
plasmid [102–106]. This could also explain the pair-wise co-occurrence of the cry1, cry2, and cry9 genes
within the Algerian B. thuringiensis collection.

The vip3 gene family was also present in a high percentage of the isolates (69.3%). This high
frequency of vip3 genes was previously found by Seifinejad et al. [10] (82% out of the 70 B. thuringiensis
isolates from Iran), Yu et al. [107] (67.4% of the 2134 B. thuringiensis isolates from China),
and Hernández-Rodríguez et al. [57] (48.9% of the 507 B. thuringiensis isolates from Spain).

In our study, the genetic diversity observed among isolates based on the morphological variability
of crystal shapes (58.4% of the isolates harbored more than one crystal shape) correlated with the
diversity in cry genes. Despite the fact that we studied only three cry gene families coding for crystals
with a cuboidal shape (cry2) and bipyramidal/geometrical shape (cry1 and cry9), 58% of B. thuringiensis
isolates from Algeria contained more than one cry gene family, of which 35 (25%) contained all three
studied cry genes.
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Relating the results of the cry gene content with the chitinase gene content may help to select
isolates with a wider spectrum of activity, since the chitinase activity was described to help synergize
the effect of Cry toxins [46,47,50]. Table 6 shows that many of the isolates have a high potential
for insecticidal activity because they contain a wide set of entomotoxic protein genes. Interestingly,
15 isolates contained all the three studied cry gene families as well as exochitinase and endochitinase
genes and, among these, 11 also carried a vip3 gene (data not shown). These isolates could be
preselected as putative candidates with a high and broad spectrum of insecticidal activity due to
a possible synergistic action of several insecticidal molecules. Further entomotoxic assays against
a wide range of lepidopteran species would help to select the best candidate for biological control.

4. Conclusions

In summary, the current work showed that Algerian samples are a good source of B. thuringiensis
isolates with potential applications in agricultural pest control. A high abundance of this species
was noted within the different ecological and geographical sources. Also, a high number of isolates
showed a strong activity against phytopathogenic fungi, which could be related to the role of this
bacterium in its natural habitat. In addition, molecular screening evidenced the high genetic diversity
of B. thuringiensis isolates in terms of cry, vip3, and chitinase gene content. This study lays the basis to
select those B. thuringiensis isolates, with a wide set of entomotoxic genes, to be subjected to a screening
program to evaluate their insecticidal activity in bioassays with lepidopteran pests.

5. Materials and Methods

5.1. Sample Collection

A total of 54 samples were collected from different habitats (soil, sediment, stored grains and dead
insects) from 20 different locations within the Algerian territory (Table 1 and Figure 1). The source of
these samples had no history of treatment with any bio-pesticide. Soil samples were collected with a
sterile scraper at a depth of 10–15 cm after removing the top layer of soil. Dust or grains were collected
by scooping directly from the floor or with machinery from storage. All samples including dead insects
were directly transferred into sterile plastic bags and stored at 4 ◦C until processed.

5.2. Reference Strains

The pathogenic bacteria used for the antibacterial test belonged to the American Type Collection
Culture. The species and strains used were Pseudomonas aeruginosa ATCC25853 (P. aeruginosa),
Escherichia coli ATCC25922 (E. coli), Staphylococcus aureus sensitive to methicillin ATCC25923 (S. aureus
SM), and Staphylococcus aureus resistant to methicillin ATCC34300 (S. aureus RM).

The phytopathogenic fungi, used for the antifungal test, were kindly provided by the Algerian
National Institute for Plant Protection (Fusarium sp., Colletotrichum sp., Monilia sp., Thielaviopsis sp.,
and Aspergilus niger).

5.3. Bacillus Thuringiensis Culturing and Isolation

Isolation of B. thuringiensis was carried out according to the method of Travers et al. [108] with
slight modifications. One gram from each sample was suspended in 9 mL sterile physiological
solution (0.9% NaCl). This stock solution was heated at 70 ◦C for 10 min and then used to prepare
10−1, 10−2, and 10−3 dilutions. An aliquot (100 μL) of each solution was spread onto three Nutrient
Agar (NA) plates. The plates were incubated at 30 ◦C for at least 3 days. The preselected Bacillus
like-colonies (whitish, not bright, flat, dry, rough surface, and irregular border) were examined by
phase-contrast microscopy. Only colonies containing bacillary cells producing spores and crystals
(phase-bright inclusions) were selected as B. thuringiensis. Within the same sample, when colonies
showed a similar macroscopic and/or microscopic aspect, only one colony was selected. Thereby,
we reduced the number of sibling strains and avoided duplicates. The selected B. thuringiensis
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colonies were plated again for single-colony purification and stored at −20 ◦C in 20% and 50%
glycerol medium. The Bt index was defined as the number of crystalliferous colonies as a fraction of
Bacillus-like colonies in a sample; it serves as an estimation of the success in B. thuringiensis isolation
and depends on the isolation procedure as well as the sampled material [59]. Since SDS-PAGE or
Western blot was not performed, it cannot be ruled out that some of the observed parasporal inclusions
are non-proteinaceous.

5.4. Screening for Antibacterial Activity with the Agar Plug Diffusion Method

The presence of antibacterial activity was tested using a technique similar to that used in the
disk-diffusion method [109,110], which is based on the NCCLS diffusion method [111]. The target
bacteria (S. aureus, P. aeruginosa, and E. coli) were inoculated on the surface of NA plates and incubated
at 37 ◦C for 24–48 h. Then, three to five isolated colonies were suspended in saline (physiological
water 0.9%). The turbidity of the test suspension was adjusted to 0.5 McFarland turbidity standard
(corresponding to 1.5 × 108 CFU mL−1), and used as an inoculum within the following 15 min.
On the surface of Mueller Hinton Agar (MHA) plates (4 mm of depth), the suspension was spread by
swabbing. The B. thuringiensis agar-plugs were cut aseptically from pre-inoculated NA plates (4 mm
depth) after 24 h of incubation at 30 ◦C, using a sterile cork borer. Four agar-plugs, containing a
single colony each and corresponding to four different B. thuringiensis isolates, were transferred onto
the surface of MHA plates. The antibacterial activity was observed by the appearance of a growth
inhibition zone around the B. thuringiensis agar-plug (Figure 3A) and, for comparison purposes, it was
expressed as the diameter of the inhibition zone measured after 24 h of incubation at 37 ◦C.

5.5. Screening for the Antifungal Activity

The antifungal activity was tested using the dual culture method [110,112] with slight
modifications. Each fungal strain was spot-inoculated on Potato Dextrose Agar (PDA) plates and
incubated for 7 days at 28 ◦C. A series of six mm diameter plugs were cut out from these fungal cultures
(test fungi) using a sterile cork borer. Similarly, 6 mm B. thuringiensis plugs containing a single colony
(tested bacterium) were obtained from pre-inoculated NA plates as described in the antibacterial
activity method. The dual culture method consists on culturing both fungal and bacterial plugs
together under the appropriate conditions of the fungal strains.

On the surface of PDA plates, fungal and bacterial plugs were aseptically transferred using
a sterile toothpick. The fungal plug of one test fungus was placed at the center of the plate and three
bacterial test plugs, corresponding to three different B. thuringiensis isolates, were deposited radially
2.5 cm away, leaving a fourth position in the plate empty as a negative control. After incubation
at 28 ◦C for 3 to 7 days, the radius of fungal growth facing the bacterial plug or control position
was measured. The antifungal effect of the B. thuringiensis isolates (Figure 3B) was estimated by the
“inhibition radius” (IR), which is inversely proportional to the antifungal potency. The IR is defined as
Rs/Rc, where, Rs and Rc correspond to the fungal growth facing the tested bacterium (B. thuringiensis
isolates) and the control position, respectively (Figure 3B1).

5.6. DNA Extraction and PCR Analysis

Total DNA from B. thuringiensis isolates was extracted following the method described by
Ferrandis et al. [113]. The polymerase chain reaction (PCR) was used for the screening of
endo-chitinase, exo-chitinase, and lepidopteran-active protein coding genes cry1, cry2, cry9, and
vip3. Each amplification process was performed in a 25 μL reaction mixture containing 1.0 U of Taq
DNA polymerase (BIOTOOLS B&M Labs, S.A., Madrid, Spain), 1× Taq polymerase buffer, 0.4 μM
of each primer, 2.5 mM MgCl2, 0.2 mM of dNTPs, and 1.0 μL of DNA template (about 100 ng/μL).
All PCR reactions were performed in an Eppendorf Mastercycler thermal cycler (Eppendorf AG,
Barkhausenweg, Germany). The amplification protocol consisted of an initial denaturation step of
4 min at 94 ◦C, 35 cycles of denaturation (94 ◦C for 40 s), annealing (50 ◦C for 1 min for cry2, vip3, and
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exochitinase, 50 ◦C for 45 s for cry9 and endochitinase, and 48 ◦C for 50 s for cry1), and extension (72 ◦C
for 1–2 min), and a final extension step at 72 ◦C for 7 min. PCR products were analyzed in a 1% agarose
gel containing 0.5 μg/mL ethidium bromide. Primers used for the molecular screening were selected
from previous studies, except the vip3 reverse primer, which was designed from a conserved region
(from 1442 to 1472) based on the alignment of previously published sequences of vip3 genes [114].
Primers’ sequence, melting temperature, and expected amplicon size are shown in Table 5.
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Abstract: Bacillus thuringiensis (Bt) is the most successful, environmentally-friendly, and intensively
studied microbial insecticide. The major characteristic of Bt is the production of proteinaceous crystals
containing toxins with specific activity against many pests including dipteran, lepidopteran, and
coleopteran insects, as well as nematodes, protozoa, flukes, and mites. These crystals allow large
quantities of the protein toxins to remain stable in the environment until ingested by a susceptible
host. It has been previously established that 135 kDa Cry proteins have a crystallization domain at
their C-terminal end. In the absence of this domain, Cry proteins often need helper proteins or other
factors for crystallization. In this review, we classify the Cry proteins based on their requirements
for crystallization.

Keywords: Bacillus thuringiensis; C terminal domain; helper protein

1. Introduction

Bacillus thuringiensis (Bt) is a gram-positive, spore-forming bacterium which forms large
parasporal crystals during sporulation. These Cry toxin containing crystals have insecticidal activity
against many insect orders such as Coleoptera, Lepidoptera, and Diptera, and also against some
nematodes, protozoa, and mites [1]. Bt based biopesticides are environmentally-friendly and are
widely used for the control of forest and agricultural pests, as well as of vectors of human
disease [1,2]. These toxins have also been used as alternatives or supplements to synthetic chemical
pesticides [3]. To date more than 700 cry genes belonging to 74 classes have been described
(http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/intro.html)

The high level of Cry protein synthesis is regulated at many levels, including transcriptional,
posttranscriptional, and posttranslational, and includes effective promoter function, stable mRNA,
co-expression, and assistance by accessory proteins [4–8]. Cry protein synthesis is driven by strong
sporulation dependent promoters [4]. The production and accumulation of Cry proteins in the form of
crystals during sporulation may help protect the protein from degradation by the proteolytic enzymes
that are produced during stationary phase [9].

The three-domain Cry (3d-Cry) toxins are globular molecules containing three distinct domains.
Domain I is an alpha-helical N terminal domain. Domains II and III are predominantly beta-sheet in
nature. One particular feature of the members of the 3d-Cry group is the presence of protoxins with
two different lengths of ca. 65 and 135 kDa [6]. The 135 kDa Cry proteins, such as Cry1A, are protoxins
in which the actual toxin is at the N-terminus. The C-terminal half has no toxic function, yet is highly
conserved among the large set of 135 kDa toxins [10]. It helps in the crystallization of Cry toxin after
production [11]. It has been previously established that 135 kDa toxins without their C-terminal half
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are unable to crystallize within the Bt strain. This so-called crystallization domain comprises 15 to
19 cysteines and contributes to the formation of intermolecular disulfide bonds which stabilize the
crystal [12]. In the reducing environment of an insect gut, the cross-links dissociate, releasing protoxin
which then undergoes proteolysis to the mature toxin core [13]. Many of the cysteine residues are
located on flexible loops in the protoxin domain [10].

The C-terminal extension of the large Cry protoxin has been used as a peptide tag to facilitate
the crystallization of recombinant fusion proteins. Hayakawa et al. [14] used a peptide tag derived
from the C-terminal half of the Cry4Aa protoxin (amino acids 696–851) to enhance the production and
purification of functional TpN protein [14].

3d-Cry proteins of 65 kDa have no C-terminal domain and consist solely of the toxin domain.
However, most of these naturally truncated toxins still crystallize readily in Bt. In many cases, other
factors are known to be involved, including elements upstream or downstream of the cry genes termed
“crystallization” [4] or “helper” proteins [15].

Here we discuss factors affecting the crystallization of such 3d-Cry proteins. We have split our
discussion into four separate sections:

• Separate crystallization domain open reading frames (ORFs)
• Other known crystallization factors
• Toxins with putative crystallization factors
• No known crystallization factors

2. Separate Crystallization Domain ORF

Some three-domain Cry toxins have a typical 135 kDa toxin gene that is divided into two separate
ORFs. The products of the two ORFs resemble the C-terminal half and the N-terminal half of a 135 kDa
toxin. Examples of such Cry proteins are given below, grouped by their known activity.

2.1. Mosquitocidal Bt Toxins

Figure 1 shows the configuration of various mosquitocidal Bt toxin genes including cry10A [16],
cry19A [17,18], cry24B [19], cry30C [20], cry39A [21], cry40A (GenBank accession No. AB074414),
cry44A [22], and cry59A [23]. In each case, the upstream ORF encodes the toxin and the downstream
one is the crystallization domain. Barboza-Corona et al. [17] determined the functions of two proteins
by expressing different combinations of Cry19A, ORF2, and the N- or C-terminal half of Cry1C in the
acrystalliferous Bt strain 4Q7. Their results confirmed that ORF2 of Cry19A assisted in the production
and crystallization by functioning like the C-terminal domain of a 135 kDa toxin.

The length of the intergenic regions is 48 bp, 145 bp, and 114 bp in cry10A, cry19A, and cry30C,
respectively [16,18,20]. There is no homology between these regions and any known transposon
or insertion element sequence that could explain the gene separation. Given the high degree of
conservation between the ORF2 genes and the C-terminal extensions of the larger toxins, it seems
likely that one configuration evolved from the other [24]. It is suggested that the two-gene operon of
cry19A is the result of mutations that accrued in the extant separating region between cry19A and orf2.
However, factors responsible for this arrangement are still unknown. It may have evolved through the
insertion of a DNA fragment into a gene that previously encoded a 135 kDa protein [17,20].

2.2. Nematocidal Bt Toxins

Lenane et al. [25] identified a new member (cry5Ad) of the nematocidal cry5A family of Bt cry
protoxin genes. This represents another example of the split gene family described above. The genes
encoding Cry5Ad (931 aa) and ORF2-5Ad (502 aa) are organized in an operon and separated by 77 bp
in Bt strain L366 (Figure 1). Cry5Ad and Orf2-5Ad are distinct from the other members of this family
(Cry5Aa-c), which are expressed as single 135–150 kDa δ-endotoxins. It was suggested that the Cry5Ad
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ORF2, as a major component of the protein crystal, accomplished all the functions ascribed to the
C-terminus of the other members of this family [25].

2.3. Parasporin Toxins

Parasporins are Bt Cry toxins that have no known insecticidal activity, but are toxic to a variety of
human cancer cell lines. Two classes of these are split 3d-Cry toxins.

2.3.1. Cry41A

The Cry41A toxins are 88 kDa in size and when treated with proteinase K release a 64 kDa protein
with cytocidal activity against HepG2 (liver hepatocyte) and human cancer cell line HL60 (myeloid
leukemia) [26]. Structurally, cry41Aa/Ab are three gene operons with three ORFs in the same orientation,
as shown in Figure 1. Sequence analysis identified ribosome binding sites associated with all orf s. ORF1
of cry41Aa encodes 180 amino acid residues (predicted M.W 19.5 kDa), but has no known role in the
expression or function of this toxin. ORF2 contains the five conserved blocks found in other insecticidal
three domain toxins and encodes an 825aa protein. At the C-terminal end of ORF2 is a 110 amino acid
conserved beta-trefoil “ricin” domain containing tandem repeats of QXW/F motif [27]. This is similar
to a HA-33 like domain present in the Clostridium botulinum type C mammalian neurotoxin that causes
botulism disease. [28]. The HA-33 component is responsible for haemagglutination and aggregation of
erythrocytes caused by the toxin complex from Clostridium botulinum.

The third gene (orf3) encodes a polypeptide with a predicted molecular weight of 82 kDa.
It possesses six to eight conserved blocks which show similarity with the C-terminus of the larger
3d-Cry toxins. Cry41Ab shows gene organization similar to Cry41Aa. Krishnan [29] investigated the
role of the ORFs and of the ricin domain in crystal and protein production by individually deleting
them from the operon. There was apparently no role of ORF1 or the ricin domain, since their deletion
did not affect protein expression. Deleting ORF3 resulted in the reduced expression of Cry41Aa/ORF2
and the formation of insoluble inclusions, indicating that ORF3 is required for proper expression [29].

2.3.2. Cry65Aa1

Another interesting example for this type of operon organization is the 118 kDa Cry65Aa1
toxin which reportedly requires two C-termini for crystallization [30]. The N-terminus of Cry65Aa1
resembles a typical three-domain Cry protein. The C-terminal domain is only 36.7 kDa in contrast to
the 55–65 kDa domain of the 135 kDa 3d-Cry toxins (Figure 1). Furthermore, there is little sequence
similarity between the Cry65Aa C-terminal domain and those of the 3d-Cry toxins. The operon
contains a downstream gene encoding an ORF which, like the examples described above, resembles
the C-terminal half of the 135 kDa 3d-Cry toxins. This downstream ORF was shown to be required
for the efficient expression and crystallization of the Cry65Aa toxin. Peng et al. [30] claimed that
the unusual C-terminus of Cry65Aa is also required for crystallization, although this was not clearly
demonstrated. Interestingly this report described how a stem-loop structure within the orf2 gene
sequence can aid expression by stabilizing the cry65Aa mRNA.
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55.2 kDa
A

orf2

78 kDa 56 kDa
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orf1 (cry10A) orf2

75 kDa 60 kDa
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orf1 (cry19A) orf2

76 kDa 62 kDa
D

orf1 (cry24B) orf2

77 kDa 55 kDa
E

orf1 (cry30C) orf2

75 kDa 63 kDa
F

orf1 (cry39A) orf2

73 kDa 61 kDa
G

orf1 (cry40A) orf2

19.5 kDa 88 kDa 82 kDa
H 102 kDa

orf1 orf3

77.5 kDa 64.1 kDa
I

orf1 (cry44Aa) orf2

73.15 kDa 64.2 kDa
J

orf1 (cry59A) orf2

K
orf2

58 kDa

orf2 (cry41A)

118 kDa

102 kDa

Orf 1(cry5Ad)

orf1 (cry65Aa)

Figure 1. Organization of operons having separate C-terminal domain open reading frames (ORFs):
(A) cry5Ad from Bacillus thuringiensis (Bt) strain L366; (B) cry10A from Bt subsp. israelensis; (C) cry19A
from Bt subsp. jegathesan; (D) cry24B from Bt subsp. sotto; (E) cry30C from Bt subsp. jegathesan;
(F) cry39A from Bt subsp. aizawai; (G) cry40A from Bt subsp. aizawai; (H) cry41A from Bt strain A146;
(I) cry44A from Bt subsp. entomocidus; (J) cry59A from Bt Bm59-2; (K) cry65Aa from Bt strain SBT-003.

3. Other Known Crystallization Factors

For a number of other Cry toxins, additional factors that are unrelated to the C-terminus of the
3d-Cry proteins have been shown to be necessary for in vivo crystallization of the toxin. These are
discussed below.
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3.1. Cry2A Toxins and the ORF2 Repeat Proteins

The genes encoding many of these toxins are also found in the form of operons [31–34]. In the case
of the cry2Aa and cry2Ac operons, the toxin genes are associated with two other upstream genes, orf1
and orf2 (Figure 2). The deletion of orf1 had no effect on the production of Cry2Aa or Cry2Ac toxins in
Bt [32,35]. In contrast, deletion of the orf2 gene from the cry2Aa operon prevented the formation of
regular sized crystals even though some toxin was still expressed [35]. It was later shown that Cry2Aa
expressed in the absence of ORF2 was distributed randomly in the sporulating cell rather than being
concentrated in the cuboidal crystal [36]. The 29 kDa ORF2 protein from the Cry2Aa operon contains
a tandem array of eleven repeats of a 15 amino acid motif [31] and it has been speculated that these
might form a framework for the crystallization of the Cry2 toxin. Repeat sequences were also identified
in the C-terminal region of various other toxins including Cry19Aa, Cry19Ba, Cry20Aa, Cry27Aa, and
Cry39/40 [24,36] although the role of these, if any, in crystallization is unknown. Although the cry2Ab
gene is found in many Bt strains, it is not expressed to any significant extent. Crickmore et al. [37]
found similarity in the 130 nucleotides upstream of the structural genes between cry2Ab and cry2Aa/Ac
and speculated that cry2Ab may once have been part of a similar operon structure. When Cry2Ab was
expressed in tandem with ORF2 from the Cry2Aa operon, crystals were then formed [37].

18.3 kDa 65 kDa
A

orf1 orf2 orf3 (cry2Aa )

19 kDa 72 kDa 20 kDa
B

orf1 orf2 (cry11A) orf3
(p19) (p20)

29.4 kDa

Figure 2. Schematic illustration of Cry toxin operons including potential chaperone genes from Bt
subsp. kurstaki (A); Bt subsp. israelensis (B).

It has been reported that DNA fragments are an integral component of some crystals and form
protoxin-20 kb DNA complexes [38]. Such a complex might function in crystal formation during the
sporulation phase [39,40]. DNA in Cry1 crystals and ORF2 in Cry2Aa crystals could have a similar
function, as the highly acidic nature of the Orf2 repeats might mimic the charged phosphate groups on
the DNA backbone [36]. However, there is a need to investigate the nature of the association between
DNA and Cry protein, as well as the function of DNA in the generation of the protoxin and the stability
of the protein [41].

3.2. Cry11A and p20

Cry11Aa (formerly known as CryIVD, [42]) is the most active toxin found in the Bt subsp.
israelensis crystal, which is effective against a range of mosquito larvae [43]. The toxin is encoded
by a gene found in a three-gene operon comprising cry11A (72 kDa), p19, and p20 [44,45] (Figure 2).
SigE controls the transcription of cry11Aa [31]. The first ORF (p19) of the cry11A operon encodes the
p19 polypeptide, which shows significant sequence similarity with the orf1 gene of the Bt cry2Aa and
cry2Ac operons. The amino acid composition of p19 reveals about 11.7% cysteine residues, like the
C-terminal halves of the 135 kDa endotoxins. Dervyn et al. [45] suggest that it might be acting as a
chaperone protein and via protein-protein interactions confer a particular lattice structure to allow the
co-assembly of the Cry11A inclusions with the other Bt subsp. israelensis toxins; however, deletion of
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the p19 gene had no detectable effect on Cry11Aa synthesis. Therefore, the role of the 19 kDa protein
(orf1) remains unclear [45,46].

The orf3 gene of the cry11A operon encodes a protein of 20 kDa that functions as a molecular
chaperone. When this gene was removed from expression constructs, no Cry11A crystals were
observed in Bt. p20 was effective in enhancing the synthesis of Cry11Aa, as it facilitates the formation
of larger Cry11Aa crystals in acrystalliferous Bt strains and in recombinant Escherichia coli [45,47,48].
The mechanism of Cry11A stabilization by p20 is not known, but it seems to have some functional
role in crystal synthesis in Bt [45,49,50]. This protein may be involved in post-translational processing
(e.g., it may protect the nascent polypeptide from proteolysis by binding with it and allowing crystal
formation) [46]. Moreover, p20 is known to increase the expression levels of other toxins such as
Cyt1Aa, Cry1Ab, Cry1Ac, Cry2A, Cry3A, and truncated Cry1C proteins [34,50–54].

Dervyn et al. [45] suggested that many of the Cry toxin gene configurations that we see today may
have evolved from a common three-gene operon. In some cases, one or both of the non-toxin genes may
have been lost, resulting in monocistronic organization. Loss of orf2 would lead to a situation as seen
with cry10A. For genes such as cry2A [31–33] and cry11A, all of the three genes are still present [45].

4. Toxins with Putative Crystallization Factors

There are many Cry toxin genes found in operons (Figure 3) in which no function has been
ascribed to the other ORFs present. Some examples of these are described below.

A
orf1 (cry6A) orf2

7 kDa 130 kDa
B

orf1 orf2 (cry9Ca)

19.2 kDa 130 kDa
C

orf1 orf2 (cry9Ec1)

21. kDa 128.04 kDa
D

orf1 orf2 (cry8Ea1)

19.6 kDa 79 kDa
E

orf1 orf2 (cry18Aa)

54 kDa 45 kDa

Figure 3. Graphical representation of proteins with putative crystallization factors: (A) Cry6A from Bt
strain YBT-151; (B) Cry9Ca from Bt subsp. Jegathesan; (C) Cry9Ec from Bt serovar galleriae; (D) Cry8Ea
from Bt strain, Bt185; (E) Cry18Aa from Paenibacillus popilliae.

4.1. Cry6A

Cry6A crystals, which are toxic against root-knot nematodes, are rice-shaped and produced by Bt
strain YBT-151 [55]. The strain inhibits growth, reduces brood size, and decreases mobility and feeding
of parasitic nematodes [56]. Yu et al. [57] cloned and characterized the cry6A operon containing a
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structural gene (orf1) that encodes 54 kDa toxin having nematicidal activity, a regulatory sequence
(stem-loop), and a regulatory gene (orf2) encoding 45 kDa (Figure 3). Unlike other Cry proteins, the
orf2 gene negatively regulates orf1 gene expression and shares no homology with any known sequence.
The regulatory sequence acts as a cis-factor and results in low level orf2 expression. High level of cry6A
expression is due to involvement of two regulatory factors, a stem-loop and orf2 [57]. It is possible that
high levels of expression facilitate crystallization in the absence of any structural role for these ORFs.

4.2. Cry9Ca

Cry9Ca is toxic against the important lepidopteran pest, Ostrinia nubilalis, as well as secondary
pest insects such as armyworms and cutworms. The cry9Ca operon consists of two orfs, the cry9Ca
toxin gene and an additional orf (Figure 3). The 129.8 kDa toxin is encoded by a second orf of the
operon. The 7 kDa protein product of orf1 shows sequence similarity with ORF1 protein of the cry2Ac
operon. In analogy with the findings of Wu et al. [32], it seems unlikely that this ORF would play an
important role in the expression of the Cry9Ca1 crystal [58].

4.3. Cry9Ec

The Cry9Ec toxin consists of 1154 amino acids with high toxicity against Plutella xylostella [59].
Upstream from the toxin gene a separate orf and a putative promoter region were located, forming
a deduced operon (Figure 3). Analysis of the upstream sequence identified a putative promoter
region that was homologous to that of the cry2A gene recognized by the sporulation-specific Sigma E
factor [60]. It is well known that insertion sequence elements are often located in the vicinity of cry
genes [61]. However, no insertion sequence elements were found adjacent to the cry9Ec1 gene. The orf1
gene was identical to various orfs in Bt operons [32,58]. The putative 19.2 kDa protein encoded by
the orf1 gene was not observed in parasporal inclusions of the Cry9Ec-expressing strain 92-KU-149-8.
Thus, it seems unlikely that ORF1 plays an important role in the production of the Cry9Ec protein [59].

4.4. Cry8Ea

The Cry8Ea toxin specifically shows activity against larvae of the Asian cockchafer
(Holotrichia parallela) [62]. Cry8Ea can be isolated as a 130 kDa protein from spherical inclusions
found in Bt strain BT185 [63]. The gene encoding Cry8Ea exists in an operon with an upstream gene
orf1 (Figure 3). In this operon, orf1 is located 286 bp upstream of cry8Ea. An interesting fact is that two
promoters initiate transcription of the cry8Ea gene. One promoter, Porf1, is present in the upstream
region of the orf1 gene and controlled by the SigE factor. The other, Pcry8E, is found in the intergenic
region between orf1 and cry8Ea and is controlled by the SigH factor [31,33,45,64]. This is a case in which
orf1 and cry8Ea1 form an operon and the cry gene can be transcribed either as a bicistronic message or
as a monocistronic one [65]. As mentioned above, DNA has been proposed as an important component
of crystals which specifically interacts with the protoxin [12,39]. Guo et al. [41] found that DNA and
Cry8Ea form a compact complex. DNA is proposed to help in protecting the protein from aggregation
and also to enhance the tendency of the toxin to move towards the phospholipid membrane [41]. It has
been reported that DNA is degraded by DNases in the midgut of the insect, which is followed by
the release of activated toxin and binding with receptors on the apical microvilli of the insect midgut
cells [66].

4.5. Cry18Aa

Cry18Aa is a 79 kDa protein found in the sporangia of a strain of Paenibacillus popilliae isolated from
a diseased larva of the common cockchafer. The gene encoding Cry18Aa is found in a two-gene operon.
The first gene encodes a 19.6 kDa ORF1 (Figure 3). The cry18Aa gene is located 76 bp downstream
of orf1 [64]. There is no putative promoter between the orfs. The orf1 gene is similar to orf1 of the
cry2Aa [31] and cry2Ac [32] operons, to p19 of the cry11A [45] operon, and to the first orf of the
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cry9Ca [58] operon. When sequence upstream of orf1 was removed, Bt cells did not produce Cry18A,
but the removal of orf1 itself from the operon had no effect [64].

5. No Known Crystallization Factors

There are some 65 kDa-type Cry toxins, such as Cry3A and Cry1I, with no known crystallization
factors. These are described below.

5.1. Cry3A

Cry3A is an example of a cry gene in which high expression levels and crystallization are achieved
without the requirement of any known crystallization factor. The Cry3 toxins (i.e., Cry3A, Cry3B,
and Cry3C) are active against insects of the order Coleoptera and have been reported from Bt subsp.
morrisoni, galleriae, tenebrionis, and tolworthi [67–70]. Cry3A proteins are 70 kDa protoxins that are
expressed under the control of σA, a sigma factor active during vegetative growth in the predivisional
cell [6]. It forms rhomboidal crystals after synthesis [71]. These are toxic to coleopteran insects and also
require proteolytic activation. Although there are no known crystallization factors, much is known
about the expression of Cry3 toxins.

5.1.1. Role of Cry3A Domains in Crystallization

The amino acid sequence of Cry3 proteins corresponds to the N-terminal half of the 135 kDa Cry
protoxins, in essence making these naturally truncated versions of the latter. As these proteins have
no C-terminal crystallization domains characteristic of Cry1 toxins [4], other domains may facilitate
Cry3A crystallization. Domain substitution and mutagenesis suggested that the specific structure of a
conserved block, which spans the junction between domains I and II, was important for the relative
stability of Cry3A and its subsequent crystallization. However, residues of Cry3A other than in helix
α7 must also be involved in crystallization, although they remain to be identified [72].

5.1.2. STAB-SD Sequence

Synthesis of cry3 involves additional transcript stabilization during translation. Studies revealed
that the so-called STAB-SD sequence was found downstream of the 5′ end of the major cry3A
transcript (T-129) and played an important role in stabilizing the Cry3A transcript, assisting net
protein production [4,73]. The function of this sequence is to stabilize mRNA by preventing 5′

to 3′ exoribonuclease degradation, and hence is not directly involved in translation initiation [5].
Mathy et al. [74] reported the role of RNase J1 in the exoribonuclease degradation of the −558 transcript
of cry3A mRNA in the 5′ to 3′ direction. The interaction of 30S ribosomal subunit with STAB-SD
sequence blocks the activity of RNase J1 [74].

5.2. Cry1I

Tailor et al. [75] reported that CryV, subsequently re-named Cry1Ia [71], is toxic to larvae of both
Lepidoptera and Coleoptera. The cry1Ia gene cloned from Bt subsp. kurstaki DSIR732 produces a
protein of 719 amino acids. In Bt strains, this class of toxin gene appeared silent. However in E. coli, the
gene can be heterologously expressed and produces an 81 kDa protein that is biologically active [76].

Masson et al. [77] observed that the encoded Cry1I protein did not accumulate in crystals in Bt
strain HD-133 [78,79]. The Cry1I protein therefore could not be found in the bacterial cell after the T5
sporulation stage [80,81]. This gene was found approximately 500 bp downstream of a cry1A gene.
No upstream promoter-like sequence could be found [76,81,82]. Nevertheless, identified transcripts
showed transcription of cry1I mRNA, but the absence of protein product suggested that translation
was impaired in some way in Bt [77].
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6. Conclusions

Further research on cry gene organization may give us a better understanding of the structural and
functional basis of crystallization factors in Bt. This has significance in biotechnological applications
involving the production of these biopesticides. Understanding crystallization in Bt provides better
knowledge and important new insights which can result in the expression of heterologous proteins as
biologically active crystal inclusions.
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Abstract: Vip3 proteins are secretable proteins from Bacillus thuringiensis whose mode of action is still
poorly understood. In this study, the activation process for Vip3 proteins was closely examined in
order to better understand the Vip3Aa protein stability and to shed light on its structure. The Vip3Aa
protoxin (of 89 kDa) was treated with trypsin at concentrations from 1:100 to 120:100 (trypsin:Vip3A,
w:w). If the action of trypsin was not properly neutralized, the results of SDS-PAGE analysis (as well
as those with Agrotis ipsilon midgut juice) equivocally indicated that the protoxin could be completely
processed. However, when the proteolytic reaction was efficiently stopped, it was revealed that
the protoxin was only cleaved at a primary cleavage site, regardless of the amount of trypsin
used. The 66 kDa and the 19 kDa peptides generated by the proteases co-eluted after gel filtration
chromatography, indicating that they remain together after cleavage. The 66 kDa fragment was
found to be extremely resistant to proteases. The trypsin treatment of the protoxin in the presence of
SDS revealed the presence of secondary cleavage sites at S-509, and presumably at T-466 and V-372,
rendering C-terminal fragments of approximately 29, 32, and 42 kDa, respectively. The fact that the
predicted secondary structure of the Vip3Aa protein shows a cluster of beta sheets in the C-terminal
region of the protein might be the reason behind the higher stability to proteases compared to the rest
of the protein, which is mainly composed of alpha helices.

Keywords: Vip proteins; bacterial secreted proteins; toxin activation; proteolytic activation; trypsin
inhibitors; Bacillus thuringiensis; SDS-PAGE artefact; protease stability

1. Introduction

Bacillus thuringiensis (Bt) is a ubiquitous Gram-positive sporulating bacterium that produces
several entomopathogenic proteins. The proteins that have received more attention, and are thus the
best known, are the δ-endotoxins (Cry and Cyt toxins), produced as parasporal crystalline inclusions
during the stationary phase of growth. Other proteins associated with insecticidal activity, including
the Vip proteins, are secreted into the medium during the vegetative growth phase [1]. Some Cry and
Vip proteins (such as Vip3A proteins) show high insecticidal activity against a wide range of insect
species (for a review, see van Frankenhuyzen 2009 [2] for Cry proteins, and Chakroun et al. 2016 [3]
for Vip proteins), and the genes encoding them have been transferred to crop plants to protect them
against insect pests.

Vip3 proteins do not share sequence homology with other Bt insecticidal toxins and their 3D
structure is yet unknown. The proposed mode of action of Vip3A proteins shares some similarities
with that of the Cry proteins, in that both undergo activation (proteolytic processing) in the insect
midgut, bind to receptors on the surface of the midgut cells, and, finally, make pores that lead to cell
lysis, septicemia, and eventually death of the insect [3–7]. The molecular processes behind this cascade
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of events are still unclear for Vip3A proteins and differ from those of the Cry proteins. The binding
sites of the Vip3A proteins in the midgut are different from those described for the Cry proteins [8–12],
and the cell pores formed are structurally and functionally different [5]. The high insecticidal activity of
the Vip3A proteins, along with the differences in the mode of action with Cry proteins, has prompted
their use in crop protection and pest management. Some Bt-cotton and Bt-corn varieties combine the
expression of Vip3Aa with one or more Cry proteins [13].

Vip3A proteins (MW about 89 kDa) have an N-terminal signal sequence that, unlike most secreted
proteins, is not processed when the protein is delivered to the media [14]. Once in the midgut of
the insect, as a first step in the mode of action, the Vip3A proteins are activated. The activation is
necessary since the full length Vip3Aa is unable to form pores in vitro [5], and differences in the rate of
activation have been related with differences in susceptibility amongst lepidopteran species [15–17].
Furthermore, reduced protease activity has been found in a Vip3Aa-resistant strain of Helicoverpa
armigera (Lepidoptera: Noctuidae) [18], and it has been proposed as the mechanism of resistance in
a Vip3Aa resistant strain of Spodoptera litura (Lepidoptera: Noctuidae) [19].

The activation of the Vip3Aa protein by the insect midgut juice (MJ) was described soon after its
discovery. Incubation of Vip3Aa with insect MJ led to four major proteolysis products of about 62, 45,
33, and 22 kDa [20]. Similar patterns of proteolysis (with a band of about 65 kDa and several other
bands of lower molecular weight) have been observed by other authors with MJ from many insect
species [5,8,9,15,21–23]. Similarly, the in vitro activation of Vip3A proteins with trypsin produces
a major fragment of about 62–65 kDa, along with other fragments, mainly one of about 20 kDa that
would correspond to the N-terminal region [24]. Although the 33 kDa fragment was proposed to be
the minimum toxic fragment after proteolysis [24], further studies have led to the 62–65 kDa protein
being considered the protease resistant core and the active form of the protein [5,6,8,9,15,16,22,25–27].
However, some studies on the stability of Vip3A proteins to proteases seemed to show that the
62–65 kDa core was not stable, as revealed by SDS-PAGE, since the 62–65 kDa fragment was processed
to smaller fragments when the concentration of proteases was increased [22,28,29].

In the present work, the activation process for Vip3 proteins was closely examined in order
to better understand the Vip3Aa protein stability and to shed light on its structure. In our hands,
the SDS-PAGE analysis of the Vip3Aa protein processed at high concentrations of trypsin (or MJ)
indicated an apparently fast and complete degradation of the protein. However, when the proteolytic
reaction was efficiently stopped, it was revealed that the protoxin had been only cleaved at a primary
cleavage site, regardless of the amount of proteases used, generating two bands of 66 kDa and
19 kDa. These findings are important for the interpretation of many published results in which Vip3A
processing is shown. Finally, the trypsin treatment of the protoxin in the presence of sodium dodecyl
sulfate (SDS) revealed the presence of secondary cleavage sites that have allowed us to propose
a relationship between the predicted secondary structure of the protein and its stability.

2. Results

2.1. Stability of Vip3Aa Protoxin to Trypsin Processing

Trypsin treatment of the Vip3Aa protein in Tris-HCl buffer (pH 8.6), at 1:100 trypsin:Vip3A (w:w)
for 30 min (corresponding to the conditions used in most studies) rendered a major band of around
66 kDa (usually identified as the Vip activated toxin), as well as other smaller bands of about 42, 32, 29,
and 19 kDa (Figure 1a). Whereas the concentration of the smaller bands decreased with the incubation
time, the 66 kDa band seemed to become more intense as the incubation proceeded. To confirm this
observation, the experiment was repeated using different ratios of trypsin:Vip3A (24:100 and 120:100,
w:w). In these conditions, the accumulation with time of the 66 kDa band became even more evident,
and at the same time the smaller bands eventually disappeared (Figure 1b,c). This phenomenon was
also observed when trypsin digestion was performed at a lower temperature (4 ◦C), as well as when
the Tris buffer was substituted by carbonate buffer (pH 10.5) (data not shown).
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Figure 1. Time course of trypsin processing of Vip3Aa, as revealed by SDS-PAGE. Reactions were
performed at 30 ◦C at different concentrations of trypsin in Tris-HCl buffer. The ratios of trypsin:Vip3A
(w:w) were: (a) 1:100, (b) 24:100, and (c) 120:100. Aliquots were withdrawn at different times, as shown
at the top of each lane. Molecular weight markers (MW) are indicated in kDa. C = protoxin after 3 days
of incubation at 30 ◦C.

Gel filtration chromatography of the 30 min processed Vip3Aa protein (with 24:100
trypsin:Vip3Aa) showed a main peak at 8.3 min, corresponding to the void volume of the column
(the exclusion limit for globular proteins of this column was 100 kDa), and a peak at 13.0 min (of around
23 kDa by SDS-PAGE), which corresponded to trypsin (Figure 2, fraction 12). SDS-PAGE analysis of
the fractions containing the first peak showed two main bands, one of 66 kDa and the other of 19 kDa
(Figure 2, lanes 8 and 9 in inset), suggesting that the band pattern obtained at short incubation times
in Figure 1 is the result of the trypsin acting on Vip3Aa while in the loading buffer. Furthermore,
the presence of both polypeptides in these fractions indicated that, once cleaved, the 19 kDa peptide
remains bound to the 66 kDa polypeptide. The elution of the cleaved Vip3Aa protein in a peak
corresponding to a molecular size larger than 100 kDa indicates that either the cleaved Vip3Aa protein
occurs in solution either as an oligomeric protein, or that it adopts a non-globular shape.
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Figure 2. Gel filtration chromatography of Vip3Aa treated with trypsin. Vip3Aa was incubated with
trypsin (24:100 trypsin:Vip3A, w:w) for 30 min (“Input” in figure inset). The sample was loaded into
a Superdex-75 10/300 GL column and elution fractions (1 mL each) were analysed by SDS-PAGE
(“Output” in figure inset). Molecular weight markers (M) are indicated in kDa.

2.2. Checking the Efficiency of Protease Inhibitors or High Concentration Urea on Stopping the Trypsin Action

Several irreversible trypsin protease inhibitors (PMSF, TLCK, AEBSF, E64), as well as a denaturant
agent (8 M urea), were used to stop the action of trypsin upon Vip3Aa prior to SDS-PAGE.
The protease inhibitors or the urea were added after 30 min of Vip3Aa incubation with trypsin
(24:100 trypsin:Vip3Aa, w:w). The loading buffer was added either immediately or 10 min after
addition of the inhibitors or the urea, and then the samples were heated for SDS-PAGE. The inhibitors
were used at the highest concentration recommended in the literature. The results showed that none
of the tested trypsin inhibitors stopped the action of trypsin when the loading buffer was added just
after the addition of the inhibitors (Figure 3a). In these conditions, only E64 was able to partially stop
the reaction. However, if the addition of loading buffer was delayed by 10 min, the AEBSF inhibitor
was able to completely stop the trypsin action, rendering a pattern in SDS-PAGE of three bands: the 66
and 19 kDa peptides derived from the Vip3Aa protoxin, and a 23 kDa band corresponding to trypsin
(lane 6 in Figure 3b). Unexpectedly, after preincubation, E64 performed worse than in the previous
conditions. These experiments were replicated using a lower rate of trypsin:Vip3Aa (10:100, w:w) and
a concentration of inhibitors 10 times higher; the results did not change (data not shown). Therefore,
except for AEBSF, the rest of the inhibitors tested were not able to completely inhibit the activity of
trypsin, even when used at very high concentrations. On the other hand, 8 M urea was very efficient
at stopping the action of trypsin, rendering a profile similar to that obtained with AEBSF (Figure 3a).
Some minor bands could be observed after a 10 min preincubation in the presence of urea (Figure 3b),
probably because a small fraction of Vip3Aa became digested by trypsin while becoming denatured.
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(a) (b)

Figure 3. Trypsin digestion of Vip3Aa using inhibitors to stop the reaction. The reactions were stopped
with the addition of irreversible trypsin protease inhibitors or urea. Loading buffer was added either
immediately (a) or 10 min after addition of the inhibitors or the urea (b) and the samples heated and
subjected to SDS-PAGE. Lanes 1: molecular weight markers; lanes 2: untreated protoxin; lanes 3:
control with no inhibitors; lanes 4: 1 mM PMSF; lanes 5: 0.1 mM TLCK; lanes 6: 1 mM AEBSF; lanes 7:
10 mM E64; lanes 8: 8 M urea. Molecular weight markers are indicated in kDa.

Taken together, the above experiments show that when the trypsin activity is completely inhibited
(by either AEBSF or 8 M urea) before SDS-PAGE, only two tryptic fragments are generated—of 66 kDa
and 19 kDa—even at extremely high concentrations of trypsin (24:100 trypsin:Vip3A, w:w). Thus,
Vip3Aa has just one primary cleavage site under native conditions, as opposed to the several secondary
cleavage sites revealed under denaturing conditions.

2.3. Analysis of the Biological Activity of the Trypsin-Treated Vip3A Protein

To determine whether the samples treated with high concentrations of trypsin (24:100
trypsin:Vip3A, w:w) for different times (and with very different SDS-PAGE profiles) differed in their
insecticidal activity, bioassays were performed with Agrotis ipsilon (Lepidoptera: Noctuidae) neonate
larvae. The results showed that the Vip3Aa samples treated for either 30 min or 3–4 days retained
insecticidal activity similar to the unprocessed protein (Table 1). Since the 19 kDa fragment disappears
with time, the results suggest that this fragment is not essential for toxicity.

Table 1. Toxicity of Vip3Aa before and after different trypsin treatments.

Vip3Aa Treatment

40 ng/cm2 Vip3Aa 65 ng/cm2 Vip3Aa

n % Mortality
% Functional

Mortality
n % Mortality

% Functional
Mortality

Untreated 2 71 ± 30 97 ± 4 3 81 ± 19 100
30 min trypsin-treated 2 67 ± 33 94 ± 8 2 94 ± 6 100

3–4 days trypsin-treated 2 66 ± 35 100 3 84 ± 16 100

Bioassays were performed with A. ipsilon neonates and the mortality scored after 7 days. Functional mortality is
defined as the number of dead larvae plus first instar arrested larvae. Values represent the mean and standard error
of n replicates. Mortality in the controls (just buffer or buffer with trypsin added) was always ≤10%.

2.4. Vip3Aa Processing by Trypsin in the Presence of SDS and β-Mercaptoethanol

Since the SDS-PAGE loading buffer contains SDS and β-mercaptoehanol, experiments were
performed in which the Vip3Aa protoxin was incubated with trypsin (for 30 min at a 24:100
trypsin:Vip3A, w:w), in the presence of SDS and/or β-mercaptoehanol (at the same concentrations that
they would be once the loading buffer is added to the sample). The reactions were stopped with 1 mM
AEBSF, let stand for 10 min at RT, and processed for SDS-PAGE as usual. The results showed that the
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presence of SDS reproduced the same band pattern observed when the trypsin reaction is not stopped
with protease inhibitors before SDS-PAGE (Figure 4), evidencing that bands other than 19 and 66 kDa
appear by the action of trypsin in the presence of SDS on secondary cleavage sites.

Figure 4. Trypsin processing of Vip3Aa in the presence of sodium dodecyl sulfate (SDS) and
β-mercaptoethanol. Vip3Aa was treated with trypsin (24:100 trypsin:Vip3A, w:w) with or without SDS
or β-mercaptoethanol, incubated for 30 min at 30 ◦C and subjected to SDS-PAGE. Lane 1: molecular
weight markers; lane 2: control without SDS or β-mercaptoethanol; lane 3: with SDS; lane 4: with
β-mercaptoethanol; lane 5: with SDS and β-mercaptoethanol; lane 6: Vip3Aa without trypsin (protoxin).
All reactions were stopped with 1 mM AEBSF followed by 10 min incubation at room temperature (RT).
Molecular weight markers (kDa) are indicated in the left. The band of around 23 kDa corresponds
to trypsin.

2.5. Identification of Peptides Generated by the Trypsin Treatment

Molecular weight analysis by MALDI TOF/TOF of the trypsin-treated Vip3Aa protein incubated
for 3 days (at 24:100 trypsin:Vip3A, w:w) revealed peaks of mass/charge of 66539, 33246, and 22169,
which corresponded to a 66 kDa polypeptide (66.539 kDa exact molecular weight) with one, two, and
three charges, respectively (see Supplementary Figure S1).

The tryptic peptide mass fingerprint was obtained for the main bands after trypsin treatment,
followed by SDS-PAGE. The results allowed us to putatively identify the SDS-PAGE bands based on
the Vip3Aa16 sequence (GenBank Acc. No. AAW65132.1). Unfortunately, this type of analysis does
not always allow one to pinpoint the exact N- and C-terminus of the peptides, since some tryptic
fragments which are generated are either too small or too large to allow detection. The fingerprinting
results unambiguously indicated that the band of 66 kDa consisted of a polypeptide starting at amino
acid residue D-199 and ending at the C-terminus of the protein (amino acid K-789). The fingerprint
of the band of approximately 19 kDa matched with sequences from the N-terminal region of the
protein, starting at the N-terminus and ending at either K-195, K-197, or K-198 (most likely the latter).
The bands of approximately 42, 32, and 29 kDa all gave matches with the C-terminal part of the protein.
The start residue of the band of 29 kDa was confirmed by Edman’s degradation, and was identified as
S-509; the last residue of this band coincided with the protein C-terminus. The bands of 42 and 32 kDa
yielded tryptic fragments matching the region covered by the band of 29 kDa, indicating that they are
larger versions of the 29 kDa fragment.

2.6. Stability of Vip3Aa Protoxin to A. ipsilon Midgut Juice

When the Vip3Aa protein, apparently degraded after treatment with a very high concentration
of MJ (40:100, MJ:Vip3A, w:w) (Figure 5, lane of Input in inset), was subjected to gel filtration
chromatography, the Vip3Aa protein eluted as a single main peak at 8.35 min, along with several
other peaks associated with the MJ (Figure 5). SDS-PAGE of the fractions that contained the 8.35 min
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peak showed two main bands, one of 66 kDa and the other of 19 kDa (Figure 5, lane A1 in inset).
This result confirmed the existence of a core of 66 kDa extremely stable to MJ proteases, and showed
that the apparent degradation of Vip3Aa at high concentrations of MJ, as observed by SDS-PAGE, was
an artefact.

Figure 5. Gel filtration chromatography of Vip3Aa treated with A. ipsilon midgut juice (MJ). Vip3Aa was
incubated with 40:100 MJ:protein (w:w) for 1 h (“Input” in figure inset). The sample was loaded into
the column and the elution fractions (1 mL each) were analysed by SDS-PAGE. The protein profile of
the output (fraction A1) is shown in the figure inset. Molecular weight markers (MW) are indicated on
the right in kDa.

3. Discussion

Since the discovery of Vip3 proteins, the mode of action on susceptible insects has been assimilated
to that of the much better known Cry proteins. Although there are important differences, especially at
the membrane target sites, the main steps have been mirrored in those of the Cry proteins, including
the activation of the protein by proteases in the midgut. Therefore, the full length Vip3Aa protein, or
protoxin, is activated in the insect midgut and produces a protease resistant core, the one identified
as the 62–66 kDa fragment. This fragment has been proposed to be the one crossing the peritrophic
membrane and binding to specific sites in the epithelial membrane. However, this model has been
challenged by results which have pointed out that the 62–66 kDa fragment is not as resistant to
proteases as originally thought. Although the 62–66 kDa fragment appears as the main proteolysis
band in SDS-PAGE when the concentration of trypsin or midgut juice is low, it is no longer the main
band in SDS-PAGE gels when higher concentrations of proteases are used [22,28,29]. Many other
studies have shown the apparent instability of the 62–66 kDa fragment [5,6,8,15,23], and similar results
have been obtained with the closely related Vip3Ca protein [30].

Our results show that, when exposed to trypsin or MJ proteases (even at very high concentrations),
the Vip3Aa protoxin is cleaved at a primary cleavage site—between amino acids 198 and
199—rendering two fragments of 19 kDa and 66 kDa which are stable to further processing. The stability
to further processing of the 66 kDa core is extremely high: it withstands concentrations as high as
120:100 trypsin:Vip3Aa and 40:100 A. ipsilon MJ:Vip3Aa, no matter the incubation time, a situation
close to that encountered in vivo when the protoxin is ingested by the larva.
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The apparent degradation of the 66 kDa fragment at high concentrations of trypsin or MJ is due
to the action of the proteases upon addition of SDS with the loading buffer. This is inferred from
the results when the sample is subjected to gel filtration chromatography and trypsin is separated
from the activated Vip3Aa prior to SDS-PAGE analysis (Figure 2), or when the reaction is properly
stopped (Figure 3). As clearly shown in Figure 4, trypsin can act on the target protein even in the
presence of this concentration of denaturant; presumably because Vip3Aa unfolds before trypsin is
inactivated, making available less accessible cleavage sites. The unexpected increase of the 66 kDa
band with time at high concentrations of trypsin (Figure 1) can be explained as follows: since trypsin
autodigests, the shorter the incubation time of the Vip3Aa protein with trypsin, then the higher the
trypsin concentration still present in the sample; and thus, the more efficient processing of the 66 kDa
peptide by trypsin under denaturing conditions.

Gel filtration chromatography shows that the proteolytically processed Vip3Aa protein elutes as
a high molecular mass protein. The SDS-PAGE analysis of the elution peak shows two bands of 66 kDa
and 19 kDa, which indicates that these two molecules remain associated under native conditions, as was
previously reported [30]. The elution of the processed protein from the gel filtration column as a high
molecular mass protein (the exclusion limit of the column is 100 kDa) is in agreement with a recent
study that shows that the trypsin-activated Vip3Aa protein aggregates in solution to form an oligomer
or because the protein may adopt a non-globular shape [31]. Other examples are known of proteins
where, after activation, the two main fragments remain together and co-elute chromatographically.
The MJ-activated Cry8Da protein (64 kDa) can be further digested, giving two bands of 54 kDa and
8 kDa by SDS-PAGE, but which elute together by gel filtration chromatography [32]. Also, Cry4A is
cleaved into two fragments of 20 kDa and 45 kDa by protease activation that cannot be separated by
gel filtration chromatography [33]. Two fragments of 55 kDa and 8–11 kDa, which cannot be separated
by size exclusion chromatography, are also obtained during the activation of the coleopteran active
Cry3Aa protein [34].

The role of the 19 kDa in the toxicity of the activated Vip3Aa is controversial. While Li et al. [28]
found that deletion of the N-terminal first 189 amino acids abolished the insecticidal activity of
a chimeric Vip3AcAa protein, Gayen et al. [35] found that a Vip3Aa deletion mutant lacking the
first 200 amino acids of the protein not only did not abolish the activity, but it slightly enhanced it
against the three insect species tested, and that the expression of this deleted protein in tobacco plants
provided even higher plant protection against several feeding insects than the expression of the wild
type protein [36]. It is possible that the discrepancy between these two studies is due to the method
used for the expression and purification of the deletion mutants, if not to the different Vip3A proteins
used. Other studies with smaller deletions also gave contradictory results [37–39]. According to our
results, the presence of the 19 kDa fragment in the toxicity seems not to be essential, since similar
insecticidal activities were found for the samples incubated at 24:100 trypsin: Vip3Aa for 30 min or
3 days (Table 1), with the latter almost lacking the 19 kDa fragment (Figure 1).

An unexpected result from this study is the difficulty in completely terminating the reaction of
Vip3Aa with trypsin. Even the highest concentration of inhibitors recommended by the suppliers was
unable to stop the reaction, except for AEBSF, and this only after incubation for 10 min. This lack of
efficacy, along with the susceptibility of Vip3Aa to SDS unfolding, is responsible for the degradation
patterns of Vip3 proteins obtained when analyzed by SDS-PAGE. In the light of our results, all previous
data on Vip3 proteins proteolysis, either by commercial proteases or by MJ, should be revised, since
most reported band patterns would reflect the susceptibility of the Vip3 protein under denaturing
conditions. This would more severely affect those experiments performed at high concentrations of
either trypsin or insect midgut juice. It is very likely that the lack of termination of the trypsin reaction
would be the reason why the 33 kDa fragment was originally proposed to be the minimum toxic
fragment after proteolysis [24].

No 3D structure of any Vip3 protein has yet been resolved. To shed light on the Vip3Aa structure,
we have exploited the susceptibility of this protein to trypsin digestion under denaturing conditions
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(i.e., in the presence of SDS) to uncover secondary trypsin sites. The main bands obtained upon
trypsin treatment of Vip3Aa in the presence of SDS were analyzed by MALDI TOF/TOF and the
tryptic fragments were identified based on the Vip3Aa16 sequence (GenBank Acc. No. AAW65132.1).
The analysis provided the exact molecular weight of the main fragment (66.539 kDa) and identified
the 19 kDa fragment as the N-terminal fragment generated by the primary cleavage site. Secondary
cleavage sites yielded the bands of approximately 42, 32, and 29 kDa, whose tryptic fragments gave
matches with the C-terminal part of the protein, suggesting that this region is the most stable region of
the 66 kDa core. Interestingly, the predicted secondary structure of the Vip3Aa protein shows a cluster
of beta sheets in the C-terminal region of the protein (where the putative carbohydrate-binding motive
is also located); whereas the rest of the protein is mainly composed of alpha helices (Figure 6). This bias
in the secondary structure suggests that the beta sheets might form a structure that stabilizes this region.

Figure 6. Schematic representation of the Vip3Aa secondary structure and identification of the peptides
generated by trypsin digestion of Vip3Aa. Alfa helices are represented as blue cylinders, beta sheets
are represented as purple arrows, and turns are represented in gray. CBM = Predicted Carbohydrate
Binding Motif. Black arrows under the secondary structure represent the polypeptides identified by
Mass fingerprinting.

4. Conclusions

The results presented here show that Vip3A proteins, and by extension other Vip3 proteins, are
readily cleaved at a primary site by proteases rendering the 19–22 kDa and 62–66 kDa fragments.
Despite the fact that the two fragments remain attached, the long-time exposure to proteases seems to
eventually digest the small fragment. In contrast, the largest fragment is extremely stable to trypsin
or MJ proteases. However, its susceptibility to SDS unfolding, along with the low efficacy of trypsin
inhibitors to stop the proteolytic reaction, makes the SDS-PAGE analysis reveal secondary cleavage
sites which give artefactual band patterns and, in some cases (at high concentration of MJ or trypsin),
even the apparent complete degradation of the protein. The information provided here is useful for
further biochemical and structural studies with the Vip3Aa and other Vip3 proteins, and may help
explain some reproducibility problems faced when working with these type of proteins.

5. Materials and Methods

5.1. Vip3Aa Expression and Purification

The Vip3Aa protein was obtained from the vip3Aa16 gene fused to a six histidine-tail and cloned
in E. coli [11]. Expression of the vip3Aa16 gene was achieved as described elsewhere [15], except for
that the pre-culture was allowed to reach an OD of 1.2 before being transferred to the main culture
medium, and that isopropyl-β-D-thiogalactopyranoside (IPTG) was added to the latter when it reached
an OD of 0.4. After 5 h at 37 ◦C, the cells were harvested by centrifugation and then lysed [15].
After centrifugation at 17,000 g, the supernatant containing the Vip3Aa protein was collected and used
for subsequent purification.

Affinity chromatography purification of Vip3Aa was carried out using His TrapTM FF crude
columns (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The column was equilibrated with
Phosphate-Buffered Saline solution (PBS, Roche, Germany) pH 7.4, with 10 mM of imidazole.
The supernatant was then loaded onto the column and washed with PBS with 45 mM imidazole.
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The Vip3Aa protein was eluted with elution buffer (PBS containing 150 mM imidazole) and 1 mL
fractions were collected in tubes containing 50 μL of 0.1 M EDTA. Fractions with a high protein
concentration (as determined photometrically at 280 nm) were combined and dialyzed overnight
against 20 mM Tris-HCl, 0.15 M NaCl, 5 mM EDTA, pH 8.6, or against 50 mM carbonate buffer,
5 mM EDTA, pH 10.5. The final concentration of Vip3Aa was determined either by densitometry after
SDS-PAGE or by the Bradford’s method [40], using bovine serum albumin (BSA) as a standard.

5.2. Vip3A Proteolytic Processing

The Vip3Aa protein was subjected to different proteolysis treatments. Aliquots were taken out
at desired times, mixed with SDS-PAGE loading buffer (10 μL sample with 5 μL loading buffer),
heated at 99 ◦C for 10 min, snap frozen in liquid nitrogen, and stored at −20 ◦C until use. When trypsin
inhibitors were used, the aliquots were mixed with trypsin inhibitors and either immediately or after
a short incubation time (10 min at RT), the loading buffer was added to the samples to be processed for
SDS-PAGE as usual. The loading buffer composition was 0.2 M Tris-HCl pH 6.8, 1 M sucrose, 5 mM
EDTA, 0.1% bromophenol blue, 2.5% SDS, and 5% β-mercaptoethanol.

5.2.1. Trypsin Treatments

The affinity-purified Vip3Aa protein was subjected to proteolytic activation with commercial
trypsin (trypsin from bovine pancreas, SIGMA T8003, Sigma-Aldrich, St. Louis, MO, USA) in either
Tris-HCl buffer (20 mM Tris-HCl, 0.15 M NaCl, 5 mM EDTA, pH 8.6) or carbonate buffer (50 mM
carbonate buffer, 5 mM EDTA, pH 10.5). Vip3Aa was incubated with trypsin at either 1:100, 24:100, or
120:100 ratios (trypsin:Vip3A, w:w) at both 4 ◦C and 30 ◦C.

The irreversible inhibitors used to stop the trypsin action, were: PMSF (phenylmethanesulfonyl
fluoride, from SIGMA), TLCK (Nα-tosyl-L-lysine chloromethyl ketone hydrochloride, from SIGMA),
AEBSF protease inhibitor (from ThermoFisher, Waltham, MA, USA), and E64 (trans-epoxysuccinyl-
L-leucylamido (4-guanidino) butane, from SIGMA). The denaturing agent used, urea, was added
directly to the sample tubes to reach the concentration of 8 M.

5.2.2. Midgut Juice (MJ) Treatment

MJ was obtained from A. ipsilon fifth instar larvae. For that purpose, 15 larvae were dissected
and their peritrophic membranes, containing the food bolus, were pulled out and transferred into
an ice-cold container, homogenized, and centrifuged for 10 min at 16,100 g at 4 ◦C. The supernatant was
collected and centrifuged again for 10 additional min. The final supernatant was quickly distributed
into small aliquots, snap frozen in liquid nitrogen, and stored at −80 ◦C. The protein content was
quantified by the Bradford [40] method using BSA as a standard.

Vip3Aa was incubated with MJ at a ratio of 40:100 (MJ:Vip3A, w:w). The sample was incubated at
30 ◦C for 30 min.

5.3. MALDI TOF/TOF Analyses

The analyses were performed in a 5800 MALDI TOF/TOF (ABSciex) at the proteomics facility
of the SCSIE (Servei Central de Suport a la Investigació Experimental), at the University of Valencia,
Valencia, Spain. Protein fingerprinting was performed on tryptic fragments separated by SDS-PAGE.

To perform the molecular weight analyses, the Vip3Aa protein was first treated with trypsin
(24:100 trypsin:Vip3A, w:w) and the mixture was incubated at 30 ◦C for 3 days. The analyses of the
Vip3Aa molecular weight were performed after diluting the sample 1:2 in trifluoroethanol with SA as a
matrix. The analyses were performed in a positive linear mode in a mass range of 10,000–100,000 m/z.
The spectra were analyzed by the mMass software [41], Version 5.5.0.
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5.4. Gel Filtration Chromatography

Gel filtration chromatography was performed with an ÄKTA explorer 100 chromatography system
in a Superdex-75 10/300 GL column (GE Healthcare Life Sciences, Uppsala, Sweden) equilibrated and
eluted with 20 mM Tris-HCl, 300 mM NaCl, pH 8.9, to a flow rate of 1 mL/min.

5.5. Toxicity Tests

The biological activity of the Vip3A samples was assessed with A. ipsilon first instar larvae.
The A. ipsilon colony was established with insects obtained from Andermatt Biocontrol AG
(Stahlermatten, Switzerland) which had been reared in the laboratory for more than 14 generations.
The insects were reared on an artificial diet and maintained in a rearing chamber at 25 ± 3 ◦C,
with 70 ± 5 RH and a 16/8 h light/dark photoperiod.

Surface contamination assays were carried out with a single larva in each 2 cm2 well in
multiwell plates. The toxicity of full length Vip3Aa or the processed Vip3Aa was tested using protein
concentrations of 40 and 65 ng/cm2 (which corresponds to the LC90 value extrapolated from published
data [25]). For each replicate, 16 to 32 neonate larvae were used. Mortality was scored after 7 days.
The larvae remaining in the first instar stage after 7 days were also recorded and added to the number
of dead larvae to obtain the “functional mortality”.

5.6. Protein Structure Prediction Software

The secondary structure prediction was generated by the Geneious software, version 10.1.1. [42].

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/4/131/s1,
Figure S1: Molecular mass determination by MALDI TOF/TOF of the 66 kDa polypeptide formed after treatment
of the Vip3Aa protoxin with trypsin (24:100 trypsin:Vip3A, w:w) for 3 days.

Acknowledgments: Research was supported by the Spanish Ministry of Science and Innovation (grants Ref.
AGL2015-70584-C2-1-R and AGL2012-39946-C02-01), by Grants of the Generalitat Valenciana (GVPROMETEOII-
2015-001 and GVISIC2013-004) and by European FEDER funds. N.B. was a recipient of a Ph.D. grant from the
Spanish Ministry of Science and Innovation (grant BES-2010-039487). We thank Rosa María González-Martínez
for her help with insect rearing and Joel González-Cabrera for helping us with the secondary structure. We are
very grateful to Luz Valero, at the proteomics facility of the SCSIE for her helpful comments and discussions on
the manuscript. The proteomics facility belongs to ProteoRed, PRB2-ISCIII, supported by grant PT13/0001.

Author Contributions: Y.B., N.B., M.C., B.E., and J.F. contributed to the design of the study. Y.B., N.B., and
M.C. performed the experiments. J.F., Y.B., N.B., and M.C. analyzed the data. J.F. and Y.B. wrote the manuscript.
All authors reviewed the manuscript.

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Palma, L.; Muñoz, D.; Berry, C.; Murillo, J.; Caballero, P. Bacillus thuringiensis toxins: An overview of their
biocidal activity. Toxins 2014, 6, 3296–3325. [CrossRef] [PubMed]

2. Van Frankenhuyzen, K. Insecticidal activity of Bacillus thuringiensis crystal proteins. J. Invertebr. Pathol. 2009,
101, 1–16. [CrossRef] [PubMed]

3. Chakroun, M.; Banyuls, N.; Bel, Y.; Escriche, B.; Ferré, J. Bacterial vegetative insecticidal proteins (Vip) from
entomopathogenic bacteria. Microbiol. Mol. Biol. Rev. 2016, 80, 329–350. [CrossRef] [PubMed]

4. Adang, M.J.; Crickmore, N.; Jurat-Fuentes, J.L. Diversity of Bacillus thuringiensis crystal toxins and mechanism
of action. In Advances in Insect Physiology; Dhadialla, T.S., Gill, S.S., Eds.; Oxford Academic Press:
Cambridge, MA, USA, 2014; Volume 47, pp. 39–87.

5. Lee, M.K.; Walters, F.S.; Hart, H.; Palekar, N.; Chen, J.S. The mode of action of the Bacillus thuringiensis
vegetative insecticidal protein Vip3A differs from that of Cry1Ab δ-endotoxin. Appl. Environ. Microbiol. 2003,
69, 4648–4657. [CrossRef] [PubMed]

6. Liu, J.G.; Yang, A.Z.; Shen, X.H.; Hua, B.G.; Shi, G.L. Specific binding of activated Vip3Aa10 to Helicoverpa
armigera brush border membrane vesicles results in pore formation. J. Invertebr. Pathol. 2011, 108, 92–97.
[CrossRef] [PubMed]

47



Toxins 2017, 9, 131

7. Caccia, S.; Di Lelio, I.; La Storia, A.; Marinelli, A.; Varricchio, P.; Franzetti, E.; Banyuls, N.; Tettamanti, G.;
Casartelli, M.; Giordana, B.; et al. Midgut microbiota and host immunocompetence underlie Bacillus
thuringiensis killing mechanism. Proc. Natl. Acad. Sci. USA 2016, 113, 9486–9491. [CrossRef] [PubMed]

8. Abdelkefi-Mesrati, L.; Boukedi, H.; Dammak-Karray, M.; Sellami-Boudawara, T.; Jaoua, S.; Tounsi, S. Study
of the Bacillus thuringiensis Vip3Aa16 histopathological effects and determination of its putative binding
proteins in the midgut of Spodoptera littoralis. J. Invertebr. Pathol. 2011, 106, 250–254. [CrossRef] [PubMed]

9. Ben Hamadou-Charfi, D.; Boukedi, H.; Abdelkefi-Mesrati, L.; Tounsi, S.; Jaoua, S. Agrotis segetum midgut
putative receptor of Bacillus thuringiensis vegetative insecticidal protein Vip3Aa16 differs from that of
Cry1Ac toxin. J. Invertebr. Pathol. 2013, 114, 139–143. [CrossRef] [PubMed]

10. Sena, J.A.; Hernandez-Rodriguez, C.S.; Ferré, J. Interaction of Bacillus thuringiensis Cry1 and Vip3A proteins
with Spodoptera frugiperda midgut binding sites. Appl. Environ. Microbiol. 2009, 75, 2236–2237. [CrossRef]
[PubMed]

11. Abdelkefi-Mesrati, L.; Rouis, S.; Sellami, S.; Jaoua, S. Prays oleae midgut putative receptor of Bacillus thuringiensis
vegetative insecticidal protein Vip3LB differs from that of Cry1Ac toxin. Mol. Biotechnol. 2009, 43, 15–19.
[CrossRef] [PubMed]

12. Lee, M.K.; Miles, P.; Chen, J.S. Brush border membrane binding properties of Bacillus thuringiensis Vip3A
toxin to Heliothis virescens and Helicoverpa zea midguts. Biochem. Biophys. Res. Commun. 2006, 339, 1043–1047.
[CrossRef] [PubMed]

13. ISAAA GM Approval Database. Available online: http://www.isaaa.org/gmapprovaldatabase/ (accessed
on 2 March 2017).

14. Estruch, J.J.; Warren, G.W.; Mullins, M.A.; Nye, G.J.; Craig, J.A.; Koziel, M.G. Vip3A, a novel Bacillus
thuringiensis vegetative insecticidal protein with a wide spectrum of activities against lepidopteran insects.
Proc. Natl. Acad. Sci. USA 1996, 93, 5389–5394. [CrossRef] [PubMed]

15. Abdelkefi-Mesrati, L.; Boukedi, H.; Chakroun, M.; Kamoun, F.; Azzouz, H.; Tounsi, S.; Rouis, S.; Jaoua, S.
Investigation of the steps involved in the difference of susceptibility of Ephestia kuehniella and Spodoptera
littoralis to the Bacillus thuringiensis Vip3Aa16 toxin. J. Invertebr. Pathol. 2011, 107, 198–201. [CrossRef]
[PubMed]

16. Chakroun, M.; Bel, Y.; Caccia, S.; Abdelkefi-Mesrati, L.; Escriche, B.; Ferré, J. Susceptibility of Spodoptera
frugiperda and S. exigua to Bacillus thuringiensis Vip3Aa insecticidal protein. J. Invertebr. Pathol. 2012, 110,
334–339. [CrossRef] [PubMed]

17. Gomis-Cebolla, J.; Ruíz de Escudero, I.; Vera-Velasco, N.M.; Hernández-Martínez, P.; Hernández-Rodríguez, C.S.;
Ceballos, T.; Palma, L.; Escriche, B.; Caballero, P.; Ferré, J. Insecticidal spectrum and mode of action of the
Bacillus thuringiensis Vip3Ca insecticidal protein. J. Invertebr. Pathol. 2016, 142, 60–67. [CrossRef] [PubMed]

18. Chakroun, M.; Banyuls, N.; Walsh, T.; Downes, S.; James, B.; Ferré, J. Characterization of the resistance
to Vip3Aa in Helicoverpa armigera from Australia and the role of midgut processing and receptor binding.
Sci. Rep. 2016, 6, 24311. [CrossRef] [PubMed]

19. Barkhade, U.P.; Thakare, A.S. Protease mediated resistance mechanism to Cry1C and Vip3A in
Spodoptera litura. Egypt. Acad. J. Biol. Sci. 2010, 3, 43–50.

20. Yu, C.G.; Mullins, M.A.; Warren, G.W.; Koziel, M.G.; Estruch, J.J. The Bacillus thuringiensis vegetative
insecticidal protein Vip3A lyses midgut epithelium cells of susceptible insects. Appl. Environ. Microbiol. 1997,
63, 532–536. [PubMed]

21. Sellami, S.; Cherif, M.; Abdelkefi-Mesrati, L.; Tounsi, S.; Jamoussi, K. Toxicity, activation process, and
histopathological effect of Bacillus thuringiensis vegetative insecticidal protein Vip3Aa16 on Tuta absoluta.
Appl. Biochem. Biotechnol. 2015, 175, 1992–1999. [CrossRef] [PubMed]

22. Caccia, S.; Chakroun, M.; Vinokurov, K.; Ferré, J. Proteolytic processing of Bacillus thuringiensis Vip3A
proteins by two Spodoptera species. J. Insect Physiol. 2014, 67, 76–84. [CrossRef] [PubMed]

23. Marucci, S.C.; Figueiredo, C.S.; Tezza, R.I.D.; Alves, E.C.D.C.; Lemos, M.V.F.; Desidério, J.A. Relação entre
toxicidade de proteínas Vip3Aa e sua capacidade de ligação a receptores intestinais de lepidópteros-praga.
Pesqui. Agropecu. Bras. 2015, 50, 637–648. [CrossRef]

24. Estruch, J.J.; Yu, C.G. Plant Pest Control. U.S. Patent 6,291,156, 18 september 2001.
25. Hernández-Martínez, P.; Hernández-Rodríguez, C.S.; Rie, J.V.; Escriche, B.; Ferré, J. Insecticidal activity

of Vip3Aa, Vip3Ad, Vip3Ae, and Vip3Af from Bacillus thuringiensis against lepidopteran corn pests.
J. Invertebr. Pathol. 2013, 113, 78–81. [CrossRef] [PubMed]

48



Toxins 2017, 9, 131

26. Ruiz de Escudero, I.; Banyuls, N.; Bel, Y.; Maeztu, M.; Escriche, B.; Munoz, D.; Caballero, P.; Ferré, J.
A screening of five Bacillus thuringiensis Vip3A proteins for their activity against lepidopteran pests.
J. Invertebr. Pathol. 2014, 117, 51–55. [CrossRef] [PubMed]

27. Baranek, J.; Kaznowski, A.; Konecka, E.; Naimov, S. Activity of vegetative insecticidal proteins Vip3Aa58 and
Vip3Aa59 of Bacillus thuringiensis against lepidopteran pests. J. Invertebr. Pathol. 2015, 130, 72–81. [CrossRef]
[PubMed]

28. Li, C.; Xu, N.; Huang, X.; Wang, W.; Cheng, J.; Wu, K.; Shen, Z. Bacillus thuringiensis Vip3 mutant proteins:
Insecticidal activity and trypsin sensitivity. Biocontrol Sci. Technol. 2007, 17, 699–708. [CrossRef]

29. Song, F.; Chen, C.; Wu, S.; Shao, E.; Li, M.; Guan, X.; Huang, Z. Transcriptional profiling analysis of Spodoptera
litura larvae challenged with Vip3Aa toxin and possible involvement of trypsin in the toxin activation.
Sci. Rep. 2016, 6, 23861. [CrossRef] [PubMed]

30. Chakroun, M.; Ferré, J. In Vivo and In Vitro binding of Vip3Aa to Spodoptera frugiperda midgut and
characterization of binding sites by 125I radiolabeling. Appl. Environ. Microbiol. 2014, 80, 6258–6265. [CrossRef]
[PubMed]

31. Kunthic, T.; Surya, W.; Promdonkoy, B.; Torres, J.; Boonserm, P. Conditions for homogeneous preparation of
stable monomeric and oligomeric forms of activated Vip3A toxin from Bacillus thuringiensis. Eur. Biophys. J.
2016. [CrossRef] [PubMed]

32. Yamaguchi, T.; Sahara, K.; Bando, H.; Asano, S. Intramolecular proteolytic nicking and binding of Bacillus
thuringiensis Cry8Da toxin in BBMVs of Japanese beetle. J. Invertebr. Pathol. 2010, 105, 243–247. [CrossRef]
[PubMed]

33. Yamagiwa, M.; Esaki, M.; Otake, K.; Inagaki, M.; Komano, T.; Amachi, T.; Sakai, H. Activation process of
dipteran-specific insecticidal protein produced by Bacillus thuringiensis subsp. israelensis. Appl. Environ. Microbiol.
1999, 65, 3464–3469. [PubMed]

34. Carroll, J.; Convents, D.; Van Damme, J.; Boets, A.; van Rie, J.; Ellar, D.J. Intramolecular proteolytic cleavage
of Bacillus thuringiensis Cry3A delta-endotoxin may facilitate its coleopteran toxicity. J. Invertebr. Pathol. 1997,
70, 41–49. [CrossRef] [PubMed]

35. Gayen, S.; Hossain, M.A.; Sen, S.K. Identification of the bioactive core component of the insecticidal Vip3A
toxin peptide of Bacillus thuringiensis. J. Plant Biochem. Biotechnol. 2012, 21, 128–135. [CrossRef]

36. Gayen, S.; Samanta, M.K.; Hossain, M.A.; Mandal, C.C.; Sen, S.K. A deletion mutant ndv200 of the Bacillus
thuringiensis vip3BR insecticidal toxin gene is a prospective candidate for the next generation of genetically
modified crop plants resistant to lepidopteran insect damage. Planta 2015, 242, 269–281. [CrossRef] [PubMed]

37. Chen, J.; Yu, J.; Tang, L.; Tang, M.; Shi, Y.; Pang, Y. Comparison of the expression of Bacillus thuringiensis
full-length and N-terminally truncated vip3A gene in Escherichia coli. J. Appl. Microbiol. 2003, 95, 310–316.
[CrossRef] [PubMed]

38. Selvapandiyan, A.; Arora, N.; Rajagopal, R.; Jalali, S.K.; Venkatesan, T.; Singh, S.P.; Bhatnagar, R.K.
Toxicity analysis of N- and C-terminus-deleted vegetative insecticidal protein from Bacillus thuringiensis.
Appl. Environ. Microbiol. 2001, 67, 5855–5858. [CrossRef] [PubMed]

39. Bhalla, R.; Dalal, M.; Panguluri, S.K.; Jagadish, B.; Mandaokar, A.D.; Singh, A.K.; Kumar, P.A.
Isolation, characterization and expression of a novel vegetative insecticidal protein gene of Bacillus
thuringiensis. FEMS Microbiol. Lett. 2005, 243, 467–472. [CrossRef] [PubMed]

40. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
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Abstract: A strain of the Asian corn borer (ACB), Ostrinia furnacalis (Guenée), has evolved >800-fold
resistance to Cry1Ie (ACB-IeR) after 49 generations of selection. The inheritance pattern of resistance
to Cry1Ie in ACB-IeR strain and its cross-resistance to other Bt toxins were determined through
bioassay by exposing neonates from genetic-crosses to toxins incorporated into the diet. The response
of progenies from reciprocal F1 crosses were similar (LC50s: 76.07 vs. 74.32 μg/g), which suggested
the resistance was autosomal. The effective dominance (h) decreased as concentration of Cry1Ie
increased. h was nearly recessive or incompletely recessive on Cry1Ie maize leaf tissue (h = 0.02), but
nearly dominant or incompletely dominant (h = 0.98) on Cry1Ie maize silk. Bioassay of the backcross
suggested that the resistance was controlled by more than one locus. In addition, the resistant strain
did not perform cross-resistance to Cry1Ab (0.8-fold), Cry1Ac (0.8-fold), Cry1F (0.9-fold), and Cry1Ah
(1.0-fold). The present study not only offers the manifestation for resistance management, but also
recommends that Cry1Ie will be an appropriate candidate for expression with Cry1Ab, Cry1Ac,
Cry1F, or Cry1Ah for the development of Bt maize.

Keywords: Ostrinia furnacalis; Bacillus thuringiensis; inheritance; cross-resistance; resistance management

1. Introduction

The Asian corn borer (ACB), Ostrinia furnacalis (Guenée) (Lepidoptera: Crambidae), is the most
destructive insect pest of maize throughout the China. Bt maize hybrids expressing Cry1Ab toxin
(containing events MON810 (Monsanto) and Bt11 (Syngenta)), as well as Cry1Ie-expressing maize
developed by the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, can provide
excellent protection from the ACB and cotton bollworm, Helicoverpa armigera [1–3]. However,
a widespread and prolonged use of Bt crops could rapidly lead to the evolution of resistance within
target pest populations [4–7]. Continuous exposure of Bt has displayed a great potential of resistance
in numerous lepodopteran pests including cotton bollworm [8], the ACB [9,10], and the European corn
borer, Ostrinia nubilalis [11], in the laboratory selection experiments.

In order to achieve the sustainable utilization of this technology, it is necessary to adopt
appropriate resistance management strategies. Although several strategies have been proposed
to manage target insects resistance to Bt maize, the high-dose/refuge approach and multi-gene strategy
(pyramiding two or more toxins with different modes of action) have been most recommended [12,13].
One of two critical assumptions of the high-dose/refuge strategy documented to diminish evolution
of resistance in target insects for Bt crops expressing Bt toxins is recessive or incompletely recessive
inheritance of resistance, i.e., progenies from mating between homozygous susceptible and homozygous
resistant adults are susceptible to the high-dose expression [14]. To some extent, the fitness of
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heterozygous individuals is lower on a Bt crop than the homozygous resistant parent, the maximum
interruption in resistance can be acquired with resistance traits that are functionally recessive [15,16].

Pyramiding of two or more toxins with different binding receptor molecules and different modes
of action in the larval midgut is effective [13,17]. Multiple mutations for resistance to both toxins
are required simultaneously under the circumstances, the homozygous resistance individuals arising
would be extremely rare. In case of any resistance to Bt toxins remaining stable while selection is
stopped, pyramiding toxins is superior to that of a rotation of different toxins. The ability of applying
toxin mixtures or rotations of different toxins is greatly enhanced if the resistance allele to each toxin is
recessive [18].

It is essential to understand the characteristic of resistance to Bt toxins for evaluating the risk of
resistance and implementing strategies to establish an effective IRM program. Our primary objective
here was to estimate the pattern of inheritance of resistance to Cry1Ie in a laboratory-selected ACB
strain ACB-IeR. Possible sex linkage/maternal effects and dominance were determined through
performing Mendelian cross assays, while backcrossing experiments were performed to estimate the
number of loci influencing the resistance. In addition, Bt maize (expressing Cry1Ie toxin) plant tissue
bioassays were carried out to measure the fitness of susceptible and resistant insects as well as the
F1 progeny. Besides, cross-resistance patterns to those Bt toxins expressed in most commercialized
Bt maize and Bt cotton events such as MON810, Bt11, TC1507, and MON532 were also assessed in
ACB-IeR strain. The results of this research would provide valuable information for initiating an
effective IRM program for prospective Cry1Ie-containing maize adopted in China.

2. Results

2.1. Evolution of Resistance

After having been selected for 49 generations with increased Cry1Ie concentration during
subsequent generations, a Cry1Ie-resistant strain (ACB-IeR) was established through laboratory
selection experiments using artificial diet mixed with Cry1Ie toxin. Based on bioassays for evaluating
the susceptibility to Cry1Ie toxin in ACB-BtS and ACB-IeR strains, the LC50 value was significantly
higher in ACB-IeR strain compared with ACB-BtS, which showed a resistance ratio of more than
800-fold and demonstrated that resistance to Cry1Ie toxin was achievable for this insect (Table 1).

Table 1. Susceptibility of the Asian corn borer (ACB-BtS, ACB-IeR) to 5 Bt toxins

Bt Toxin Strain n a LC50 (95% FL) μg/g RR b (95% CI) Slope ± SE χ2 df (χ2)

Cry1Ie ACB-BtS 576 1.10 (0.86–1.28) 1 7.31 ± 1.29 14.2 10
ACB-IeR 864 >940 >854.5 nd nd 16

Cry1Ab ACB-BtS 576 0.21 (0.14–0.30) 1 2.16 ± 0.47 7.7 10
ACB-IeR 672 0.17 (0.09–0.25) 0.8 (0.5–1.2) 1.46 ± 0.19 11.7 12

Cry1Ac ACB-BtS 576 0.27 (0.19–0.34) 1 1.70 ± 0.26 7.1 10
ACB-IeR 576 0.21 (0.15–0.30) 0.8 (0.5–1.3) 1.31 ± 0.20 6.6 10

Cry1Ah ACB-BtS 576 0.20 (0.09–0.28) 1 1.98 ± 0.53 7.9 10
ACB-IeR 576 0.20 (0.07–0.30) 1.0 (0.6–1.6) 1.81 ± 0.35 12.7 10

Cry1F ACB-BtS 576 0.64 (0.42–1.01) 1 2.45 ± 0.45 10.8 10
ACB-IeR 576 0.59 (0.35–0.86) 0.9 (0.6–1.4) 1.72 ± 0.27 9.2 10

a n, number of larvae tested. b RR, resistance ratio with their 95% confidence intervals compared with susceptible
strain at LC50. nd, not determined, indicates that the Probit regression line could not be determined because the
range of Cry1Ie concentrations needed to cause a significant response exceeded the range tested.
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2.2. Cross Resistance

The LC50 values for Cry1Ab, Cry1Ac, Cry1Ah, and Cry1F toxins were not significantly different
in ACB-IeR strain compared to the ACB-BtS strain (Table 1), indicating that the ACB-IeR strain is not
cross-resistant to these four Bt toxins.

2.3. Maternal Effects and Sex Linkage

F1 offspring of reciprocal crosses tested with Cry1Ie were intermediate in resistance to their
respective susceptible and resistant parents, with LC50 values of 76.07 μg/g and 74.32 μg/g, which
were greater than the LC50 of the susceptible parental strain (1.10 μg/g) and significantly less than
the LC50 of the resistant parental strain (more than 940 μg/g) (Table 2). The LC50 values of the F1

offspring were not significantly different from one another (RR (95% CI) = 1.02 (0.76–1.37)), indicating
that inheritance was autosomal, with no sex link.

Table 2. Responses of F1 progenies from reciprocal crosses between resistant and susceptible strains of
the Asian corn borer to Cry1Ie toxin.

Cross n LC50 (95% FL) μg/g RR (95% CI) Slope ± SE χ2 df (χ2)

R♀ × S♂ 672 76.07 (58.85–100.55) 69.2 (56.2–85.1) 2.93 ± 0.63 9.5 12
S♀ × R♂ 768 74.32 (59.37–97.72) 67.6 (52.4–87.1) 2.09 ± 0.43 6.9 14

2.4. Number of Loci Influencing Resistance

The fitness test for goodness-of-fit to a monofactorial model showed that backcross progeny
had higher actual mortality than expected mortality resulting from all of the five Cry1Ie toxin
doses in a series, i.e., the pattern of response was not consistent with a monofactorial model
(∑χ2 = 62.02 > ∑χ2

0.05 = 3.84, df = 1) (Table 3). The null hypothesis is rejected, which indicates that
the inheritance of the resistance to Cry1Ie in ACB-IeR strain may be under polygenic control.

Table 3. Fitness test of monogenic mode to Cry1Ie in Cry1Ie-selected Asian corn borer.

Dosage μg/g Actual Mortality (%) Expected Mortality (%) χ2

5 12.5 11.0 0.24
10 18.8 16.7 0.31
50 22.9 22.4 0.01

100 55.2 43.2 5.64
200 96.9 59.4 55.9
∑χ2 - - 62.02

2.5. Dominance

The effective dominance level, h, based on toxin diet bioassay, varied widely with the Cry1Ie toxin
concentration, from incompletely dominant inheritance at low concentrations to incompletely recessive
inheritance at high concentration (Table 4). For example, the resistance was incompletely dominant at
the concentration of 0.5 μg/g (h = 0.96), and declined to incompletely recessive at 100 μg/g (h = 0.35).

h values based on the plant tissues bioassays were 0.02 and 0.98 for Cry1Ie maize leaves and silks
(Table 5), which indicated that the resistance was functionally recessive at the whorl stage of maize
plant development and more dominant at the silk stage of maize plant development.
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Table 4. Effective dominance (h) of resistance to Cry1Ie toxin in the Asian corn borer larvae.

Concentration μg/g Strains Survival (%) Fitness * h

0.5 ACB-BtS 72.9 0.76
ACB-IeR 95.8 1

ACB-IeRS 94.8 0.99 0.96

5 ACB-BtS 0 0
ACB-IeR 92.7 1

ACB-IeRS 85.4 0.92 0.92

50 ACB-BtS 0 0
ACB-IeR 86.5 1

ACB-IeRS 68.8 0.79 0.79

100 ACB-BtS 0 0
ACB-IeR 84.4 1

ACB-IeRS 29.2 0.35 0.35

* Fitness of the susceptible parent and the reciprocal cross was estimated from the survival rate of the larvae at a
specific treatment concentration divided by the survival rate of the resistant parent at the same concentration.

Table 5. Effective dominance values (h) of Cry1Ie resistance in ACB-IeR strain of the Asian corn borer
based on Cry1Ie maize plant tissues bioassays.

Plant Tissue Strains Survival % Fitness h

whorl leaves ACB-BtS 29.2 0.36
ACB-IeR 81.8 1

ACB-IeRS 30.2 0.37 0.02

silk ACB-BtS 50.0 0.55
ACB-IeR 91.2 1

ACB-IeRS 90.0 0.99 0.98

3. Discussion

Our efforts to select for resistance to Cry1Ie in the ACB have resulted in a high level of resistance
(more than 800-fold) after selecting for 49 generations, among those reported for the ACB strains
selected with Cry1Ab (39.4-fold) and Cry1Ac (78.8-fold) [10]. This result indicates that the population
may have genetic variation for resistance and would be expected to attain higher levels of resistance if
exposure to Cry1Ie continued. In the lab, factors contributing to the differences in resistance levels
may include selection pressure, toxic materials tested (protoxin and trypsinized toxin), the number of
generations selected, differences in proteolytic activation, detoxification, and even the susceptibility
among the unselected strains used for calculating resistance ratios [19–21]. However, for the insect
populations that are resistant to Bt crops from the field, the initial frequency of resistance alleles,
the scale of refuge populations, the toxin-expression level of Bt crops during different plant stage,
and effective dominance will strongly affect the rate of resistance evolution in a population [16,22].
The time exposure to Bt crops, resistance genes, and the genetic background of different populations
may also have contributed to its increased tolerance to Bt crops [23].

Resistance to Cry1Ie in ACB-IeR strain was not sex linkage and not maternal influenced. These
results are consistent with nearly all previous results with Bt resistance, including resistance to Cry1Ab
in Mythimna unipuncta [24], the ACB to Cry1Ab and Cry1Ac [10], H. armigera to Cry1Ac [25], O. nubilalis
to Cry1Ab [26], greenhouse-derived strain of Trichoplusia ni to Cry1Ac, and B. thuringiensis subsp.
Kurstaki [27,28]. Many studies suggest that autosomal inheritance of Cry resistance may be common
in a number of lepidopterous insects. However, resistance to Cry1Ac in Malaysian populations of
Plutella xullostella had some maternal influence [29]. Also, inheritance patterns of resistance to Cry3Bb1
in Diabrotica virgifera virgifera is sex-linkage [30]. These significant differences demonstrate that it is
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vital demand for understanding species-specific genetic model of resistance to program case specific
resistance management strategy.

Genetic-crosses showed that the effective dominance level (h) of Cry1Ie resistance depended on
the concentration of the toxin, with resistance more dominant as concentration decreased. Increased
dominance of Bt resistance at low toxin concentrations has been reported in several other species [6,25,26].
Many factors contribute to dominance. In a related example, the dominance of resistance to Bt
toxins depended on the toxins, resistance levels, and the particular strains [20]. Greenhouse tests
indicated that dominance may vary depending on different levels of Bt toxin expression in tissues
during different plant stages (e.g., vegetative-stage and reproductive-stage) [6]. This was also found
in the present study, i.e., the Cry1Ie-resistance was nearly completely recessive on Cry1Ie maize leaf,
but nearly completely dominant on Cry1Ie maize silk. This suggests that a high dose of Cry1Ie in
transgenic maize is necessary for a refuge strategy to be successful in delaying resistance. The estimates
of dominance are based on the assumption that the parent populations were completely homozygous
when F1 progeny were produced. The presence of heterozygotes in resistant strain would tend to lower
the survival rate of F1 progeny and thus underestimate the degree of dominance. In field, the more the
effective dominance of inheritance increases, the more quickly it is able to develop resistance [31].

The indirect tests employed to estimate the number of genes contributed to resistance on the basis
of the actual mortality and expected mortality of backcross progeny indicated that more than one
locus involved in resistance in ACB-IeR. The polygenic nature of resistance attributed to an increase in
resistance to Cry1Ie with continuous and additional selection. If the resistance results from one locus
with two alleles, the sole RR allele would have been fixed within several generations of selection and
further increase in resistance would not have happened [32].

The genetic basis for resistance to Bt toxins appear to species- and/or strain-specific under different
selection regimes (weaker selection can allow polygenic weak resistance mechanisms to develop
through multiple small increases in fitness). For instance, resistance to Cry1Ab is characterized as
polygenic and monogenic in Cry1Ab- and Cry1Ac-selected strains of the ACB, respectively. In contrast,
resistance to Cry1Ac is characterized as primarily monogenic in both Cry1Ab- and Cry1Ac-selected
strains [10]. In field-derived populations of the diamondback moth, resistance to Cry1Ac is controlled
by more than one allele on separate loci in a population from Malaysia [33], and resistance to Cry1Ab
is conferred by two difference genes in a population from the Philippines [34]. Besides, the number of
loci engaged in resistance may vary for the selection with different compositions of the toxins [35].

The development of resistance to one toxin can lead to cross-resistance to other Bt toxins [36,37].
Selection for Cry1Ie resistance resulted in no cross-resistance to Cry1Ab and Cry1Ac, and did not
reduce the susceptibility of the ACB to Cry1F and Cry1Ah. This result is consistent with previous
study [38]. Binding to different receptors on brush border membrane vesicles (BBMV) may account for
the absence of cross-resistance among those proteins. To prove this point, receptor binding studies and
identification of the Cry receptors in O. furnacalis is needed. Evidence for Cry1Ia7 sharing binding
sites with Cry1Ab or Cry1Ac toxins have not been detected in Earias insulana and Lobesia botrana [39].
The level of cross-resistance is closely related to the Bt toxins molecular structure. For example,
a high level of cross-resistance among Cry1Ab and Cry1Ac is seriously intended as there are 85%
similarities in their amino acid sequence [40,41]. Evidence for successful to against the ACB as well as
Cry1Ac-resistant H. armigera have been revealed in transformed plants expressing Cry1Ie toxin [3,42],
and the absence of cross-resistance between Cry1Ie and other toxins suggests that maize hybrids
with these pyramided toxins would offer viable alternative combination to implement strategy for
resistance management. This is in accordance with the fundamental assumption that a species little
ability evolve resistance to both toxins simultaneously with independent mutations in the genes
encoding the receptors.
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4. Conclusions

The present study demonstrates that a laboratory-selected ACB strain has evolved a significant
level of resistance to Cry1Ie toxin, but without cross-resistance to other Bt toxins such as Cry1Ab,
Cry1Ac, Cry1Ah, and Cry1F. The genetic model of resistance to Cry1Ie in ACB-IeR strain is
polyfactorial. h was recessive inheritance at Cry1Ie maize whorl leaves assays and incomplete dominant
inheritance at silks assays. The results also suggest that pyramiding of Cry1Ie and Cry1Ab or Cry1Ac,
Cry1Ah, or Cry1F can be used as an IRM tactic for improving resistance management strategies.

5. Materials and Methods

5.1. The ACB Strains and Genetic Crossess

Two strains of the ACB, a Bt susceptible strain (ACB-BtS) and a Cry1Ie-resistant strain (ACB-IeR)
were colonized in the laboratory. The ACB-BtS strain, originating from a field collection in Liaoning
Province within the corn region of northeastern China, had been reared using standard rearing
techniques for 23 generations without exposure to any insecticide before bioassays were conducted [43].

The ACB-IeR strain was selected from a laboratory colony derived from a field collection (88
pairs of female and male moths derived from 948 diapause larvae) in Shaanxi Province in 2010 (Bt
spraying is hardly practiced in this area. In addition, Bt maize has not been commercialized in China).
Then selection regime was exposing larvae to an artificial diet incorporated with Cry1Ie toxin, of
which the toxin concentration was initially at 50 ng/g (toxin/diet) and steadily increased generation
by generation up to 6.4 μg/g in the 14th generation, which offered a successful attempt to maintain the
intensity of selection. Thereafter, the selecting pressure had been maintained at 6.4 μg/g in the next
35 generations. Briefly, genetic model of resistance to Cry1Ie was investigated of the 49th generation.

Larvae were incubated at 27 ± 1 ◦C with a 16:8-h light:dark (L:D) photoperiod and 80% relative
humidity (RH) on an agar-free semiartificial diet [43]. Pupae were transferred to mating cages with
more than 80% RH and a photoperiod of 16:8 h (L:D). A piece of waxed paper as an egg depositing
substrate was placed on the top of the cage and collected daily. Egg masses were incubated in plastic
boxes lined with moistened filter paper until hatching.

Before eclosion, the sex of pupae was distinguished visually and isolated for either ACB-BtS or
ACB-IeR [44], then the reciprocal crosses were made between two strains. Eggs derived from those
adults were incubated in the insectary to provide neonates for subsequent bioassays and/or for rearing
to adults to produce backcross population through mating with ACB-IeR strain.

5.2. Bt Toxins

Cry1Ab and Cry1F toxins (98% pure protein), used for bioassays were Trypsin-activated and
produced by Marianne P. Carey, Case Western Reserve University, USA. Trypsin-activated and
chromatogrsphically purified Cry1Ac toxin was brought from Envirologix. Chromatographically
purified Cry1Ie, a recombinant protein, was extracted from E. coli. Cry1Ah toxin was expressed in the
Bacillus thuringiensis acrystalliferous mutant HD73−. Purity of both toxins are >85% pure protein.

5.3. Plant Materials

Bt transgenic maize (event IE034) expressing Cry1Ie toxin and its negative counterpart control
were grown at the experimental farm of China Agricultural University, Beijing. There was no
application of pesticides for the entire corn growing season.

5.4. Toxin Diet Bioassays

The susceptibility of neonates to Bt toxins was determined in survival bioassays by exposing
neonates (<12 h after hatching) to serially diluted Bt toxins incorporated into the agar-free semi-artificial
diet [45]. A single neonate was randomly transferred into each well of 48-well tray and then covered
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with a piece of paper and the lid. Trays were held in a growth chamber for seven days at 27 ◦C and
80% RH under a 16 h photophase. Survivor number and the weight of larvae surviving per tray
were recorded after seven days of exposure. If a larva had not developed beyond the first instar and
weighed ≤0.1 mg, it would be counted as dead for calculating practical mortality. Average larval
weight of survivors would be used to determine the larval growth inhibition rate as a function of toxin
concentration. Bioassays were repeated on two dates with total of 96 larvae per concentration and
included 6–10 concentrations of purified toxin. Dilutions of toxins were prepared in distilled water.
Distilled water was used as a control.

Toxicities of with Cry1Ab, Cry1AC, Cry1Ah, and Cry1F toxins were bioassayed using the methods
described above. LC50 values were used to estimate the cross-resistance to those toxins in ACB-IeR.

5.5. Plant Tissue Bioassays

The whorl leaves sampled from the plant at V5–V8 stages were subjected to bioasssy. A piece
(about 1 cm × 1 cm) of leaf was placed in each individual well of a 24-well rearing tray, which was
infested with a neonate larva per well, and then lidded with a piece of moistened filter paper lining
the top of the tray. There were 96 larvae assayed for each treatment. The bioassay experiments were
replicated two times.

Bundles of fresh silks were sampled from different Bt maize and non-Bt maize plants at silking
stage in the field. Each bundle of silks was placed into a plastic container lined with moistened filter
paper. Each container was then infested with 10 neonates (<12 h after hatching) using a fine brush.
In each bioassay treatment, there were four containers per treatment. The experiment was repeated
twice on two different dates.

All rearing trays and containers were kept in an incubator at 27 ◦C and 80% RH under an 8 h
scotophase. The number of surviving larvae or weights were recorded either daily or every two days,
and fresh tissue was provided when necessary.

The traits used in the calculation of dominance were larval survival seven days after infestation.

5.6. Statistical Analysis

5.6.1. Evolution of Resistance

Probit regression lines were calculated based on concentration response data of each strain and/or
genetic cross to Bt toxins using PoloPlus (LeOra Software), which would generate median lethal
concentrations (LC50) values with 95% fiducial limits (FL), Chi-Squared (χ2), slope with standard
errors (Slope ± SE), and resistance ratio (RR) with 95% confidence intervals. RR is calculated based on
the LC50 values for the resistant strain or progeny from a cross relative to a susceptible strain. If a 95%
confidence interval includes 1, then the LC50s are not significantly different [46].

5.6.2. Sex Linkage Analysis

Maternal effects or sex linkage on ACB-IeR strain were examined by comparing LC50s of the two
F1 reciprocal crosses between ACB-IeR and ACB-BtS strains. If there is no significant difference in
LC50 values of the two F1 reciprocal crosses, then inheritance of resistance is regarded as autosomal.
Conversely, if LC50 values of the two F1 reciprocal crosses are significantly different, inheritance of
resistance is regarded as sex linkage.

5.6.3. Dominance of Resistance Test

The single-concentration method to estimate effective dominance (h) was used for analysis
of dominance.

h = (W12 − W22)/(W11 − W22) (1)

56



Toxins 2017, 9, 186

W11, presumed to be 1 at all treatment concentrations, is the fitness of resistant parent; W12

and W22 are the fitness of F1 progenies and susceptible parent, which were estimated as ratio of the
survival rate of F1 progenies and/or susceptible larvae to the survival rate of the resistant parent at a
specific treatment concentration, respectively [47,48]. h value ranges from 0 (completely recessive) to 1
(completely dominant), with 0.5 indicating co-dominance or additive inheritance. Therefore, 0 < h < 0.5
and 0.5 < h < 1 are defined as incompletely recessive and incompletely dominance, respectively.

5.6.4. Number of Loci Influencing the Inheritance Test

Test for fitting the monogenic model of resistance was evaluated through assessing the corresponding
chi-square (χ2) values. The observed and expected mortalities of the backcross population at different
Cry1Ie concentrations were evaluated with χ2-test for fitting the Mendelian single gene model of
resistance [49,50]. If the resistance is controlled by one locus with two alleles, the backcross of F1

(RR × SS) × RR will produce 50% RS and 50% RR offspring. Mortality probabilities estimated at
concentration i for assumed F1 offspring (MRS) and resistant parent (MRR) genotypes were used to
estimate the expected mortality pi in the backcross progeny at toxin dose i [49] as

pi = 0.5(MRS + MRR) (2)

The difference between the observed and expected number of deaths in the backcrosses were
analyzed with χ2-test for goodness-of-fit as

χ2 = ∑( fi − npi)
2/npq (3)

where fi is the number of observed dead larvae in backcross survival bioassays at dose i, n is the
number of larvae exposed to dose i, and qi = 1 − p. Then the sum of χ2 (∑χ2) at each concentration was
compared with a χ2 distribution with one degree of freedom. The inheritance of resistance is expected
to fit the monofactorial model if ∑χ2 < χ2

0.05 (df = 1) [49].
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Abstract: The cotton bollworm Helicoverpa armigera (Hübner) is one of the most damaging cotton
pests worldwide. In China, control of this pest has been dependent on transgenic cotton producing
a single Bacillus thuringiensis (Bt) protein Cry1Ac since 1997. A small, but significant, increase in
H. armigera resistance to Cry1Ac was detected in field populations from Northern China. Since Vip3Aa
has a different structure and mode of action than Cry proteins, Bt cotton pyramids containing Vip3Aa
are considered as ideal successors of Cry1Ac cotton in China. In this study, baseline susceptibility
of H. armigera to Vip3Aa was evaluated in geographic field populations collected in 2014 from
major cotton-producing areas of China. The LC50 values of 12 field populations ranged from
0.05 to 1.311 μg/cm2, representing a 25-fold range of natural variation among populations. It is
also demonstrated that four laboratory strains of H. armigera with high levels of resistance to Cry1Ac
or Cry2Ab have no cross-resistance to Vip3Aa protein. The baseline susceptibility data established
here will serve as a comparative reference for detection of field-evolved resistance to Vip3Aa in
H. armigera after future deployment of Bt cotton pyramids in China.

Keywords: Helicoverpa armigera; Vip3Aa; Cry1Ac; Cry2Ab; susceptibility; cross-resistance

1. Introduction

Bacillus thuringiensis (Bt) is a Gram-positive, soil-dwelling bacterium. Many Bt strains produce
insecticidal crystal proteins (Cry proteins) during sporulation, as well as vegetative insecticidal proteins
(Vips) during vegetative stages of growth [1–3]. Since 1996, some of these insecticidal Bt proteins
(mainly Cry proteins) have been incorporated into transgenic crops (Bt crops) for control of several
major pests of lepidoptera and coleoptera. In 2015, more than 84 million hectares of Bt cotton, corn,
and soybean were planted globally [4]. Although Bt crops have provided effective control of target
pests, reduced chemical insecticide use and increased profit, evolution of pest resistance to Bt proteins
produced by transgenic crops is the main threat to the continued success of Bt crops [5,6]. The economic
and environmental benefits of Bt crops have been lost because of rapid evolution of resistance by pests,
particularly to the earliest commercialized Bt crops that produced only one Bt toxin [6,7].

To delay resistance, Bt crop pyramids producing two or more different Bt proteins that are effective
against the same pest have become increasingly prevalent in the USA, India, Australia, and Brazil [7,8].
Pyramid strategy relies on the concept that insects resistant to one Bt protein will be killed by the
other Bt protein, which is called “redundant killing” [9]. A key condition favoring durability of these
pyramided crops is the absence of cross-resistance between Bt proteins [9–12].
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The Vip insecticidal proteins (mostly refering to Vip3A) have no sequence similarity and share no
binding sites compared with Cry proteins [1,13]. The distinct mode of action of Vip3A makes them
good candidates to be pyramided with Cry proteins in transgenic Bt crops to delay insect resistance
and to broaden the insecticidal spectrum [3].

Helicoverpa armigera (Hübner) is one of the most damaging agricultural pests in the world.
This polyphagous pest is widespread throughout Europe, Africa, Asia, Australia, and recently invaded
the New World [14]. In China, control of this pest has been dependent on Bt cotton producing a single
Bt protein Cry1Ac since 1997. Due to intensive planting of Bt cotton, frequency of resistant individuals
to Cry1Ac increased from 0.93% in 2010 to 5.5% in 2013 in field populations of H. armigera from
Northern China [15,16]. Although non-Bt host crops serving as a natural refuge for H. armigera
substantially delayed Cry1Ac resistance in field populations of H. armigera from Northern China [16],
an immediate switch to dual Bt cotton (such as Cry1Ac + Cry2Ab) or three-toxin pyramided cotton
(such as Cry1Ac + Cry2Ab + Vip3Aa) is suggested as an alternative tactics for mitigating Bt resistance
in H. armigera [16–18].

In the present study, baseline susceptibility of H. armigera to Vip3Aa was evaluated in
12 geographic field populations collected in 2014 from major cotton planting areas of China. Toxicity of
Vip3Aa to four laboratory strains with resistance to either Cry1Ac or Cry2Ab was also tested to assess
the possible cross-resistance potential between Vip3Aa and Cry proteins.

2. Results

2.1. Susceptibility of Field Populations of H. armigera to Vip3Aa11

Toxicity data of Vip3Aa11 to 12 field populations and the susceptible SCD strain of H. armigera are
shown in Table 1. The LC50 values of field populations ranged from 0.053 to 1.311 μg/cm2, representing
a 25-fold range of variation among geographic populations.

Table 1. Concentration-mortality responses to Vip3Aa11 insecticidal protein of the laboratory
susceptible SCD strain and 12 field populations of Helicoverpa armigera collected in 2014.

Population n 1 Slope ± SE LC50 (μg/cm2) 95% FL 2 χ2 df 3 TR 4

SCD 226 1.62 ± 0.20 0.194 0.131–0.293 5.798 5 3.7
Shawan 295 1.19 ± 0.14 0.372 0.150–1.034 18.759 5 7.0

Anci 217 1.63 ± 0.23 0.227 0.120–0.731 10.431 4 4.3
Gaoyang 217 2.19 ± 0.28 0.358 0.278–0.455 3.862 4 6.8
Cangxian 215 1.47 ± 0.18 1.032 0.498–2.017 11.729 5 19.5

Nanpi 237 1.35 ± 0.18 0.507 0.263–0.939 10.043 5 9.6
Qiuxian 232 2.48 ± 0.27 0.199 0.136–0.312 7.371 4 3.8
Huimin 251 1.58 ± 0.20 0.176 0.047–0.406 16.362 4 3.3
Xiajin 204 1.91 ± 0.24 1.311 1.027–1.738 1.244 4 24.7

Anyang 222 1.69 ± 0.22 0.404 0.218–0.788 9.099 4 7.6
Kaifeng 209 2.46 ± 0.28 0.442 0.315–0.618 4.956 4 8.3

Yancheng 273 1.42 ± 0.19 0.508 0.160–0.950 9.276 4 9.6
Suzhou 216 3.02 ± 0.41 0.053 0.042–0.064 2.256 3 1.0

1 Total number of individuals tested; 2 95% fiducial limits of LC50; 3 Degree of freedom; 4 TR (tolerance ratio)
= LC50/LC50 of the Suzhou population.

The criterion of non-overlap of 95% fiducial limits was used to assess differences in LC50 between
individual field populations and the susceptible SCD strain. The LC50 values did not differ significantly
between eight of the 12 field populations and the susceptible SCD strain. The LC50 values were
significantly greater for 3 of the 12 field populations than for SCD. Only one field population (Suzhou)
had significantly lower LC50 value than SCD.
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2.2. Susceptibility of Four Cry-Resistant Strains of H. armigera to Vip3Aa11

Bioassay results of Vip3Aa11 against four Cry-resistant strains and two susceptible laboratory
strains (SCD and An) were shown in Table 2.

The LC50 values did not differ among SCD, SCD-r1, and SCD-A2KO1 based on overlap of 95%
fiducial limits, showing that the two strains with recessive resistance to either Cry1Ac or Cry2Ab have
no cross-resistance to Vip3Aa11. Similarly, the LC50 values were not significantly different among An,
AY2, and An2Ab based on overlap of 95% fiducial limits, indicating that the two strains with dominant
resistance to either Cry1Ac or Cry2Ab do not confer any cross-resistance to Vip3Aa11.

However, the LC50 values were significantly greater for the SCD, SCD-r1, and SCD-A2KO1 strains
than for the An, AY2, and An2Ab strains. The SCD-r1 and SCD-A2KO1 strains are both derived from
SCD, which was collected from Africa in the 1970s [19]. The An, AY2, and An2Ab strains are all derived
from Anyang, Henan province of Northern China between 2009 and 2011 [18,20]. The difference in
Vip3Aa11 susceptibility could represent the natural geographic variation between the two groups
of strains.

Table 2. Concentration-mortality responses to Vip3Aa11 insecticidal protein of two susceptible
laboratory strains (SCD and An) of Helicoverpa armigera and four laboratory strains resistant to Bt
Cry1Ac or Cry2Ab toxins.

Strain 1 n 2 Slope ± SE LC50 (μg/cm2) 95% FL 3 χ2 df 4 TR 5

SCD (s) 592 2.32 ± 0.34 0.111 0.059–0.163 8.249 4 3.8
SCD-r1 (r, Cry1Ac) 295 2.04 ± 0.30 0.108 0.056–0.160 6.555 5 3.7

SCD-A2KO1 (r, Cry2Ab) 316 1.63 ± 0.16 0.086 0.056–0.129 8.608 5 3.0
An (s) 193 2.61 ± 0.40 0.029 0.011–0.047 4.589 3 1.0

AY2 (d, Cry1Ac) 242 1.98 ± 0.24 0.029 0.018–0.040 4.439 4 1.0
An2Ab (d, Cry2Ab) 596 2.09 ± 0.18 0.040 0.027–0.053 4.384 3 1.4

1 r: recessive resistance; d: dominant resistance; s: susceptible; 2 Total number of individuals tested; 3 95% fiducial
limits of LC50; 4 Degree of freedom; 5 TR (tolerance ratio) = LC50/LC50 of the strain An.

3. Discussion

Establishment of baseline susceptibility data is usually completed prior to wide commercial
adoption of a Bt crop, and the baseline data is necessary for defining susceptibility changes relating to
exposure to Bt crops [21]. In the present study, baseline susceptibility of Vip3Aa11 was established from
12 geographical Chinese populations of H. armigera. These baseline data will serve as a comparative
reference for early detection of field-evolved resistance after future deployment of Bt cotton pyramided
with Vip3Aa in China.

Although Bt cotton producing Cry1Ac has been intensively planted in China since 1997, there is
no evidence showing any correlation between responses to Cry1Ac and Vip3Aa [17]. In addition, our
bioassay results demonstrated that several strains of H. armigera with resistance to either Cry1Ac or
Cry2Ab have no cross-resistance to Vip3Aa11. Therefore, the susceptibility difference to Vip3Aa11
(25-fold variation at LC50) among 12 H. armigera populations from China represents the natural
geographic variation, and is not related to previous exposure to Bt cotton producing Cry1Ac.

The risk of rapid pest adaptation to an insecticide or a Bt protein is highly dependent on the initial
frequency of resistance alleles in field populations [5,21]. Before deployment of Bt cotton expressing
Vip3Aa in Australia, baseline frequencies of Vip3Aa resistance alleles were determined in Australian
populations of H. armigera and H. punctigera with the F2 screen method [22]. The genotypic screen
results showed that relatively high frequency of Vip3Aa resistance alleles exists in field populations
of both Helicoverpa species (0.027 for H. armigera, 0.008 for H. punctigera) [22]. In contrast, relatively
low frequency of Vip3Aa resistance alleles (about 0.001) was estimated with the F2 screen method
in Brazilian populations of Spodoptera frugiperda [23]. It will be of special interest to investigate the
frequency and diversity of Vip3Aa resistance alleles in field populations of H. armigera from China.
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Vip3Aa is an exotoxin produced and secreted during the vegetative growth stage of Bt, whereas
Cry proteins are endotoxins produced during sporulation. Vip3Aa shares no sequence homology
with any known Bt Cry proteins. Further studies showed that Vip3Aa and Cry proteins differ in
several key steps necessary for insecticidal activity [3,24]. So far, a number of investigations have
confirmed cross-resistance is nonexistent between Vip3Aa and Cry proteins. Jackson et al. (2007) found
three Heliothis virescens strains with variable levels of resistance to Cry1Ac and/or Cry2Ab are equally
susceptible to the Vip3Aa protein [25]. The current study also confirmed that four H. armigera strains,
with high levels of resistance to Cry1Ac or Cry2Ab and a diverse genetic basis of resistance, have no
cross-resistance to Vip3Aa protein. Recently, a study demonstrated that several Vip3Aa resistant
strains of H. armigera and H. punctigera were not cross-resistant to Cry1Ac or Cry2Ab [22]. Thus, it is
expected that Vip3Aa will favorably complement Bt Cry proteins in pyramided crops for increasing
the sustainability of Bt technologies.

Cotton farmers in China still plant the first generation Bt cotton that produces only Cry1Ac,
whereas farmers in Australia, the United States, and India have switched to the second generation
Bt cotton which produces both Cry1Ac and Cry2Ab [7,16]. Bt cotton producing Cry1Ac, Cry2Ab,
and Vip3Aa will be commercially deployed in Australia in the 2016/17 cotton season [26]. Considering
the current status of Cry1Ac resistance and cross-resistance risk between Cry1Ac and Cry2Ab [15,16,18,20],
replacement of the first generation Bt cotton with the three-toxin pyramids could be more effective
and more durable for delaying Bt resistance evolution of H. armigera in China.

4. Materials and Methods

4.1. Insect Strains and Rearing

Field populations of H. armigera in the study were collected during June to August of 2014 from
major cotton planting areas of China (Table 3). Colonies were established from collections (adults or eggs)
made on cotton plants located across 12 provinces of China. We collected male and female moths by
light trap in most sites except Yancheng, Suzhou, and Shawan, where eggs on Bt cotton plants were
collected. Insects from the collected eggs were reared to adults in the laboratory on an artificial diet.
We tested the F1 progeny from all sites with bioassays as described below.

Table 3. Sampling information of Helicoverpa armigera field populations collected from China during
June to August of 2014.

Population Location Latitude, Longitude Stage at Collection No. of Insects Collected

Shawan Shawan, Xinjiang 44.33◦ N, 85.62◦ E Egg 350
Anci Langfang, Hebei 39.52◦ N, 116.68◦ E Moth 630

Gaoyang Baoding, Hebei 38.68◦ N, 115.78◦ E Moth 181
Cangxian Cangzhou, Hebei 38.30◦ N, 116.87◦ E Moth 131

Nanpi Cangzhou, Hebei 38.03◦ N, 116.70◦ E Moth 179
Qiuxian Handan, Hebei 36.82◦ N, 115.17◦ E Moth 413
Huimin Binzhou, Shandong 37.48◦ N, 117.50◦ E Moth 170
Xiajin Dezhou, Shandong 36.95◦ N, 116.00◦ E Moth 205

Anyang Anyang, Henan 36.10◦ N, 114.38◦ E Moth 630
Kaifeng Kaifeng, Henan 34.80◦ N, 114.30◦ E Moth 252

Yancheng Yancheng, Jiangsu 33.35◦ N, 120.15◦ E Egg 300
Suzhou Suzhou, Anhui 33.63◦ N, 116.98◦ E Egg 360

The susceptible SCD strain of H. armigera originated from the Ivory Coast, Africa in the 1970s and
was passed to our laboratory by Bayer Crop Science in 2001. The SCD strain was maintained in the
laboratory without exposure to insecticides or Bt toxins [19]. The SCD strain was used to check the
consistency of bioassays across years throughout the duration of the study. Another susceptible strain
of H. armigera, called strain An, was started in June 2009 from the progeny of more than 100 field-mated
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females collected in Anyang, Henan province of Northern China. The An strain has been maintained
in the laboratory without exposure to insecticides or Bt toxins since collection.

Resistance characteristics of four Cry-resistant strains of H. armigera were detailed in Table 4.
SCD-r1 strain was created by introgressing the r1 allele of the cadherin gene (HaCad) from the GYBT
strain into the susceptible SCD strain [19]. The ABC transporter gene HaABCA2 of the SCD strain
was knocked out with CRISPR/Cas9 system, and the knockout strain was made homozygous and
named SCD-A2KO1 (unpublished data). AY2 strain with dominant resistance to Cry1Ac was isolated
from a field population collected during June 2011 from Anyang, Henan province of China [20].
An2Ab strain was selected with Cry2Ab from a field population of H. armigera collected in June 2009
from Anyang, Henan province of China [18].

Larvae of H. armigera were reared on an artificial diet based on wheat germ and soybean powder
at 27 ◦C (±1 ◦C) with a 16 h L:8 h D photoperiod. Adults were held under the same temperature and
light conditions at 60% (±10%) RH and supplied with a 10% sugar solution.

Table 4. Resistance characteristics of four Cry-resistant strains of Helicoverpa armigera.

Strain
Bt Toxin
Resisted

Resistance
Fold at LC50

Dominance of
Resistance

Resistance Mechanism Reference

SCD-r1 Cry1Ac 440 Recessive HaCad truncated [19]

SCD-A2KO1 Cry2Ab >100 Recessive HaABCA2 knocked out
by CRISPR/Cas9 system Unpublished

AY2 Cry1Ac 1200 Dominant To be identified [20]
An2Ab Cry2Ab 130 Dominant To be identified [18]

4.2. Vip3Aa Protein

The Vip3Aa11 protoxin was provided by the Institute of Plant Protection; Chinese Academy of
Agricultural Sciences (CAAS); Beijing; China. The plasmid (pET-3Aa11) harboring the Vip3Aa11
gene (NCBI accession No. JN226104.1) was transformed into Escherichia coli (BL21); which was
used as a source of toxin. The Vip3Aa11 gene was modified to contain a His tag sequence at the
C terminus of the Vip protein to facilitate purification. Expression of Vip3Aa11 protein was induced
with isopropyl-β-D-thiogalactopyranoside (IPTG); and cells were broken by sonication treatment.
Vip3Aa11 protein from cell lysates was purified on a HiTrap Chelating HP column (GE Healthcare,
Freiburg, Germany) and was examined for purity by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis. The Vip3Aa11 protein in the crude cell lysate was quantified by
densitometry of the stained band (~88 kDa) on the SDS-PAGE gel. The crude cell lysate was stored at
−80 ◦C until use for bioassays.

4.3. Bioassays

We used diet surface overlay bioassay, which is similar to the method established in Australia for
testing Vip3Aa toxicity against H. armigera [22]. Toxin stock suspensions were diluted with 0.01 M, pH
7.4 phosphate-buffered solution (PBS). Liquid artificial diet (1000 μL) was dispensed into each well of
a 24-well plate. After the diet cooled and solidified, 100 μL of the toxin solution was applied evenly to
the diet surface in each well and allowed to air dry, and a single neonate (less than 24 h old) was placed
in each well. Forty-eight neonates were tested for each concentration of Vip3Aa11, including a control
with only PBS. All tests were kept at 26 ◦C (± 1 ◦C) and 60% (± 10%) RH with a photoperiod of 16 h
L:8 h D. After seven days, we scored larvae as dead if they died or if they weighed less than 5 mg.

4.4. Data Analysis

We used the Poloplus program (2002, Version 1.0, Berkeley, CA, USA) [27] to conduct probit
analysis of the concentration-mortality data to estimate the concentration killing 50% of larvae tested
(LC50), the 95% fiducial limits of the LC50, the slope of the concentration-mortality line and the standard
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error of the slope. We considered two LC50 values significantly different only if their 95% fiducial
limits did not overlap [28].
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Abstract: The western corn rootworm, Diabrotica virgifera virgifera LeConte, is among the most serious
insect pests of maize in North America. One strategy used to manage this pest is transgenic maize that
produces one or more crystalline (Cry) toxins derived from the bacterium Bacillus thuringiensis (Bt).
To delay Bt resistance by insect pests, refuges of non-Bt maize are grown in conjunction with
Bt maize. Two factors influencing the success of the refuge strategy to delay resistance are the
inheritance of resistance and fitness costs, with greater delays in resistance expected when inheritance
of resistance is recessive and fitness costs are present. We measured inheritance and fitness costs of
resistance for two strains of western corn rootworm with field-evolved resistance to Cry3Bb1 maize.
Plant-based and diet-based bioassays revealed that the inheritance of resistance was non-recessive.
In a greenhouse experiment, in which larvae were reared on whole maize plants in field soil, no fitness
costs of resistance were detected. In a laboratory experiment, in which larvae experienced intraspecific
and interspecific competition for food, a fitness cost of delayed larval development was identified,
however, no other fitness costs were found. These findings of non-recessive inheritance of resistance
and minimal fitness costs, highlight the potential for the rapid evolution of resistance to Cry3Bb1
maize by western corn rootworm, and may help to improve resistance management strategies for
this pest.

Keywords: Bacillus thuringiensis; maize; Diabrotica virgifera virgifera; fitness cost; inheritance;
resistance management; refuge strategy

1. Introduction

The western corn rootworm, Diabrotica virgifera virgifera LeConte, is a serious pest of maize in
the United States [1]. Rootworm larvae feed on the roots of maize, reducing yield and making plants
more susceptible to lodging, which can complicate harvest [2,3]. Pruning of one node of roots by
larval rootworm feeding is associated with a 17% loss in yield [3]. Management of rootworm has been
complicated by the evolution of resistance to several management strategies, including organochloride,
organophosphate, carbamate, and pyrethroid insecticides [4–6], crop rotation [1,7], and maize that
produces insecticidal crystalline (Cry) toxins from Bacillus thuringiensis (Bt) [8–12].

Transgenic crops that produce Bt toxins are used in the management of many agricultural pests.
Maize producing the Bt toxin Cry3Bb1 was first registered for management of larval rootworm in
2003 [13]. The planting of Bt maize places selection pressure on populations to develop resistance,
and laboratory studies have demonstrated the capacity of rootworm populations to evolve Bt resistance
quickly [14–16]. Populations of western corn rootworm with field-evolved resistance to Bt maize were
first identified in 2011 from fields in Iowa with severe root injury to Cry3Bb1 maize that were sampled in
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2009 [8]. Other instances of field-evolved resistance to Cry3Bb1 maize, cross-resistance among Cry3Bb1,
mCry3A and eCry3.1Ab, and resistance to Cry34/35Ab1 maize have since been identified [8–12,17–20].

The refuge strategy, in which a portion of the field is planted to a non-Bt host, is one approach to
manage the development of resistance to Bt crops. For a maize hybrid with a single Bt trait targeting
western corn rootworm, 20% of a field must be planted to non-Bt maize for a spatially segregated
refuge (i.e., block refuge) and 10% of the field must be non-Bt maize if the field is a mixture of Bt and
non-Bt plants (i.e., blended refuge) [21]. The non-Bt portion of the field, or refuge, serves as a source of
susceptible individuals that may mate with resistant insects, thereby producing heterozygous offspring
and reducing the number of homozygous, resistant individuals [22]. The delay in resistance to a Bt
crop achieved by the refuge strategy may be affected by both the dominance of resistance and fitness
costs of resistance [23,24].

Fitness costs occur, in the absence of Bt, when individuals with one or more resistance alleles
have lower fitness compared to susceptible individuals [25]. Fitness costs remove resistance alleles
from the refuge population, thereby delaying the evolution of resistance [22,24–26]. However,
both the magnitude and dominance of fitness costs can be altered by ecological factors such as
host–plant cultivar or species [27–29], the presence of entomopathogens [30–32] and competition [33].
To date, fitness costs of resistance have been investigated in rootworm strains with laboratory-selected
resistance [34–38] and field-evolved resistance [39], and these studies suggest that fitness costs can
vary among strains and experiments. However, fewer data exist concerning the potential for ecological
factors to affect fitness cost of Bt resistance for western corn rootworm.

The inheritance of a resistance trait, in particular the functional dominance of resistance, is
the degree to which the survival of heterozygous resistant insects on a Bt crop resembles that
of homozygous resistant insects [22,40]. At a high dose of Bt toxin, nearly all heterozygous and
homozygous susceptible insects are killed by a Bt crop and resistance is functionally recessive [22,24].
A high-dose Bt crop must either produce a concentration of Bt toxin that is 25 times greater than the
concentration required to kill a susceptible individual, or kill 99.99% of susceptible individuals [41].
Maize hybrids currently available for management of western corn rootworm do not produce a high
dose of Bt toxin [23,42,43], thus, resistance is expected to be inherited as a non-recessive trait.

In this study, we quantified the inheritance and fitness costs of resistance to the Bt toxin Cry3Bb1
in two strains of western corn rootworm with field-evolved resistance to Cry3Bb1 (Monona and
Elma). Both strains were collected from fields where the western corn rootworm population imposed
a high level of feeding injury to Cry3Bb1 maize, and resistance to Cry3Bb1 maize by western corn
rootworm was confirmed with a plant-based bioassay. The Monona strain was collected from field
S5 in Gassmann et al. [9], and the Elma strain was collected from field P2 in Gassmann et al. [10].
Heterozygous crosses were established between resistant and susceptible insects to assess inheritance
of resistance using a variety of bioassays including single-plant assays, seedling-mat assays and
diet-based assays. We also tested for fitness costs of resistance under differing ecological conditions.
One experiment, conducted in a greenhouse, tested for fitness costs when larvae were reared on
maize plants grown in field soil, and a second experiment, conducted in a growth chamber, examined
the effect of competition on fitness costs. The data from these experiments will add to the current
knowledge about Bt resistance by western corn rootworm and will aid in improving resistance
management for this pest.

2. Results

2.1. Quantifying Inheritance of Resistance to Cry3Bb1

For the seedling-mat bioassay with Elma, there was a significant interaction between strain and
maize hybrid for survival to adulthood when all crosses were included in the model (Elma, Susceptible,
Susceptible♀ × Elma♂and Elma♀ × Susceptible♂) (Table 1; Figure 1a). Survival of the heterozygous
crosses was similar on non-Bt maize (0.86 ± 0.027 and 0.84 ± 0.028; mean ± Standard Error (SE);
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linear contrast: df = 1,117; F = 0.37; p = 0.5417) but different on Cry3Bb1 maize (0.45 ± 0.027 and
0.36 ± 0.028; linear contrast: df = 1,117; F = 5.06; p = 0.0264). Consequently, the two heterozygous
crosses were not pooled. The four crosses (resistant, susceptible and the two heterozygous) had
equivalent survival on non-Bt maize (all linear contrasts p > 0.15) but differed in their survival on
Bt maize. Survival on Cry3Bb1 maize was greatest for the Elma strain and there was no difference
in survival on non-Bt maize compared to Cry3Bb1 (linear contrast: df = 1,117; F = 2.50; p = 0.1167),
suggesting complete resistance (Figure 1a). Survival of the Susceptible♀ × Elma♂and Elma♀ ×
Susceptible♂was significantly greater than Susceptible on Cry3Bb1 maize (linear contrast: Susceptible
vs. Susceptible♀ × Elma♂: df = 1,117; F = 18.51; p < 0.0001; linear contrast: Susceptible vs. Elma♀ ×
Susceptible♂: df = 1,117; F = 4.24; p = 0.0416), indicating non-recessive inheritance for both heterozygous
crosses. Both heterozygous crosses had lower survival on Cry3Bb1 maize compared to Elma (linear
contrast: Elma vs. Susceptible♀ × Elma♂: df = 1117; F = 62.21; p < 0.0001; linear contrast: Elma vs.
Elma♀ × Susceptible♂: df = 1,117; F = 98.48; p < 0.0001), indicating that resistance was not dominant.
The corrected survival to adulthood on Cry3Bb1 maize was 0.93 (0.76 ÷ 0.82) for Elma, 0.52 (0.45 ÷
0.86) for Susceptible♀ × Elma♂, 0.43 (0.36 ÷ 0.84) for Elma♀ × Susceptible♂, and 0.35 (0.29 ÷ 0.81)
for the Susceptible strain. This yielded a resistance ratio for the Elma strain of 2.74 (0.93 ÷ 0.35) and
inheritance values of 0.29 for Susceptible♀ × Elma♂and 0.14 for Elma♀ × Susceptible♂, suggesting a
paternal component affecting the inheritance of resistance.

For the seedling-mat bioassay with Monona, there was a significant interaction between the
rootworm strain and maize hybrid when all crosses were included in the model (Monona, Susceptible,
Susceptible♀ × Monona♂and Monona♀ × Susceptible♂) (df = 3,21; F = 8.06; p < 0.0001). However,
there was no difference in the survival of the two heterozygous crosses on non-Bt (0.65 ± 0.072 and
0.64 ± 0.111; linear contrast: df = 1,21; F = 0.01; p = 0.9222) or on Cry3Bb1 maize (0.38 ± 0.062 and
0.35 ± 0.094; linear contrast: df = 1,21; F = 0.25; p = 0.6210), and consequently, the heterozygous crosses
were pooled. Using the single heterozygous strain, there was a significant interaction between strain
and maize hybrid (Table 1; Figure 1b). There was no difference among the three strains on non-Bt
maize (all linear contrasts: p > 0.15) but the genotypes differed in survival on Cry3Bb1 maize. Monona
had the highest survival on Cry3Bb1 maize and survival was equivalent between the Bt and non-Bt
hybrids (linear contrast: df = 1,13; F = 0.45; p = 0.5163), indicating complete resistance. Survival on
Cry3Bb1 maize was lowest for Susceptible and significantly lower compared to survival on non-Bt
maize (linear contrast: df = 1,13; F = 50.55; p < 0.0001). Survival of heterozygotes on Cry3Bb1 maize
was significantly greater than Susceptible (linear contrast: df = 1,13; F = 6.42; p = 0.0249), indicating
non-recessive inheritance of resistance, but significantly lower than that of Monona (linear contrast:
df = 1,13; F = 13.76; p = 0.0026) indicating that resistance was not dominant. Corrected survival to
adulthood on Cry3Bb1 maize was 0.91 (0.62 ÷ 0.68) for Monona, 0.52 (0.33 ÷ 0.63) for the heterozygous
crosses, and 0.20 (0.14 ÷ 0.70) for Susceptible. The resistance ratio for Monona was 4.55 (0.91 ÷ 0.20)
and the inheritance of resistance was 0.45.

Table 1. Analyses of variance for survival in plant-based bioassays.

Experiment Effect df F p

Elma seedling mat a Strain 3,117 26.86 <0.0001
Hybrid 1,117 366.08 <0.0001

Strain × Hybrid 3,117 27.92 <0.0001

Monona seedling mat b Strain 2,13 6.98 0.0087

Hybrid 1,11 41.05 <0.0001
Strain × Hybrid 2,13 10.32 0.0021

Monona single plant c Strain 2,135 3.72 0.0268

Hybrid 1,135 30.14 <0.0001
Strain × Hybrid 2,135 4.11 0.0185

a Random effect in the model was block (df = 1, χ2 = 0.6, p = 0.2193); b Random effects included in the model were
block (df = 1, χ2 = 34.0, p < 0.0001), block × hybrid (df = 1, χ2 = 3.9, p = 0.0241), block × strain (df = 1, χ2 = 3.0,
p = 0.0416), and block × hybrid × strain (df = 1, χ2 = 2.2, p = 0.0690); c The random effect of block (df = 1, χ2 = 6.9,
p = 0.0043) was included in the model.
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Figure 1. Survival on maize that produces the Cry3Bb1 toxin from Bacillus thuringiensis (Bt) and
on non-Bt maize for (a) seedling-mat bioassay with Elma and Susceptible strains; (b) the seedling-mat
bioassay with Monona and Susceptible strains; and (c) single-plant bioassay with Monona and Susceptible
strains. Bar heights represent sample means and error bars are the standard error of the mean.

With the single-plant bioassay using Monona, we found evidence of a potential interaction
between strain and maize hybrid when all crosses were included in the model (Monona, Susceptible,
Susceptible♀ × Monona♂and Monona♀ × Susceptible♂) (df = 3,26; F = 2.78; p = 0.0610). However,
because there was no difference in larval survival between the two heterozygous crosses on non-Bt
(0.56 ± 0.050 and 0.63 ± 0.068; linear contrast: df = 1,26; F = 0.62; p = 0.4391) or on Cry3Bb1 maize
(0.41 ± 0.076 and 0.44 ± 0.065; linear contrast: df = 1,26; F = 0.04; p = 0.8370); these data were combined.
There was a significant interaction between strain and hybrid when the heterozygous crosses were
combined (Table 1; Figure 1c) with equivalent survival of the strains on non-Bt maize (all linear
contrasts: p > 0.15). Survival of Monona on Cry3Bb1 maize was not significantly different compared
to survival on non-Bt maize (linear contrast: df = 1,135; F = 1.30; p = 0.2571), indicating complete
resistance. On Cry3Bb1 maize, survival was significantly greater for heterozygotes compared to
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Susceptible (linear contrast: df = 1,135; F = 12.52; p = 0.0006), indicating non-recessive inheritance of
resistance. Survival of heterozygotes on Cry3Bb1 maize was not significantly different compared to
Monona (linear contrast: df = 1,135; F = 0.02; p = 0.8930), suggesting that resistance was dominant
on single plants. Corrected larval survival was 0.83 (0.43 ÷ 0.52) for Monona, 0.70 (0.44 ÷ 0.63) for
heterozygotes, and 0.34 (0.21 ÷ 0.61) for Susceptible. This produced a resistance ratio for Monona of
2.44 (0.83 ÷ 0.34) and inheritance of 0.73.

In the diet-based assay with Monona (Table 2; Figure 2), data from the heterozygous crosses were
pooled. We were able to calculate the lethal concentration that killed 50% of the population (LC50) and
95% fiducial limits for the Susceptible strain and heterozygous cross. In the case of Monona, mortality
never exceeded 50%, even at the highest concentration tested (341.60 μg Cry3Bb1/cm2). There was a
significant difference, as evidenced by non-overlapping 95% fiducial limits, between the LC50 values
for the Susceptible strain versus the heterozygous crosses (Table 2), indicating non-recessive inheritance
of resistance.

Figure 2. Larval mortality in diet-based bioassays for Susceptible and Monona strains, and heterozygotes.
Data were adjusted for control mortality with Abbott’s correction. Points represent sample means,
error bars are the standard error of the mean, and lines are probit analyses.

Table 2. Goodness of fit, LC50, and fiducial limits for diet-based bioassays with Cry3Bb1.

Strain df χ2 p LC50
a (95% FL)

Susceptible 3 1.57 0.6653 6.09 (2.22 to 10.01)
Heterozygote 3 2.93 0.4022 32.90 (19.53 to 49.74)

Monona 3 8.08 0.0443 >341.60
a LC50 is the lethal concentration that kills 50% of the population, and was measured in μg Cry3Bb1/cm2.

2.2. Greenhouse Assessment of Fitness Costs

In the experiment with Monona and Susceptible, strain and its interaction with sex were not
significant for any of the variables measured (Tables 3 and 4; Figure 3). This suggests an absence of
fitness costs of Cry3Bb1 resistance in Monona. There was a significant effect of sex on developmental
rate with males emerging 2.71 days before females (Table 3; Figure 3a). There was also a significant
effect of week on fecundity with egg production decreasing with time (Table 4; Figure 3f).
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Table 3. Analysis of variance for the fitness cost experiment with Monona.

Analysis Effect df F p

Development rate Strain 1,58 0.03 0.8651

Sex 1,58 11.14 0.0015
Strain × Sex 1,58 0.03 0.8537

Survival Strain 1,30 0.18 0.6713

Size Strain 1,58 0.69 0.6913

Sex 1,58 0.02 0.9018
Strain × Sex 1,58 0.25 0.6186

Adult lifespan Strain 1,58 0.52 0.4746

Sex 1,58 3.02 0.0877
Strain × Sex 1,58 0.70 0.4059

Egg viability Strain 1,30 0.71 0.4072

Figure 3. Comparisons of life-history traits for Susceptible and Monona strains on non-Bt maize in an
experiment testing for fitness costs. Bar heights represent sample means and error bars are the standard
error of the mean. Data are presented for (a) developmental rate; (b) proportion survival to adulthood;
(c) adult size; (d) egg viability; (e) adult lifespan; and (f) fecundity.
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Table 4. Repeated-measures analysis of variance for fecundity.

Experiment Effect df F p

Susceptible vs. Monona Strain 1,30 0.62 0.4370

Week 8,227 78.74 <0.0001
Strain × Week 8,227 1.21 0.3720

Susceptible vs. Elma Strain 1,37 0.03 0.8681

FA a 1,37 8.51 0.0060
SCR b 1,37 1.58 0.2164

Strain × FA 1,37 1.40 0.2438
Strain × SCR 1,37 0.70 0.4083

FA × SCR 1,37 1.17 0.2863
Strain × FA × SCR 1,37 0.07 0.7965

Week 6,169 30.67 <0.0001
Strain × Week 6,169 0.43 0.8577

FA × Week 6,169 5.97 <0.0001
SCR × Week 6,169 1.32 0.2505

Strain × FA × Week 5,169 1.53 0.1839
Strain × SCR × Week 6,169 1.10 0.3655

FA × SCR × Week 5,169 0.63 0.6764
Strain × FA × SCR × Week 5,169 0.15 0.9788

a FA = food availability, which was achieved by adding either more or fewer maize kernels to the larval rearing
trays. See Methods for details; b SCR = interspecific larval competition through the presence or absence of southern
corn rootworm larvae in larval rearing trays.

2.3. Effect of Competition on Fitness Costs

Survival to adulthood was affected significantly both by food availability and presence of
the southern corn rootworm (SCR), indicating an effect of competition on survival (Table 5).
Proportion survival to adulthood decreased significantly with either lower food availability or the
presence of SCR (Figure 4b). However, survival was not significantly affected by strain or the interaction
of strain with other factors, indicating that a fitness cost affecting survival was not present (Table 5;
Figure 4b). There was a significant effect of strain on developmental rate (Table 5; Figure 4a). Adult
corn rootworm from Elma emerged after 28.07 days ± 0.10 (mean ± SE) while those from Susceptible
emerged after 27.76 d ± 0.11, indicating a fitness cost of resistance (Figure 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 life-history components (Tables 4 and 5; Figure 4). For
fecundity, there was a significant effect of week and an interaction between week and food availability
(Table 4; Figure 4f). Initially, egg production was greater for insects from larval rearing containers
with higher food availability (week 3: low food availability = 336 ± 160 eggs per cage; high food
availability = 1100 ± 118; mean ± SE) but this difference decreased over time (week 5: low food
availability = 66 ± 31; high food availability = 257 ± 51).
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Figure 4. Comparisons of life-history traits for Susceptible and Elma strains on non-Bt maize in an
experiment testing for fitness costs. Data are shown for Elma and Susceptible with high or low larval
food availability (FA) and in the presence or absence of competition from the southern corn rootworm
(SCR). Bar heights represent sample means and error bars are the standard error of the mean. Data
are presented for (a) developmental rate; (b) proportion survival to adulthood; (c) adult size; (d) egg
viability; (e) adult lifespan; and (f) fecundity. For (b) proportion survival to adulthood, letter indicate
pairwise differences among means for combinations of food availability and presence or absence of
SCR. For low FA + SCR in the graph of (d) egg viability; N/A indicates that data on egg viability
for Elma were not applicable because no eggs were obtained; additionally, only one observation was
obtained for the Susceptible strain, which prevented the calculation of a standard error of the mean.

75



Toxins 2017, 9, 159

Table 5. Analysis of variance for the fitness cost experiment with Elma.

Analysis Effect df F p

Development Rate Strain 1,78 7.73 0.0068

FA a 1,78 20.89 <0.0001
Sex 1,78 15.31 0.0002

SCR b 1,78 1.02 0.3149
Strain × FA 1,78 2.39 0.1260
Strain × Sex 1,78 2.74 0.1017
Strain × SCR 1,78 2.54 0.1149

FA × Sex 1,78 7.59 0.0073
FA × SCR 1,78 0.74 0.3938
Sex × SCR 1,78 3.26 0.0749

Strain × FA × Sex 1,78 0.49 0.4861
Strain × FA × SCR 1,78 0.22 0.6434
Strain × Sex × SCR 1,78 0.25 0.6175

FA × Sex × SCR 1,78 0.00 0.9532
Strain × FA × Sex × SCR 1,78 1.92 0.1695

Survival Strain 1,50 0.54 0.4644

FA 1,50 124.58 <0.0001
SCR 1,50 34.2 <0.0001

Strain × FA 1,50 0.02 0.8831
Strain × SCR 1,50 0.08 0.7827

FA × SCR 1,50 1.33 0.2540
Strain × FA × SCR 1,50 0.21 0.6466

Size Strain 1,73 0.04 0.8363

FA 1,73 1.25 0.2668
Sex 1,73 1.84 0.1792
SCR 1,73 3.94 0.0508

Strain × FA 1,73 0.08 0.7718
Strain × Sex 1,73 0.00 0.9944
Strain × SCR 1,73 0.41 0.5225

FA × Sex 1,73 1.17 0.2830
FA × SCR 1,73 0.03 0.8546
Sex × SCR 1,73 0.97 0.3279

Strain × FA × Sex 1,73 0.00 0.9649
Strain × FA × SCR 1,73 0.00 0.9907
Strain × Sex × SCR 1,73 0.33 0.5677

FA × Sex × SCR 1,73 0.02 0.8918
Strain × FA × Sex × SCR 1,73 0.33 0.5664

Adult Lifespan Strain 1,74 0.32 0.5732

FA 1,74 2.39 0.1261
Sex 1,74 3.01 0.0871
SCR 1,74 0.47 0.4952

Strain × FA 1,74 0.1 0.7563
Strain × Sex 1,74 0.04 0.8405
Strain × SCR 1,74 0.04 0.8369

FA × Sex 1,74 3.94 0.0509
FA × SCR 1,74 1.24 0.2698
Sex × SCR 1,74 1.47 0.2297

Strain × FA × Sex 1,74 0.01 0.9417
Strain × FA × SCR 1,74 0.36 0.5493
Strain × Sex × SCR 1,74 0.68 0.4123

FA × Sex × SCR 1,74 3.35 0.0712
Strain × FA × Sex × SCR 1,74 0.63 0.4304

Egg Viability Strain 1,18 0.27 0.6111

FA 1,18 0.5 0.4891
SCR 1,18 0.37 0.5486

Strain × FA 1,18 0.26 0.6149
Strain × SCR 1,18 0.16 0.6907

FA × SCR 1,18 0.98 0.3349
Strain × FA × SCR c - - -

a FA = food availability, which was achieved by adding either more or fewer maize kernels to the larval rearing trays.
See Methods for details; b SCR = interspecific larval competition through the presence or absence of southern corn
rootworm larvae in larval rearing trays; c The interaction of strain × FA × SCR could not be calculated because cages
with Elma from seedling mats with low food availability and SCR did not result in enough eggs to test egg viability.
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3. Discussion

Our study investigated the inheritance of resistance and associated fitness costs for two strains of
western corn rootworm with field-evolved resistance to Cry3Bb1 maize. For these strains, resistance
was non-recessive and minimal fitness costs were detected. Past studies also have documented
non-recessive inheritance of Bt resistance for western corn rootworm [16,36,39] while the presence
of fitness costs varied among strains and experiments [35–37,39]. These findings, and those of other
studies, suggest that field-evolved resistance to Cry3Bb1 maize by western corn rootworm was likely
facilitated by non-recessive inheritance of resistance traits and similar fitness between resistant and
susceptible insects in refuges [42].

Fitness costs of Bt resistance function to remove resistance alleles from a population in the absence
of Bt toxins (i.e., within a non-Bt refuge). Resistance alleles accumulate in the refuge population
because of selection within Bt fields and subsequent dispersal into refuge populations [44]. When
fitness costs are present, selection against resistance alleles in the refuge can delay or reverse the
evolution of resistance in a population, compared to when fitness costs are absent [45]. In this study,
no fitness costs were detected for the Monona strain in a greenhouse experiment (Figure 3), and only
minimal fitness costs were detected for Elma (Figure 4), with increased developmental rate from larva
to adult for Elma compared to Susceptible (Figure 4a). Ingber and Gassmann [39] also identified a
fitness cost of delayed larval development for a different strain of western corn rootworm (Cresco) with
field-evolved Cry3Bb1 resistance. Conversely, Oswald et al. [35] identified no fitness costs of resistance
to Cry3Bb1 in laboratory-selected western corn rootworm strains with resistance to Cry3Bb1 maize and
found that resistant lines had an increased rate of larval development compared to unselected strains.
Results with other strains of Cry3Bb1-resistant western corn rootworm have ranged from finding
no fitness costs associated with resistance [36–39] to costs affecting survival and fecundity [34,39].
Additionally, in this study, there were no effects of competition on fitness costs. Past research has
found that the presence of entomopathogens and variation in maize hybrid did not alter fitness costs
of Bt resistance in western corn rootworm [37,38]. Although fitness costs of Bt resistance in some pest
species can be affected by ecological factors, such effects may be rare for fitness costs of Bt resistance
by western corn rootworm [25]. However, future research on other field-relevant variables affecting
fitness of western corn rootworm may be usefully in better characterizing potential fitness costs of Bt
resistance. Such factors might include overwintering temperature, and the duration of time between
larval hatch and establishment of larvae on maize roots [46].

Compared to western corn rootworm, more research on fitness costs of Bt resistance has been
conducted on lepidopteran pests, especially the diamondback moth (Plutella xylostella Linnaeus) and
the pink bollworm (Pectinophora gossypiella Saunders), and fitness costs have been observed for both
of these species [25]. Carrière et al. [47] found that, on average, survival of Cry1Ac-resistant pink
bollworm on non-Bt cotton was 51.5% lower compared to susceptible strains. Likewise, a fitness
cost was associated with resistance to Cry1Ac in the diamondback moth [48]. A review of studies
by Gassmann et al. [25] found that fitness costs were detected in 34% of experiments that compared
life-history traits between resistant and susceptible strains, and in 62% of experiments that tested for
a decline in resistance over multiple generations without selection on Bt. Future studies that test for
a decline in resistance over time in strains of western corn rootworm with field-evolved resistance
should be conducted to better understand the effect that fitness costs might have on resistance to Bt
maize by this pest in the field.

Past research has found a positive relationship between the rate of resistance evolution and the
effective dominance of resistance (i.e., the degree to which survival of heterozygous individuals on Bt
plants resembles that of homozygous resistant insects) [22,40]. We found non-recessive inheritance
of resistance for both the Elma and Monona with our plant-based assays (Figure 1). Other studies
also have found non-recessive inheritance in Cry3Bb1-resistant strains [16,36,39], suggesting that
non-recessive inheritance of resistance to Cry3Bb1 maize is common for the western corn rootworm.
In diet-based bioassays conducted as part of this study, the LC50 of heterozygous strains was
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significantly greater than that of the Susceptible strain (Table 2), again suggesting non-recessive
inheritance of resistance. The relationship between dominance and dose is expected to influence the
effective dominance of Cry3Bb1 resistance for western corn rootworm. When insects are not exposed
to a high dose of toxin, as is the case with Cry3Bb1 maize and western corn rootworm, the effective
dominance of resistance increases, and resistance is expected to evolve more quickly [22,40,49].

Evidence from field-evolved resistance in other insect species supports the supposition that
resistance evolves more quickly when a Bt crop does not produce a high dose of toxin against its target
pest, and consequently, resistance is non-recessive [24]. For example, the corn earworm (Helicoverpa zea
Boddie) has non-recessive inheritance of resistance to Cry1Ac cotton and evolved resistance to Cry1Ac
cotton; while the closely-related tobacco budworm (Heliothis virescens Fabricius), against which Cry1Ac
cotton does produce a high dose of toxin, has remained susceptible [40,50]. In addition to the western
corn rootworm and corn earworm, both the maize stalk borer (Busseola fusca Fuller) and fall armyworm
(Spodoptera frugiperda Smith) developed resistance to Bt maize that failed to produce a high dose of
toxin against these target pests [24,51–54].

There were differences in the magnitude of resistance and inheritance of resistance between
the two strains, with Elma having a resistance ratio of 2.74 and Monona having a resistance ratio of
4.55 in the seedling-mat bioassays. This, along with differing resistance ratios in other western corn
rootworm strains with field-evolved resistance [39], may be the result of differences in the intensity of
selection each strain experienced in either the field or the laboratory, or differences in the mechanisms
of resistance among strains. Additionally, we found evidence of sex linkage, through a paternal effect,
for resistance in Elma but not Monona. Past work also has found evidence of a paternal effect for
Cry3Bb1 resistance [36]. However, there was a clear autosomal component of Cry3Bb1 resistance in
Elma, with both heterozygous crosses showing increased survival on Cry3Bb1 maize compared to
the Susceptible.

There also were differences in the inheritance of resistance between the plant-based bioassays
evaluated in this study. While Monona showed non-recessive inheritance of resistance in the
two plant-based bioassays (i.e., single plant and seedling mat), heterozygotes in the seedling-mat
bioassay had significantly lower survival on Cry3Bb1 maize than Monona (h = 0.45; Figure 1b),
but by contrast, there was no difference in survival on Cry3Bb1 maize between heterozygotes and
Monona in single-plant bioassays (h = 0.75; Figure 1c). This difference may be related to the dose of
Cry3Bb1 insects experienced in these two assay types, with a higher dose achieved in the seedling-mat
assay than the single-plant assay. This hypothesis is supported by higher corrected survival of the
Susceptible strain on Bt maize in the single-plant assay (0.34) compared to the seedling-mat assay (0.20).
This difference also may have arisen because the seedling-mat assay measured survival to adulthood
and the single-plant assay measured larval survival. If additional mortality of the heterozygotes on
Cry3Bb1 maize occurred at the end of the larval stadium or during pupation, this would not have been
captured by the single-plant assay. In general, the proportion of survival for susceptible insects on V5
to V6 Bt maize plants (i.e., plants at the five to six leaf stage) is 0.00 to 0.04 [10], which is lower than the
survival on V6 to V8 maize plants (i.e., plants at the six to eight leaf stage) used in this study (i.e., 0.34).
However, due to low survival of the non-diapausing strains studied here on V5 to V6 plants, it was
not possible to use the same plant-based assay that has been applied to evaluate field populations in
other studies (i.e., [8–12,17,20]).

Our findings of non-recessive inheritance and a lack of major fitness costs in western corn
rootworm strains with field-derived resistance to Cry3Bb1 suggest that the refuge strategy alone is
likely insufficient to delay resistance development. This highlights the need for more diversified
management of western corn rootworm through an integrated pest management approach including
rotation among management strategies [42]. The use of diverse approaches such as pyramiding
of multiple Bt toxins, use of soil-applied insecticide with maize lacking rootworm-active Bt toxins,
and crop rotation may help to delay the evolution of resistance to current and future Bt traits for
management of western corn rootworm.
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4. Methods

4.1. Rootworm Strains

In total, three strains of western corn rootworm and one strain of southern corn rootworm
(Diabrotica undecimpunctata howardi Barber) were studied in these experiments. The Susceptible strain
of western corn rootworm is a non-diapausing strain that was brought into laboratory culture in
the 1970s and never exposed to Bt maize [55,56]. Insects were acquired from the United States
Department of Agriculture, Agricultural Research Service, North Central Agricultural Research
Laboratory (Brookings, South Dakota) to establish the Susceptible strain at Iowa State University
in October 2009 (F1). This research used F28 to F35 of Susceptible.

The Monona and Elma strains are non-diapausing strains of western corn rootworm with
field-evolved resistance to Cry3Bb1 maize. Both strains originated from fields where a high level
of feeding injury to Cry3Bb1 maize by western corn rootworm was observed, and resistance was
confirmed with a plant-based bioassay. In August 2011, adult male western corn rootworms were
collected from field S5 in Gassmann et al. [9] to establish Monona and field P2 in Gassmann et al. [10]
to establish Elma. Two hundred field-collected adult males were collected to initiate Monona and
142 field-collected adult males were collected to initiate Elma. To generate each strain, field-collected
males were crossed with 150 virgin females from Susceptible. Monona was subsequently selected
on Cry3Bb1 maize after being backcrossed with the Susceptible strain at a 1:1 ratio twice (F6 and
F8) and selected on Cry3Bb1 maize without backcrossing four more times (F10, F11, F14, and F15).
Elma was selected on Cry3Bb1 maize after being backcrossed with Susceptible at a 1:1 ratio twice
(F4 and F7) and selected on Cry3Bb1 maize without backcrossing twice (F10 and F11). In all other
generations, the strains were reared on non-Bt maize (Pioneer 34M94, DuPont Pioneer, Johnston, IA,
USA). Experiments used F20 to F26 of Monona and F18 to F20 of Elma. The adult population size was
maintained at ca. 2500 adults for the three western corn rootworm strains, and none of the maize seed
used to rear these strains contained any type of pesticidal seed treatment.

In one fitness cost experiment, southern corn rootworm (SCR) was used in addition to western
corn rootworm. This SCR strain was generated in October 2013 from 381 SCR adults that were collected
from the Sustainable Agriculture Garden at Iowa State University (Ames, IA, USA). All generations
were reared on non-Bt maize and maintained at a population size of ca. 900 adults.

4.2. Strain Rearing

Adult insects were kept in cages (18 × 18 × 18 cm, MegaView Science Co. Ltd., Taichung,
Taiwan) in an incubator (Percival Scientific, Perry, IA, USA) at 25 ◦C with a 16:8 [L:D] h photoperiod.
Adult insects were fed a complete adult diet (western corn rootworm adult diet, product # F9768B-M,
Bio-Serv, Frenchtown, NJ, USA) and maize leaf tissue, with a 1.5% agar solid provided as a source
of water. A petri dish (150 mm in diameter) of moistened sieved field soil (<180 μm) was used as an
oviposition substrate and was replaced two times per week. Larvae were reared on mats of maize
seedlings following the methods of Jackson [57] and Ingber and Gassmann [39]. Adult insects were
collected from seedling mats and placed into cages.

4.3. Quantifying Inheritance of Resistance to Cry3Bb1

Reciprocal crosses were established separately, but in an identical manner between Elma and
Susceptible, and between Monona and Susceptible, following Petzold–Maxwell et al. [36]. First,
all adults were collected and discarded from seedling mats to remove any adults that may have
mated, then virgin adults were collected every 2–3 h to ensure that the adults had not mated. Adults
were held separately in Petri dishes and sex of each insect was determined following Hammack
and French [58]. Virgin adults were then placed in one of four cages: Susceptible♀ × Susceptible♂,
Susceptible♀ × Resistant♂, Resistant♀ × Susceptible♂, and Resistant♀ × Resistant♂. Crosses between
Susceptible and Elma were established between 18 July and 26 September 2014 using F28 and F29
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of Susceptible and F18 and F19 of Elma, with cages maintained at an average population size of
109 ± 34 adults (mean ± SD). Crosses between Susceptible and Monona were established between
10 December 2014 and 9 October 2015 using F31 to F35 of Susceptible and F20 to F26 of Monona,
and maintained at an average population size of 133 ± 41 adults.

Seedling-Mat Bioassay. The seedling mat bioassays were conducted between 21 August and
21 November 2014 using the Susceptible and Elma crosses and between 21 February and 9 December
2015 using the Susceptible and Monona crosses. Assays followed Ingber and Gassmann [39]. Briefly,
seedling mats of either Cry3Bb1 maize (DCK 62-63, Monsanto Co., St. Louis, MO, USA) or the non-Bt
near isoline (DCK 62-61) were grown in 0.5-L plastic containers (RD-16 Placon Corporation, Madison,
WI, USA) for 7 days in an incubator (25 ◦C; photoperiod 16:8 [L:D] h), after which time 25 neonate larvae
(<24 h old) from one of the four crosses (i.e., Susceptible♀ × Susceptible♂, Susceptible♀ × Resistant♂,
Resistant♀ × Susceptible♂, or Resistant♀ × Resistant♂) were placed on the maize root tissue. After
1 week, the seedling mat, soil and larvae from a 0.5-L container was transferred to larger maize seedling
mat held in a 1-L plastic tray (C32DE; Dart Container Corporation, Mason, MI, USA) and this larger
seedling mat always used the same maize hybrid that was used in the corresponding 0.5-L container.
After 1 week, trays were checked for adult emergence three times per week and this continued until
no adults were collected from a replicate for 14 days. A replicate consisted of a one non-Bt seedling
mat and one Cry3Bb1 seedling mat for each of the four crosses. The experiment with Elma and
Susceptible consisted of nine blocks with two replicates per block and the experiment with Monona
and Susceptible consisted of 12 blocks with two replicates per block.

Single-Plant Bioassay. This experiment was conducted from 29 January to 11 November 2015
and used crosses between Susceptible and Monona. An initial single-plant bioassay was conducted
following the methods of Gassmann et al. [10], but due to low larval recovery for these non-diapausing
strains, the assay was modified to use older maize plants with more root tissue, to more closely
resemble the seedling mats on which these non-diapausing strains were reared. The experiment
consisted of 12 blocks with each block containing two non-Bt maize plants and two Cry3Bb1 maize
plants for each of the four crosses. Maize plants were grown in a greenhouse and held singly in 1-L
plastic containers (Product #22373; Placon Corporation, Madison, WI, USA) filled with 750 mL of
potting medium, following Gassmann et al. [8]. Containers received 300 mL water just before seeds
were planted (depth = 5 cm). Plants were watered as needed and received 100 mL of fertilizer solution,
weekly, beginning 2 weeks after planting (4 mg/mL Peters Excel 15-5-15 Cal-Mag Special; Everris NA
Inc., Dublin, OH, USA). When plants had reached V6 to V8, they were trimmed to a height of 20 cm
and 12 neonate larvae (<24 h old) were placed on the base of each plant. Containers were placed in
an incubator (24 ◦C, 65% 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) were placed on a Berlese
funnel for 4 days to extract larvae.

Diet-Based Bioassay. Diet-based bioassays were conducted between 14 March and 28 November
2015 and followed Siegfried et al. [59]. Diet-based bioassays used Susceptible and Monona strains,
and their reciprocal crosses. Eggs were incubated in soil (26.7 ◦C, 67% RH, 0/24 h L/D) until hatching
began. Soil was then washed from the eggs, and any remaining debris separated by salt flotation [60].
Eggs were surface sterilized in a 2% bleach solution followed by a 0.085% Roccal-D Plus solution
(Pfizer, Inc. New York, NY, USA), and placed on a moistened coffee filter atop a 1.8% agar solid
held in a 0.5-L container. Monsanto Corporation (St. Louis, MO, USA) provided 96-well plates with
diet, a solution of Cry3Bb1 toxin, and buffer [39,59]. Toxin, dissolved in buffer, was overlaid on the
diet at six concentrations, which varied by cross due to anticipated differences in susceptibility to
Cry3Bb1. The concentrations tested were: Susceptible = 85.40, 42.70, 21.40, 10.70, 5.40, μg Cry3Bb1/cm2,
and a control with only buffer and no toxin; heterozygote = 170.80, 85.40, 42.70, 21.40, 10.70 μg/cm2,
and a control; Monona = 341.60, 170.80, 85.40, 42.70, 21.40 μg/cm2, and a control. Each bioassay plate
consisted of 12 larvae per concentration, with a total of 72 larvae per plate. One neonate larva was
placed in each well. The plate was then covered with clear plastic adhesive and held in an incubator for
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5 days (26.7◦C; 67% RH, 0/24 L/D). After 5 d, the plates were checked for survival (defined as showing
movement when prodded). For each plate, survival of at least eight of 12 larvae in control wells was
used as the threshold for a successful plate. Six of 12 plates were successful for the Susceptible strain,
four of 12 plates were successful for Susceptible ♀× Monona ♂, five of 13 plates were successful for
Monona ♀× Susceptible ♂, and five of 16 plates were successful for the Monona strain.

4.4. Greenhouse Experiment Testing for Fitness Costs

This experiment used the F21 of Monona and F32 of Susceptible and occurred from 2 January to
12 June 2015. Non-Bt maize (Mycogen 2K591; Dow AgroSciences, Indianapolis, IN, USA), with seed
treatment removed following Gassmann et al. [8], was grown in a greenhouse to the V5–V8 stage,
at which time 25 neonate larvae (<24 h old) were placed on the roots of each plant. Pots were covered
with chiffon fabric secured around the outside of the pot with rubber bands and tied around the stalk
with a twist tie. A replicate consisted of one plant with larvae, and 16 replicates each were established
for the Monona and Susceptible.

Adult insects were collected three times per week beginning 3 weeks after larvae were added to
pots and this continued until there were 6 consecutive days without emergence. After determining
the sex of each insect, adults and placed into cages, with one cage for all individuals that emerged
from the same pot. Non-Bt maize plants (08T91CMV, Blue River Hybrids, Ames, IA, USA) also were
grown in the greenhouse to serve as a food source for adult rootworm. Cages received chopped
maize ear, silk, and leaves from these plants as well as 1.5% agar solid as a source of water, and both
were changed three times per week. Each cage contained a petri dish with moistened sieved field
soil for oviposition, which was changed once per week. Cages were checked three times per week
for dead adults, which were removed and stored in 85% ethanol. Later, sex of adult beetles was
determined and their head capsules measured according to the methods of Ingber and Gassmann [39].
Egg viability was quantified at 2, 4, and 6 weeks after a cage was established by placing 25 eggs on a
1.5% agar solid and checking for hatch 5 days per week until there were no newly hatched larvae on
3 consecutive days.

4.5. Competition Experiment Testing for Fitness Costs

This experiment was conducted between 12 August and 26 November, 2014 and used F19 and F20

of Elma, F29 and F30 of Susceptible, and F6 and F7 of SCR. The experiment was a fully crossed design
with three factors: food availability, presence or absence of SCR as a competing species, and strain of
western corn rootworm (Susceptible or Elma). Seedling mats were prepared in 0.5-L plastic containers
with either low or high food availability achieved by adding either five or 10 kernels of non-Bt maize
(Pioneer 34M94), 60 mL of deionized water, and 200 mL of a 50% field-collected soil and 50% potting
soil mixture. After 1 week, seedling mats received 25 neonate larvae of either Elma or Standard. At that
time, half of the seedling mats also received 25 neonate SCR larvae. After 7 d, small seedling mats
were transferred to larger seedling mats that consisted of either 10 or 20 kernels per tray of non-Bt
maize (corresponding to low or high food availability, respectively), 60 mL of DI water, and 500 mL of
soil, all of which was placed in a 1-L plastic tray. Larger seedling mats were allowed to grow for 7 days
before smaller seedling mats were transferred. Adult western corn rootworm were collected and
separated into cages following the same methods as the greenhouse experiment. For each combination
of strain × food availability × presence or absence 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, and that insects were fed a complete adult diet instead of maize ear. In this
experiment, we simulated the reduced food availability that adult rootworm experience as maize
matures in the field. For 4 weeks, each cage received adult rootworm diet, non-Bt maize leaf, and a
1.5% agar solid, which was changed three times per week. Then, for the next 2 weeks, agar and maize
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leaf were always present but adult diet was only provided for 1 day per week. After that, cages
received only agar and maize leaf.

4.6. Data Analysis

All data were analyzed with SAS 9.3 (SAS Institute Inc., Cary, NC, USA). For the seedling-mat
and single-plant bioassays, data were analyzed with a mixed-model analysis of variance (ANOVA)
(PROC MIXED). Fixed effects were strain, hybrid, and the interaction of strain and hybrid. Random
effects were block and all interactions with fixed effects. The significance of random effects was tested
with a log-likelihood statistic (-2 RES Log Likelihood) based on a one-tailed χ2 test with one degree
of freedom [61]. A random effect was included in the model if it was significant at p < 0.25 or if
higher order interactions including the effect were significant [62]. Pairwise comparisons were first
made between the two heterozygous crosses using the CONTRAST statement with a p-value of 0.05 to
determine if the strains could be combined, and if so, subsequent comparisons were made among a
resistant strain, heterozygotes and Standard to characterize the inheritance of resistance.

For the seedling-mat and single-plant bioassays, corrected survival on Cry3Bb1 maize was
calculated as the complement of corrected mortality based on Abbott [63]. Resistance ratios were the
quotient of corrected survival on Cry3B1 maize for a resistant strain divided by Susceptible. Dominance
of resistance (h) was calculated based on phenotype using corrected survival on Cry3Bb1 maize with the
equation: h = (heterozygote − susceptible)/(resistant − susceptible), where 0 = recessive, 1 = dominant,
and 0.5 = additive inheritance [64].

For the diet-based bioassay, corrected larval mortality for each plate was calculated based on
Abbott [63]. Data were analyzed with a probit analysis to determine LC50 values, 95% fiducial limits,
and goodness-of-fit based on Pearson χ2 (PROC PROBIT).

For the fitness costs experiment with plants grown in the greenhouse, data on proportion survival
to adulthood and egg viability were compared between strains with a model I ANOVA (PROC GLM).
In the analysis of development rate, head capsule width, and adult lifespan, a mixed-model ANOVA
(PROC MIXED) was used. Fixed effects were strain, sex, and their interaction, and the random effect
was cage × strain × sex. Fecundity (i.e., egg production) was analyzed with repeated measures
ANOVA based on a split-plot design (PROC MIXED) [62]. Fixed effects were strain, week and week ×
strain and the random effects were cage nested within strain, and week × cage nested within strain.
Data on fecundity were transformed by the square root function to improve normality of the residuals.

For the experiment measuring the effect of competition on fitness costs, data were analyzed
with a mixed-model ANOVA. The analysis of data on proportion survival to adulthood and egg
viability used the fixed effects of strain, food availability (high vs. low), SCR (present vs. absent),
and all interactions. The random effects in these models were block and the interaction of block ×
strain × food availability × SCR. For the analysis of development rate, head capsule width, and adult
lifespan, the fixed effects were strain, food availability, SCR, sex, and all interactions. The random
effects in these models were block and the interaction of block × strain × food availability × SCR
× sex. Egg production was analyzed with repeated-measures ANOVA based on a split-plot design,
with the fixed effects of strain, week, SCR, food availability and all interactions among these factors.
Random effects were cage (strain × kernels × SCR × block) and week × cage (strain × kernels × SCR
presence × block), which are the mean square error terms for this repeated-measures model based
on a split-plot design [62]. Data on egg production were transformed by the square root function to
improve normality of the residuals. When significant interactions were present among fixed effects,
means were compared with a Tukey–Kramer test (TUKEY statement in PROC MIXED) to understand
the nature of the interaction.
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Abstract: Western corn rootworm (WCR, Diabrotica virgifera virgifera LeConte) is a major corn pest
in the United States, causing annual losses of over $1 billion. One approach to protect against
crop loss by this insect is the use of transgenic corn hybrids expressing one or more crystal (Cry)
proteins derived from Bacillus thuringiensis. Cry34Ab1 and Cry35Ab1 together comprise a binary
insecticidal toxin with specific activity against WCR. These proteins have been developed as insect
resistance traits in commercialized corn hybrids resistant to WCR feeding damage. Cry34/35Ab1 is a
pore forming toxin, but the specific effects of Cry34/35Ab1 on WCR cells and tissues have not
been well characterized microscopically, and the overall histopathology is poorly understood.
Using high-resolution resin-based histopathology methods, the effects of Cry34/35Ab1 as well
as Cry3Aa1, Cry6Aa1, and the Photorhabdus toxin complex protein TcdA have been directly visualized
and documented. Clear symptoms of intoxication were observed for all insecticidal proteins tested,
including swelling and sloughing of enterocytes, constriction of midgut circular muscles, stem
cell activation, and obstruction of the midgut lumen. These data demonstrate the effects of these
insecticidal proteins on WCR midgut cells, and the collective response of the midgut to intoxication.
Taken together, these results advance our understanding of the insect cell biology and pathology
of these insecticidal proteins, which should further the field of insect resistance traits and corn
rootworm management.

Keywords: western corn rootworm; Diabrotica virgifera virgifera; histopathology; Bacillus thuringiensis;
Cry34Ab1; Cry35Ab1

1. Introduction

Western corn rootworm (WCR, Diabrotica virgifera virgifera LeConte) is a major pest of maize
(Zea mays) in the United States, causing annual losses of over $1 billion [1,2]. WCR eggs hatch in the
soil during late spring, and neonate larvae immediately begin feeding on the roots of developing
corn plants. Larval feeding damage to roots impairs water and nutrient uptake, results in corn
lodging and reduced harvestability, and ultimately reduces overall crop yield. A highly effective
means of controlling WCR crop damage in North America is planting transgenic corn hybrids
expressing one or more crystal (Cry) proteins from Bacillus thuringiensis (Bt) [3]. The Bt crystal
proteins currently available in commercialized Bt corn hybrids include Cry3Bb [4], mCry3Aa [5],
eCry3.1Ab, and Cry34/35Ab1 [6,7]. Currently, Cry34/35Ab1 are the only commercialized insecticidal
proteins not yet impacted by field-evolved WCR populations resistant to Cry3Bb1 maize. WCR
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populations resistant to Cry3Bb corn are cross resistant to mCry3Aa corn and eCry3.1Ab corn but not
to Cry34/35Ab1 corn [8].

The molecular mode of action of Bt toxins has been studied extensively in various insects, and the
increasing body of data continues to provide new insights [9–12]. The current model of Cry protein
function begins with activation of Bt proteins by midgut proteases [11,13]. Activated toxins interact
with receptors in the midgut epithelial cell membrane and insert to create pores that result in the
swelling of epithelial cells due to osmotic stress, and ultimately cell lysis. The loss of these epithelial
cells eventually kills the insect through a range of secondary mechanisms. An additional step involving
toxin oligomerization prior to insertion has also been proposed [14].

It is possible that every insecticidal protein impacts midgut epithelial cells in a unique way,
as there are many potential routes to cause midgut epithelial cell death. In order to determine if
ingestion of insecticidal proteins from different classes results in similar or different histopathological
symptoms, we decided to evaluate a broad range of insecticidal proteins. Cry3Aa1 is a member of
the classical three-domain Bt crystal protein family [15]. Cry34/35Ab1 [6,16,17], Cry6Aa1 [18], and
TcdA [19] are all structurally distinct from each other and from three-domain Cry proteins, and have
been reported to have different molecular mechanisms of action on WCR [11]. Cry3Aa1, Cry34/35Ab1,
and Cry6Aa are all crystal proteins from Bacillus thuringiensis; however, TcdA is from Photorhabdus
spp., and, therefore, represents a very different class of insecticidal proteins [19–21].

While some molecular aspects of the mode of action of these proteins are known, at present,
relatively little is known about the histopathology of rootworm larvae following ingestion of
insecticidal proteins. In general, the effects of Bt toxins on the insect midgut include disruption and
loss of microvilli, swelling and vacuolization of midgut enterocytes, and blebbing and cell lysis into
the gut lumen. Normally, histopathological studies are carried out on wax sections [22,23]. The typical
thickness of wax sections are 5–10 microns [24–26]. At this thickness, the fine structure of the small cells
of the alimentary system cannot be clearly discerned. On the other end of the spectrum, ultrastructural
studies by electron microscopy must be done on ultrathin resin sections [27–29]. Here, a single cell, or
even part of a single cell, comprises the entire field of view of an electron micrograph (EM). Thus, both
wax and EM-level studies fail to provide a detailed picture of cell damage in the broader context of
the entire tissue. For the current study, we decided to use EM embedding methods and resins, but at
the light level [30]. This type of specimen preparation allows for the study of the fine details of the
insect alimentary system, while also providing the overall tissue context. In this report, we describe
the effects of four insecticidal proteins on WCR larval internal tissues and cells using high-resolution
resin-based histopathology methods. These results allow further understanding of the impact of these
proteins on the midgut epithelium, which will drive new discoveries in insect resistance trait discovery
and management.

2. Results

2.1. WCR Anatomy

WCR larvae have a worm-like “tube within a tube” morphology (Figure 1A). The alimentary
system of WCR is composed of three distinct regions: the foregut, the midgut, and the hindgut.
The foregut in this insect appears to be a fairly simple tissue, which functions primarily to pass food
from the mouth to the midgut. Between the foregut and the midgut is a valve-like structure called
the cardiac valve. The midgut of WCR is composed of a simple columnar epithelium, with microvilli
covering the apical region and a membranous labyrinth in the basal portion of the cell. The midgut can
be divided into three general sections: the anterior, the median, and the posterior regions. The anterior
midgut (AMG) region is immediately adjacent to the foregut, beginning just after the cardiac valve,
and the cells of this region are generally very uniform in size and height such that the apical brush
border forms a relatively smooth layer lining the lumen (Figure 1A). The lumen of the anterior midgut
is relatively dilated and very little peritrophic matrix material is usually visible. In the median midgut
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(MMG) region, the epithelial cells are flat and thin, and several layers of peritrophic matrix material can
be seen lining the lumen (Figure 1B). The posterior midgut (PMG) region is characterized by a distinct
increase in folds and ridges of the epithelium; and the lumen tapers to a much smaller diameter in the
most distal region (Figure 1A). In the transition from the PMG to the anterior hindgut, the lumen is
very narrow and forms a three-dimensional knot-like structure. The hindgut has a highly lobed shape
in cross section, and is lined by a chitinous intima.

 

Figure 1. Longitudinal section of western corn rootworm (WCR) showing major anatomical features.
(A) WCR larvae have a simple “tube within a tube” morphology. The AMG (arrowheads) is composed
of a single smooth layer of columnar cells bearing an apical brush border of microvilli. The MMG and
PMG regions are characterized by folds and ridges of the gut epithelium. Between the foregut and
the anterior midgut is a valve-like structure called the cardiac valve. Fat bodies (FB) and Malpighian
tubules (MT) surround the alimentary canal; (B) Single layers of peritrophic matrix material are
visible in the anterior midgut, but become multi-lamellar in the median and posterior midgut regions.
Towards the basal region of the columnar cell layer are pockets of stem cells (SC). The adipocytes
(Ac) of WCR larvae contain a large number of oil bodies, which appear very translucent by this
preparation method. Malpighian tubules, here seen in cross section, can be seen to have a thick layer of
microvilli which appear similar but distinct from those lining the alimentary canal. Surrounding
the columnar cells are two layers of muscle fibers, both circular (arrowheads) and longitudinal
(arrows). (AMG = anterior midgut; MMG = median midgut; PMG = posterior midgut; CV = cardiac
valve; HG = hindgut; Ne = neural tissue; Mu = muscle fibers; Mv = microvilli; CC = columnar cell;
PM = peritrophic matrix; SC = stem cells; MT = Malpighian tubules; FB = fat body; Ac = adipocyte;
scale bar A = 100 μM, B = 10 μm).
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Outside the alimentary system, the Malpighian tubules can be recognized as smaller,
tubular structures lined with fine microvilli on the lumenal surface. The fat body is composed
of adipocyte cells containing a large number of lipid droplets, which give these cells a lacy appearance
(Figure 1A,B). Skeletal muscle fibers are visible as striated bands running roughly parallel to the axis of
the insect, and connect to the segments of the cuticle to provide locomotive force. The nerve cord runs
down the length of the larva, on the ventral side of the alimentary system. Various types of hemocytes
can be seen in the body cavity.

2.2. Cry34/35Ab1

Twenty-four hours after feeding on a diet overlaid with the Cry34/35Ab1 protein pair, the
epithelial cells of the anterior midgut appear dramatically different from the untreated control
(Figure 2). The cells are clearly disrupted, and cell debris is visible in the midgut lumen (Figure 2C,D).
The apical brush border is no longer continuous, and the remaining microvilli are disrupted and
reduced (Figure 2C–F). In the untreated insect, a large number of small, widely-spaced circular muscle
fibers can be seen surrounding the outer surface of the midgut (Figure 2B, arrowheads). More rarely,
longitudinal muscle fibers are observed just exterior to the circular muscle fiber layer. After 24 h
of Cry34/35Ab1 feeding, the circular muscle bands have become more prominent and much closer
together (Figure 2D, arrowheads). The Malpighian tubules appear relatively normal and unaffected at
this time point.

2.3. Cry34Ab1 or Cry35Ab1 Alone

Ingestion of Cry34Ab1 alone appears to cause swelling of individual midgut epithelial cells,
but actual bursting of the cells was not observed (Figure 3A). This swelling may be reducing the
continuity of the microvilli on a subset of cells, but the brush border still appears to be relatively
intact. The lack of extensive cell bursting and/or microvilli shedding leaves the lumen relatively
clear and open, unlike what was seen with Cry34/35Ab1 together. The basal regions of the epithelial
cells are more pronounced, possibly as a result of an extension of the basal labyrinth membranes.
The individual stem cells of the regenerative clusters appear to have enlarged.

The ingestion of Cry35Ab1 alone appears to have had very little impact on the morphology of the
cells of the midgut and the alimentary canal as a whole (Figure 3B). The cells of the anterior midgut
appear intact and normal, the microvilli look very similar to the untreated, the circular muscles are
relaxed, and the stem cells are small and undifferentiated.

2.4. Stem Cell Activation upon Intoxication with Cry34/35Ab1

In order to more clearly identify activated stem cells/developing epithelial cells in the sections,
nuclei were labeled with an anti-histone H3 antibody (black) in addition to the toluidine blue staining
(Figure 4). In untreated larvae, the epithelial cells lining the AMG form a single layer, as demonstrated
by the placement of nuclei (Figure 4A). There are some occasional smaller, more compact cells
toward the basal surface of the epithelial cells that are likely midgut epithelial stem cells (Figure 4A,
arrowheads). In WCR larvae that have been treated with Cry34/35Ab1 for 48 h, multiple layers
of nuclei can be seen in the midgut epithelium (Figure 4B, arrowheads). The nuclei closest to the
lumen are likely from damaged and dying cells, while the nuclei closer to the basement membrane
are stem cells and newly-developing replacement epithelial cells. In larvae fed with only Cry34Ab1
(Figure 4C) or Cry35Ab1 (Figure 4D), the midgut epithelial cells remain as a single layer, with no
obvious stimulation of stem cell multiplication and differentiation, similar to that of the untreated.

90



Toxins 2017, 9, 156

 

 

Figure 2. Anterior midgut region of 2nd instar WCR larvae fed Cry34/35Ab1 proteins or buffer.
(A,B) Untreated larvae display a normal midgut epithelial layer, with a smooth layer of columnar
cells and an open lumen. Circular muscles fibers (arrowheads) are evenly spaced around the midgut,
just exterior to the basement membrane. Longitudinal muscle fibers (arrow) lie just external to the
circular muscle fibers. (C,D) After feeding on diet treated with Cry34/Cry35Ab1 for 24 h, the columnar
cells of the AMG show extensive blebbing and sloughing toward the lumen. The apical brush border
is no longer continuous, remaining regions are disrupted and reduced, and cell debris is visible in
the lumen (asterisks). The stem cell pockets appear relatively unchanged compared to untreated
specimens. The bands of circular muscles (arrowheads) surrounding the alimentary canal appear
closer together, possibly indicating that they have contracted. (E,F) At 48 h post-feeding, the lumen of
the AMG is nearly completely occluded with cell remnants and swollen columnar cells. The circular
muscles (arrowheads) appear to be piling up on each other, possibly as a result of continued intense
contractions. The midgut stem cell pockets are also much larger in size, and the cardiac valve appears
to have thickened. (CV = cardiac valve; Lu = gut lumen; SC = stem cells; MT = Malpighian tubules;
arrowheads = circular muscles; scale bar (A,C,E) = 50 μm; (B,D,F) = 20 μm).
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Figure 3. Anterior midgut of WCR larvae fed either Cry34Ab1 or Cry35Ab1 alone at 48 h. (A) Ingestion
of Cry34Ab1 alone appears to cause some swelling of the apical portion of the columnar cells into the
lumen, but very little actual bursting of the cells. The microvilli are still relatively intact and contiguous,
but without the obvious cell bursting and/or microvilli shedding seen with the toxin pair, leading
to a relatively open lumen. The stem cell pockets appear somewhat enlarged, although not to the
extent seen with the toxin pair. The cardiac valve does appear slightly thickened, but the circular
muscle bands do not appear heavily contracted; (B) The ingestion of Cry35Ab1 alone caused very little
disturbance to the morphology of the midgut cells, and had very little impact on the alimentary canal
as a whole. (SC = stem cells; CV = cardiac valve; Lu = gut lumen; scale bar = 50 μm).
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Figure 4. Activation and differentiation of midgut epithelial stem cells following intoxication with
Cry34/35Ab1 proteins. Anti-histone H3 immunolabeling (black) on toluidine blue-stained longisections
of WCR larvae. (A) An untreated WCR larva, showing the normal distribution of cells/nuclei in the
midgut epithelium. The midgut epithelium normally consists of a single layer of cells, except for
small pockets of small stem cells located on the basal side of the columnar cell layer (arrowheads);
(B) After feeding on Cry34/35Ab1 for 48 h, multiple layers of cells/nuclei can be seen along the anterior
midgut (e.g., arrowheads); (C) Larva fed Cry34Ab1 only, showing a single layer of epithelial cells
with slightly ruffled apical surfaces, but with apparently non-activated stem cell pockets (arrowheads);
(D) Larvae fed Cry35Ab1 only appear very similar to the untreated, showing very little perturbation of
the epithelial cells and no obvious activation of the stem cell pockets (arrowheads). (CV = cardiac valve;
Lu = gut lumen; scale bar = 50 μm).

2.5. Other Insecticidal Proteins

Cry3Aa1. Treatment of WCR larvae with Cry3Aa results in an occluded lumen that appears very
similar to what was observed for Cry34/35Ab1 (Figure 5A). The columnar cells of the AMG have lysed,
and their contents have been released into the lumen (Figure 5A, asterisks). The midgut stem cells
have been activated and are beginning to differentiate into new columnar cells to replace the damaged
and dying columnar cells. The circular muscle bands are contracted (Figure 5A, arrows). This lysis
and shedding of midgut cells, the replacement of these damaged columnar cells by stem cell activation
and growth, and the contraction of the circular muscle bands has caused a near-total occlusion of the
midgut, just as was seen with Cry34/35Ab1 intoxication. The Malpighian tubules appear normal.

Cry6Aa1. The lumen of the AMG appears to be filled with material composed of shed microvilli
and other cellular contents (Figure 5B), similar to what was seen with Cry34/35Ab1 and Cry3Aa.
The epithelial cells of the midgut appear to be swollen and in some cases have ruptured. There is
activation and growth of midgut stem cells, and the circular muscle bands are contracted (Figure 5B,
arrow). Cry6Aa1 appears to lead to the near-total closure of the anterior midgut lumen, as seen for
Cry34/35Ab1 and Cry3Aa.
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Figure 5. AMG of WCR larvae fed with various insecticidal protein toxins, after 48 h of continuous
exposure. (A) Ingestion of Cry3Aa induces damage similar to that induced by Cry34/35Ab1, primarily,
a massive lysis and shedding of AMG columnar cells (asterisks), stem cell activation and growth,
contraction of circular muscle bands (arrows), and occlusion of the midgut lumen by cell debris;
(B) Ingestion of Cry 6Aa results in damage similar to that induced by Cry34/35Ab1, including overall
midgut cell disorder, columnar cell blebbing and lysis, contraction of the circular muscle bands
(arrows), and stem cell activation. The lumen is completely full of an apparently non-cellular material,
possibly columnar cell lysates and/or secretions. The stem cells appear to be activated and have begun
differentiating into replacement enterocytes; (C) TcdA: the stem cells in the AMG appear to have been
stimulated and are in advanced stages of columnar cell replacement. Remnants of the columnar cells
can still be seen lining the gut lumen (asterisks). The apical microvilli of the columnar cell remnants
appear to be relatively intact (arrowheads). The circular muscles appear contracted (arrows), but the
lumen does not appear to be entirely occluded. (CV = cardiac valve; SC = stem cells; Lu = gut lumen;
MT = Malpighian tubules; scale bar = 50 μm).
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TcdA. TcdA intoxication leads to a subtly different pattern of damage than what was observed
with the Cry toxins in this study. Unlike the Cry proteins, TcdA intoxication appears to damage the
midgut epithelium without destroying the apical microvilli. The columnar cells appear as a ruffled
layer covering a nearly uniform layer of developing midgut stem cells (Figure 5C). However, even at
these late stages of dying columnar cell replacement, the apical microvilli of these severely damaged
cells appear to be relatively intact (Figure 5C, arrowheads). The circular muscle bands appear to be
contracted (Figure 5C, arrows), as they do after treatment with Cry34/35Ab1; however, the lumen of
the midgut does not appear to be entirely occluded.

3. Discussion

Bt proteins are a valuable defense mechanism for maize against WCR. Once consumed by WCR,
Cry proteins appear to disrupt the anterior midgut epithelial cells, which induces circular muscle
contraction and stem cell activation. These events progress to the point of nearly complete occlusion of
the midgut lumen and, ultimately, the death of the insect. Many previous reports on the exposure of
Cry proteins to insect midgut cells have focused on the few hours immediately following ingestion
of Cry proteins [27,31,32]. The main phenomena at these early time points are usually observed at
the TEM level, and are described as blebbing of microvilli, swelling of mitochondria, and dilation of
intracellular spaces, culminating in cell lysis. Also, previous histopathological studies have tended to
focus on lepidopteran species. Here, we have decided to focus on the later stages (48 h PI) of the Cry
protein intoxication process and to compare the action of several insecticidal proteins on the midgut
epithelium in WCR.

From a technical standpoint, cross sections of insect alimentary systems are relatively
straightforward to prepare. Longisections, however, result in a better understanding of midgut
cell variation along the length of the gut than do cross sections. The morphology of the midgut cells
change along the length of the gut, such that the appearance of midgut cells in a given cross section
are highly dependent on the exact location along the midgut from which that cross section was made.
In addition to this, longisections allow for a better visualization of the circular muscle fibers, the
contraction of which were found to be one of the main hallmarks of the insecticidal protein intoxication
process in WCR.

The integrity and correct functioning of the alimentary system is critical for the growth and
survival of insect larvae. The ingestion of the Cry34/35Ab1 protein pair causes significant damage to
the cells of the anterior midgut, including swelling and lysis of the midgut epithelial cells, shedding
of microvilli and other cell debris, and the constriction of the circular muscle fibers surrounding the
alimentary canal. After 48 h post-feeding, the large amount of cell swelling, debris, damage to the
cardiac valve, and constriction of the circular muscle fibers appears to totally occlude the lumen of
the midgut. The observed occlusion of the midgut lumen would render further ingestion of food
difficult or impossible, leading to the death of these insects by starvation and/or dehydration. We have
found no evidence that Cry protein intoxication of WCR leads to death by sepsis, though these
studies were all carried out on lab-reared insects, which may not be totally reflective of conditions
in the field. Interestingly, the effects of Cry3Aa and Cry6A, which are also pore forming proteins,
on WCR were very similar to those seen with Cry34/35Ab1. This evidence indicates that the death
of midgut enterocytes by plasma membrane pore-forming proteins leads to similar midgut tissue
damage, irrespective of the different midgut binding sites utilized by these disparate proteins.

Cry34Ab1 is a protein of approximately 14 kDa with features of the aegerolysin family (Pfam06355)
of proteins that have known membrane disrupting activity, while Cry35Ab1 is an approximately
44 kDa member of the toxin_10 family (Pfam05431) that includes other insecticidal proteins such as the
BinA/BinB binary toxin [16]. Recent studies [33] on WCR midgut membrane receptor identification
and interaction with Cry34/35Ab1 indicate that Cry34Ab1 significantly enhances the binding of
Cry35Ab1 to brush border membrane vesicles (BBMV) of WCR larvae. However, when applied
separately, Cry34Ab1 and Cry35Ab1 did not cause obvious damage to the midgut epithelium or
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circular muscle fiber contractions. Cry34Ab1 did cause some ruffling of the midgut epithelium and
stimulation of stem cell differentiation, but Cry35Ab1 did not. These results are consistent with reports
of the action of these individual proteins on southern corn rootworm in traditional bioassays [34].
Although subtle, this observation may be further evidence of both an interaction between Cry34Ab1
with a receptor on the midgut brush border membrane, and the lack of direct binding of Cry35Ab1 to
the brush border membrane.

In the normal course of the development of rootworm larvae, old or damaged columnar cells
are replaced by the development of midgut stem cells into new columnar cells [35]. The ingestion of
Cry34/35Ab1 leads to extensive damage to the cells of the midgut epithelium (Figure 2). This damage
can be repaired by the activation and differentiation of midgut stem cells to become new enterocytes
(Figure 4). It has been suggested that one mechanism of resistance to Cry protein intoxication is an
increased healing response [36,37].The direct visualization of nuclei in situ in midgut sections may
be a valuable method to evaluate resistant colonies for the existence of rapid healing response-based
resistance mechanisms.

TcdA appears to cause swelling of the anterior midgut epithelial cells and activation of stem
cell multiplication and differentiation, but relatively less shedding of microvilli than the Cry toxins.
TcdA proteins from Photorhabdus are endocytosed by midgut cells and then form channels in the
endosome membrane [19,38,39]. As described in the literature, the TcdA component of the toxin
complex functions to inject the TcdB and TcdC subunits into the cell cytoplasm, where these subunits
interfere with actin filaments and ultimately cause the death of the cell. Although cell death is usually
accomplished through the combined action of three different members of the complete toxin complex,
it has been shown that the TcdA protein is toxic by itself [21,40]. In WCR, intoxication by TcdA caused
the circular muscles to contract around the AMG and the midgut stem cells to be activated, both of
which were also seen in the Cry-treated examples. However, the brush border of the midgut epithelium
appeared more intact, and the lumen of the TcdA-intoxicated larvae appeared to be less obstructed
than what was observed for the other Cry toxins. This may be due to the lesser amount of cell lysis and
sloughing noted following TcdA intoxication. Further ultrastructural studies comparing the impacts of
toxin complex and Cry proteins on WCR midgut cells may yield additional insights.

In summary, we have provided an in-depth histological characterization of the WCR larva.
We have also demonstrated the impact of the Cry34/35Ab1 protein pair on the midgut of WCR.
These impacts were shown to be primarily swelling and lysis of midgut epithelial cells in the
midgut lumen, stimulation of regenerative stem cells, and contraction of the circular muscle fibers.
These features were shown to be the same as other Cry-proteins, and similar to the damage induced
by the TcdA toxin. Taken together, these results represent a foundation that future studies of the action
of insecticidal proteins can be built upon.

4. Materials and Methods

Protein preparation. Cry34/35Ab1. 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 [17]. The tubes were placed on a gently rocking platform (Vari-Mix™, Thermo
Fisher Scientific, Waltham, MS, USA) at 4 ◦C overnight to extract full-length Cry34Ab1 and Cry35Ab1
proteins. The extracts were centrifuged at 30,000× g for 30 min at 4 ◦C and supernatants containing
full-length Cry proteins were retained. The supernatant of Cry34Ab1 was then concentrated using a
centrifugal concentrating device with a 10 kDa MWCO (molecular weight cut off). The concentrated
sample was buffer exchanged via PD-10 into 20 mM sodium citrate pH 3.5. After the concentration
of Cry34Ab1 was determined by gel densitometry, it was stored at 4 ◦C for WCR larval feeding.
For Cry35Ab1, the supernatant was then purified over a 5 mL HiTrap™ SP cation exchange column
(GE Healthcare Bio-sciences Corp., Piscataway, NJ, USA). Fractions containing Cry35Ab1 were pooled
and concentrated with a 10 kDa MWCO Amicon concentrator. The sample was then dialyzed overnight
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against 20 mM sodium citrate pH 3.5. Sample concentration was determined by gel densitometry with
bovine serum albumen (BSA) as a standard and were ready for insect feeding.

Cry3Aa and Cry6Aa. These proteins were prepared as previously described [31]. Briefly, the
protein inclusions from recombinant P. fluorescens strains MR832 and DPf13032, expressing Cry3Aa and
Cry6Aa, respectively, were resuspended in 100 mM sodium carbonate buffer, pH 11.0 for Cry3Aa, or in
50 mM CAPS [3-(cyclohexamino) 1-propanesulfonic acid] buffer, pH 10.5 for Cry6Aa. Full-length Cry
protoxins were extracted in the basic buffer as described above. The supernatant was then concentrated
using a centrifugal concentrating device with a 30 kDa MWCO. The concentrated sample supernatants
were purified using a 5 mL HiTrap™ Q HP ion exchange column (GE Healthcare Bio-sciences Corp.,
Piscataway, NJ, USA) and subjected to buffer exchange via a PD-10 column (GE Healthcare Bio-sciences
Corp., Piscataway, NJ, USA) into 10 mM CAPS pH 10. After the protein concentrations were determined
by gel densitometry, they were ready for insect feeding assays.

TcdA. Cell paste from Pseudomonas fluorescens (Pf) was resuspended in 5× the volume of extraction
buffer (50 mM sodium carbonate pH 9.2 + 1 mg/mL lysozyme + 700 μL His-tagged protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA)). The suspension was mixed at 4 ◦C for 20 min followed
by sonication (Branson Sonifier 450 with flat tip) three times for 3 min per cycle with 5 min of rest
between cycles. The suspension was then clarified via centrifugation at 20,000× g for 25 min at 4 ◦C.
The clarified supernatant was loaded onto a 50 mL Q Sepharose Fast Flow column equilibrated in Buffer
A (50 mM sodium carbonate pH 9.2). The column was eluted using a linear gradient from 0–100%
Buffer B (50 mM sodium carbonate pH 9.2 + 0.5 M NaCl) over 2000 mL at 15 mL/min. The fractions
were analyzed by SDS-PAGE for TcdA and pooled accordingly. The TcdA containing fractions was then
precipitated at 50% ammonium sulfate and centrifuged at 20,000× g for 25 min at 4 ◦C. The resulting
pellet was resuspended in HIC buffer B (hydrophobic interaction chromatography; 50 mM sodium
phosphate pH 7.0 + 1 M ammonium sulfate). The resuspended sample was applied to a HiTrap Octyl
column that was equilibrated in HIC buffer B. The column was washed with 10 column volumes of 10%
HIC Buffer A (50 mM sodium phosphate pH 7.0 + 100 mM NaCl). The column was then eluted at 100%
HIC buffer A for 15 CV. The fractions were analyzed by SDS-PAGE, and TcdA containing fractions were
pooled and concentrated via spin concentrators with a 100 kDa MWCO. The concentrated sample was
then buffer exchanged via PD-10 into 20 mM sodium phosphate pH 8.0. The final protein concentration
was determined by gel densitometry.

Insect bioassay and exposure. The non-diapause WCR used in this study was obtained from a
commercial supplier, Crop Characteristics Inc., Farmington, MN, USA. The non-diapausing WCR
colony was started in 1999, approximately, from Minnesota wild diapausing adults, and they have
been raised for about 100 generations from the wild type. The materials and methods of WCR egg
incubation, egg surface sterilization, and diet overlay bioassay were previously described [34]. In this
study, WCR larvae that were approximately 48-h old were used for insect bioassays. Sixteen larvae
were exposed at each time point collection per individual protein or designated buffer. About ten
larvae were randomly collected per treatment for the histopathology study. Treatments were comprised
of exposure to 16.5 μg/cm2 full length (FL) Cry34Ab1 and 16.5 μg/cm2 truncated (TR) Cry35Ab1 for
a total 33 μg/cm2 of 1:1 (W/W) ratio mixture of the two proteins. FL Cry34Ab1 and TR Cry35Ab1
treatments were applied separately at 50 μg/cm2. In addition, 350 μg/cm2 of TR Cry3Aa, 33 μg/cm2

of FL Cry6Aa, and 10 μg/cm2 of TcdA treatments were included as well. These doses were chosen
based upon their different potency on WCR larvae in diet-based bioassay to ensure that they cause gut
tissue damages of the insects. Buffer control for Cry34/35Ab1 was 20 mM sodium citrate pH 3.5 for
Cry3Aa, for Cry6Aa it was 10 mM CAPS pH 10, and for TcdA it was 20 mM sodium phosphate pH 8.0.

Specimen collection and preparation for histopathology. Insects were collected in 24-hour increments.
Once collected, insects were fixed in 4% formaldehyde (from sealed ampules; Polysciences, Inc.,
Warrington, PA, USA) in 10 mM phosphate buffered saline, with 1:10,000 Silwet L-77 (Lehle Seeds,
Round Rock, TX, USA), vacuumed until specimens sank, dehydrated in a graded series of ethanol
(25%, 50%, 75%, and 100%), and infiltrated in a graded series of LR White resin (Polysciences, Inc.,
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Warrington, PA, USA) [30]. Larvae were transferred into flat bottom polyethylene embedding capsules
(Ted Pella, Redding, CA, USA), topped up with fresh LR White resin, and heat polymerized for 3 h
at 50 ◦C. A relatively large number of each specimen type were polymerized into blocks so that
WCR larvae in the ideal orientation for longi-sectioning could be selected. The selected WCR larvae
were then sectioned (500 nm), stained with Toluidine Blue O, and mounted with Polymount-Xylene
(Polysciences, Inc., Warrington, PA, USA).

Immunolocalization. For each sample type, 500 nm thick LR White sections were generated on a
Leica UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA). Sections were placed on
SuperFrost Plus slides (Fisher Scientific, Pittsburgh, PA, USA) and allowed to dry on a slide warmer.
Slides were processed on a Ventana Discovery Ultra immunostainer (Roche Diagnostics, Indianapolis,
IN, USA). The histone antibody (ab1791, Abcam, Cambridge, MA, USA) was diluted 1:200 in Ventana
Antibody Diluent 250 (Roche Diagnostics, Indianapolis, IN, USA); the antibody was incubated on
the slides for 32 min at 37 ◦C. The secondary antibodies (anti-Rabbit HQ-HRP Ventana Discovery
system, Roche Diagnostics, Indianapolis, IN, USA) were then applied, and each component was
incubated for 16 min at 37 ◦C. Finally, Ventana Discovery Silver (Roche Diagnostics, Indianapolis,
IN, USA) was applied and incubated for 12 min at room temperature. Slides were washed in soapy
water, dried, dipped briefly in xylene, and mounted with Polymount-Xylene (Polysciences, Inc.,
Warrington, PA, USA).

Imaging. Image data were captured using LAS software (version 4.6) on a Leica DM5000B upright
microscope, equipped with a Leica DFC 7000T camera (Leica Microsystems, Buffalo Grove, IL, USA).
Figure panels were created with GIMP (v2.8.16). Minor contrast and color balance adjustments were
done with GIMP.
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Abstract: With Next Generation Sequencing technologies, high-throughput RNA sequencing
(RNAseq) was conducted to examine gene expression in neonates of Diabrotica virgifera virgifera
(LeConte) (Western Corn Rootworm, WCR) challenged with individual proteins of the binary
Bacillus thuringiensis insecticidal proteins, Cry34Ab1 and Cry35Ab1, and the combination of
Cry34/Cry35Ab1, which together are active against rootworm larvae. Integrated results of three
different statistical comparisons identified 114 and 1300 differentially expressed transcripts (DETs) in
the Cry34Ab1 and Cry34/35Ab1 treatment, respectively, as compared to the control. No DETs were
identified in the Cry35Ab1 treatment. Putative Bt binding receptors previously identified in other
insect species were not identified in DETs in this study. The majority of DETs (75% with Cry34Ab1
and 68.3% with Cry34/35Ab1 treatments) had no significant hits in the NCBI nr database. In addition,
92 DETs were shared between Cry34Ab1 and Cry34/35Ab1 treatments. Further analysis revealed
that the most abundant DETs in both Cry34Ab1 and Cry34/35Ab1 treatments were associated with
binding and catalytic activity. Results from this study confirmed the nature of these binary toxins
against WCR larvae and provide a fundamental profile of expression pattern of genes in response to
challenge of the Cry34/35Ab1 toxin, which may provide insight into potential resistance mechanisms.

Keywords: Next Generation Sequencing (NGS); Diabrotica virgifera virgifera; Bt challenge; differential
gene expression

1. Introduction

The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte, is an important pest
of field corn, Zea mays L. [1–3] both in terms of crop losses and costs associated with management
practices. Managing corn rootworm populations to minimize risk of economic loss is extremely difficult,
due in part to their unique capacity to evolve resistance to a variety of management practices including
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chemical insecticides [4–6], cultural control practices such as crop rotation [7,8], and transgenic corn
hybrids expressing the Cry3Bb1 toxin [9,10]. The binary toxin, Cry34/Cry35Ab1 represents two
proteins that are co-expressed in transgenic corn to control WCR and are commercialized both as single
event hybrids and more recently as pyramided events with either Cry3Bb1 or mCry3A. However,
with resistance to Cry3 toxins documented among WCR field populations [10,11], even the pyramided
events may rely exclusively on the binary Cry34/35Ab1 toxin.

It has been suggested that Cry34Ab1 and Cry35Ab1 have specific binding sites on the brush border
membrane of the rootworm midgut, and Cry34Ab1 enhances the specific binding of Cry35Ab1 [12].
Cry34Ab1 has limited toxicity by itself while Cry35Ab1 alone has no toxicity, and the binary toxin is
necessary to achieve mortality of rootworm larvae in diet bioassays and to achieve root protection
with transgenic maize plants [13]. The specific binding receptor(s) for these two Bt toxins have yet to
be identified.

Next generation sequencing provides a simple and comprehensive approach to measure changes
in expression of genes in response to environmental stressors such as insecticides [14] and Bt
proteins [15–18]. The goal of this study was to identify genes responsive in western corn rootworms
challenged with its individual components as well as the binary toxin, Cry34/35Ab1 which has been
commercialized in transgenic corn since 2006 and which still performs effectively in the field although
incomplete resistance to Cry34/Cry35Ab1 was recently reported [19]. The objective of the present
research is to develop an overview of WCR genes responsive to Bt Cry34/Cry35Ab1 intoxication.

2. Results

2.1. Next Generation Sequencing

The sequencing run using the Illumina HiSeq2000 yielded a total of ~1345 million paired-end raw
reads. The number of reads generated for each treatment is presented in Table S1. After removal of low
quality reads (Q < 20), 287 million to 383 million (~97%) high-quality reads remained (Table S2) and
were used for further analysis. All raw read data are available at the NCBI Sequence Read Archive
(SRA) under Accession SRP037561 [20].

2.2. Mapping and Differential Expression Gene Analysis

Using the Bowtie program, nearly 70% of filtered reads for all four experimental conditions were
aligned to the WCR reference transcriptome. The output (read counts) from alignment were applied
directly in DESeq, and MA-plots were generated to depict a general view of the distribution of the
differentially expressed transcripts (DETs) (p < 0.05) for all three treatments as compared to the control
treatment (Figure 1). In general, transcripts with altered expression varied considerably with the
source of Cry toxin challenge (Figure 1b,c). Among the three treatments, the Cry34/35Ab1 treatment
produced almost 10,000 sequences defined as DETs (Figure 1c). In contrast, less than 1000 DETs were
detected in the Cry34Ab1 treatment (Figure 1b) and none were detected in the treatment with Cry35
alone (Figure 1a).

The initial read count datasets were further processed by filtering transcripts with low read
counts (cpm > 1) with edgeR, 26,218; 29,109 and 29,520 transcripts were remained in the Cry35Ab1,
Cry34Ab1 and Cry34/35Ab1 compared to control comparisons, respectively, and further used as input
in differential expression analysis.

As illustrated in Table 1, in total, 116, 132 and 135 DETs were identified with DESeq, edgeR and
limma, respectively, in the Cry34Ab1treatment as compared to the control.

Among them, 114 DETs were commonly identified by these three methods. In the combined
treatment with Cry34/35Ab1, 2215, 1673 and 2336 genes were classified as DETs by DESeq, edgeR and
limma, respectively, and 1300 DETs were commonly identified, which is at least 10-fold greater than
the number of DETs caused by exposure to Cry34Ab1 alone.
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These 1300 DETs were used for subsequent analyses. As previously described, no DETs were
detected by any of the three methods in the treatment with Cry35Ab1 alone.

Figure 1. MA plots of differential expression in each treatment comparison with DESeq method.
(a) buffer vs. Cry35Ab1; (b) buffer vs. Cry34Ab1; (c) buffer vs. Cry34/Cry35Ab1. Red dots represent
the genes either up- or down-regulated at p (adj) < 0.05. MA plot is a way to display deferentially
expressed genes versus expression strength (log2 fold change) between control and treatment.

Table 1. RNAseq differential gene expression for WCR exposed to Cry34/35Ab1 toxin.

Analysis
Method

Cry34Ab1 vs. Buffer Cry35Ab1 vs. Buffer Cry34Ab1 + Cry35Ab1 vs. Buffer

up down total Shared * up down total up down total shared

DESeq 44 72 116
114

0 0 0 992 1223 2215
1300edgeR 49 83 132 0 0 0 647 1026 1673

limma 48 87 135 0 0 0 1093 1243 2336

* indicate the total DETs shared among three analysis method.

Among the DETs identified in Cry34Ab1 (114) and Cry34/35 Ab1 (1300) treatment (Table 1),
92 DETs (31 up-regulated and 61 down-regulated) were found to be in common (Table 2).
The remainder (22 and 1108 DETs) were assigned only to Cry34Ab1 or Cry34/35Ab1 treatment,
respectively. Among the DETs common to both treatments, the average fold change was generally
higher in the Cry34/35Ab1 treatment (Table 2).

Table 2. Number of DETs shared and not shared between Cry34Ab and Cry34Ab1 + Cry35Ab1 treatment.

Category Category # Contigs Digital Expression in Fold Change *

up-regulated shared 31 2.55 (2–4.66) a 4.5 (2.3–12.5) b

unique 12 a 534 b 2.36 (2.14–2.9) a 2.69 (2–64) b

down-regulated Shared 61 2.64 (2–5.6) a 10.6 (2.49–194) b

unique 10 a 674 b 3.16 (2–1) a 3.3 (2–88) b

a challenged with Cry34Ab; b challenged with combination of Cry34/35Ab1; * all fold changes are from DESeq data
at p < 0.05).

For the unique DETs in each treatment, the average fold was similar (2.36 for Cry34Ab1 and
2.69 for Cry34/35Ab1 up-regulated genes and 3.16 and 3.3 for down-regulated genes). However,
the range of fold change of DETs was greater in the Cry34/35Ab1 treatment (~6.46-fold) as compared
to that in Cry34Ab treatment (3.57-fold) in down-regulated category.
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Annotation of DETs

Nearly 70% of DETs in Cry34Ab1 treated WCR (114) and in Cry34/35Ab1 treated WCR
(1300) treatment had no significant hits in the NCBI non-redundant (nr) database (Figure 2a,b).
Among the DETs with hits, 35 DETs in the Cry34Ab1 treatments and 385 DETs in Cry34/35Ab1
treatments were well annotated with most hits to other Coleopterans including Tribolium castaneum
and Dendroctonus ponderosae.

(a) (b)

Figure 2. Blast hit of DGEs. (a) top BLAST hits of DGEs in WCR neonates exposed to Cry34/35Ab1
combination; (b) top BLAST hits of DGEs in WCR neonates exposed to Cry34Ab1 alone.

Gene ontology classification of the DETs is provided in Figure 3 (Cry34Ab1 compared to control)
and Figure 4 (Cry34/35Ab1 compared to control).

Figure 3. GO term categorization and distribution in Cry34Ab1 compared to control at level 2 under
three main categories, i.e., biological process, molecular function and cellular component.
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Figure 4. GO term categorization and distribution in Cry34/35Ab1 vs. buffer control at level 2 under
three main categories, i.e. biological process, molecular function and cellular component.

For the Cry34Ab1 treatment, the largest number of DETs was assigned to molecular function
(17 transcripts) and cellular component (17 transcripts). Of those assigned to molecular function,
catalytic activity (11 transcripts, 64.7%) and binding (6 transcripts, 35.3%) accounted for the
largest number of genes assigned while all 7 transcripts represented in biological process were
associated with metabolic process. In contrast, the largest group of DETs for the Cry34/35Ab1
treatment was associated with biological process (1007 transcripts), in which metabolic process
(217 transcripts, 21.5%), cellular process (175 transcripts, 17.4%), and single-organism process
(159 transcripts, 15.8%) accounted for the largest categories. The second largest group involved
molecular function (531 transcripts), in which binding (196 transcripts, 10.7%) and catalytic activity
(292 transcripts, 16%) were most abundant.

In addition to the differences in number of transcripts that responded to Cry34/35Ab1 as
compared to Cry34Ab1 alone, there were 18 more additional functional activities associated with
these differences in the Cry34/35Ab1 treatment (Table S3). Activities included antioxidant activity,
molecular transducer activity, enzyme regulatory activity, receptor activity, transporter activity and
membrane-enclosed lumen.

Transcripts coding for putative Bt toxin receptors identified from other insect species, such as
cadherin, aminopeptidase N and ATP-binding cassette transporter (ABC) and metalloprotease were not
detected with either Cry34Ab1 or Cry34/35Ab exposure. However, two different alkaline phosphatases
(Dv_137932_c0_seq1 and Dv_149197_c0_seq1), which have been associated with Bt toxin binding in
Lepidoptera, were identified as differentially expressed. The Dv_ 137932_c0_seq1 was down-regulated
7.46- and 2-fold in both Cry34/35 and Cry34Ab1 treatment, respectively. The Dv_149197_c0_seq1was
up-regulated 1.65- and 1.2-fold in Cry34Ab1 and Cry34/35Ab1 treatment, respectively, based on DESeq
results only.

2.3. GO-Term Enrichment and Pathway Analysis

As illustrated in Table S4, five significantly overrepresented GO terms were associated with
DETs in Cry34Ab1 challenge. Four of these were related to molecular function, in which two GO
terms were up-regulated and correlated with zinc ion binding (GO:0008270) and transition metal ion
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binding (GO:0046914). The other two were down-regulated and were related to hydrolase activity
(GO:0004553 and GO:0016798). The remaining GO term (GO:0005975) was down-regulated and
associated with carbohydrate metabolism.

In the Cry34/35Ab1 treatment, a total of 168 GO terms were significantly enriched
(Tables S5 and S6). Among them, 152 GO terms (Table S5) were up-regulated and 16 (Table S6) were
down-regulated. Of the up-regulated GO terms, 35 (23%) were associated with molecular function
and mostly related to binding, such as ATP binding (GO:0005542), cation binding (GO:0043169),
anion binding (GO:0043168), ion binding (GO:0043167) and carbohydrate derivative binding
(GO:0097367). The remaining 117 GO terms were identified as biological processes and the GO
terms associated with regulation accounted for the largest group (23 GO terms, 19.6%), including
regulation of signaling (GO:0023051), regulation of Ras protein signal transduction (GO:0046578),
regulation of hydrolase activity (GO:0051336) and regulation of lipid catabolic processes. Interestingly,
only two GO terms were related to cellular process (GO:0009987) and cellular metabolic process
(GO:0044237) (Table S6) were found to be under-represented as down-regulated transcripts in the
Cry34/35Ab1 treatment. Moreover, no cellular component-related GO term was found to be enriched
in either the Cry34Ab1 or Cry34/35Ab1 treatment.

Due to the limited annotation of the reference transcriptome, KEGG analysis was also conducted
to identify pathways associated with DETs to help identify higher-level functions. For the Cry34Ab1
treatment, 7 out of 114 (6%) DETs were assigned in two pathways: (1) amino sugar and nucleotide sugar
metabolism and (2) starch and sucrose metabolism. In contrast, almost 323 out of 1300 (25%) DETs
associated with the Cry34/35Ab1 treatment were associated with 42 different pathways (Table S7).
Among them, the majority (10 in up-regulated DETs and 22 in down-regulated DETs) of the identified
were related to “metabolic pathway”. The top two pathways with most designated DETs were
pyrimidine metabolism with 7 DETs and glycan degradation with 6 DETs. In addition, 6 pathways
were with 5 DEGs, 9 pathways with 4 DETs, 4 pathways with 3 DETs, 9 pathways with 2 DETs
assigned and the rest 28 pathways with 1 DET assigned only. In addition, among these 42 pathways
identified, two pathways related to detoxification, drug metabolism-cytochrome P450 and glutathione
metabolism assigned with a transcript (Dv_138610_c0_seq1) were included with a 1.61-fold change in
the down-regulated category in Cry34/34Ab1 treatment.

2.4. Validation with RT-qPCR

For all primers used in the validation experiment for four genes, a primer efficiency value between
92.1% and 104.3% at R2 (correlation coefficient) > 0.99 was obtained (Table S8).

As shown in Table 3, the qPCR results indicated that the expression of GH45 and ALP
was repressed, whereas the transcripts corresponding to the GSC and PAT were enriched in
Cry34/35Ab-treated neonates. The gene expression based qPCR was in agreement with digital
results from RNAseq analysis for all four genes tested.

Table 3. Comparison of expression of four randomly selected genes with two analysis methods.

Category Gene Fold in RNAseq Analysis Fold Change in qPCR

up-regulated GSC 12.55 * 91.01 *
PAT 8.69 * 3.44 *

down-regulated GH45 32 * 0.31 *
ALP 7.4 * 0.16 *

* The fold change either in RNAseq analysis or qPCR was from Cry34/35-treated samples and was compared to the
expression of the same gene from the control; Abbreviation: GSC-gut-specific chitinase, PAT-proton-coupled amino
acid transporter 1-like, GH45-endo-beta glucansase and ALP-alkaline phosphatase.
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3. Discussion

Differences in expression after exposure to individual toxins and the combination of the two
toxins support the binary nature of the Cry34/35Ab1 toxin [21,22] as co-expression of both components
in transgenic corn hybrids is necessary for control of corn rootworms. It has been recently shown
that the individual toxins exhibit different binding characteristics in the midgut of rootworm and that
Cry34Ab1 serves to enhance the Cry35Ab1 specific binding. Cry35Ab1 alone exhibits very low binding
capacity in the absence of Cry34Ab1 [12]. Susceptible neonates challenged by exposure to individual
components of the binary toxin and with an effective level of the binary toxin resulted in changes in
expression that are consistent with their respective toxicities [22,23]. The combined results indicate
that 1208 unique DETs were altered in their expression when challenged with the Cry34/35Ab1
combination, which was ~54 times greater than that observed in treatment with Cry34Ab1 alone
(22 unique DETs). Cry35Ab1, which is non-toxic to rootworm larvae, did not cause differences in
gene expression. These results are consistent with the known toxicity pattern for the two individual
toxins and their combination where Cry35Ab1 is non-toxic alone, Cry34Ab1 reduces growth with
much less larval mortality and Cry34/35Ab1 causes significant growth inhibition and larval mortality.
The combination of the two toxins is necessary to achieve high mortality and their combined expression
in transgenic maize is critical to protect roots from damage.

GO term enrichment analysis has been previously employed to identify potential pathways
that respond to environmental stressors such as Bt toxins [16,18,24] and insecticides [14,25] and to
classify the functions of the predicted proteins in a number of different insects [17,26]. Like other
stressors, the Bt toxins induced changes in WCR gene expression [17,27–29]. However, the number
of genes altered and GO terms enriched vary greatly with the source of challenge and target
organism [16,17,24,28,30], exposure time [18], and even within different populations of the same
species. For example, in two Cry1Ac resistant Plutella xylostella populations originating from different
collections, the number of enriched GO terms associated with each population was markedly
different [17]. In the current study, some of the genes responsive to Cry34/35Ab1 exposure, such
as those involving zinc ion binding (GO:0008270), lipase activity (GO:0016298), catalytic activity
(GO:0050790), cell communication (GO:0010646) and Ras protein signal transduction (GO:0046578),
were also reported in other Bt challenge studies [16–18,24], suggesting expression of these genes may
be common to Bt toxin exposure.

A number of putative Bt protein receptors reported among other coleopterans include cadherin-like
proteins [31], ADAM metalloprotease [32] and β-glucosidase [33], and in Lepidoptera include
alkaline phosphatase, cadherin, aminopeptidase N, and ABC transporters [34]. In the current study,
cadherin and amino peptidase N were not detected as DETs. However, one ADAM metalloprotease
(Dv_149203_c0_seq1) and β-glucosidase precursors (Dv_139888_c0_seq1) were down-regulated in both
Cry34Ab1 and Cry34/35Ab1 treatment, indicating that expression was repressed.

Although not reported from other coleopterans, alkaline phosphatase has been documented
as Bt receptor and associated with Bt resistance in a number of lepidopterans [35,36]. In our study,
two alkaline phosphatase transcripts (Dv_149197_c0_seq1 and Dv_137932_c0_seq1) were also identified
as DETs in both Cry34Ab1 and Cry34/35Ab1 treatments. The Dv_137932_c0_seq1 was down-regulated
almost 3-fold (p < 0.05), suggesting that this alkaline phosphatase (Dv_137932_c0_seq1) is associated
with toxin response.

The over expression of glutathione S-transferase (GST) has been associated with insecticide
resistance in many insect pests [37]. Recent studies have also shown that the GST expression
was reduced in Cry3Aa intoxicated T. molitor larvae [24] and Cry1Ab resistant Asian corn borer
(Ostrinia furnacalis) [29]. In our study, one transcript, Dv_138610_c0_seq1 assigned as glutathione
transferase was also down-regulated 1.6-fold (p < 0.05) in the Cry34/35Ab1 treatment. Among the
four metabolism pathways identified in the Cry34Ab1 treatment, three of them (purine metabolism,
starch and sucrose metabolism and amino sugar and nucleotide sugar metabolism) were common
with pathways identified in the Cry34/35Ab1 treatment although 55 more metabolism transcripts
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were triggered in neonates challenged by Cry34/35Ab1 treatment. The higher number of DETs in the
Cry34/35Ab1 may be indicative of higher levels of stress levels imposed by the toxic combination
of the two toxins. These results are in agreement with findings by Li et al. [12], in which Cry34Ab1
enhances the binding of Cry35Ab1.

Several other pathways identified in the Cry34/35Ab1 treatment, such as nicotinate and
nicotinamide metabolism, tryptophan metabolism, pyruvate metabolism and starch and sucrose
metabolism, have been associated with environmental [38] and insecticide induced stress [15] in
insects, indicating these pathways might be common response in insects to stressors.

4. Conclusions

NGS provides an important tool to investigate changes in gene expression associated with
environmental challenges [24,39,40], and the combination of different statistical methods in
downstream analysis of expression effects (DESeq, edgeR and limma) improved the different
gene-calling results. Multiple transcripts were detected as responsive to the challenges of Cry34Ab1 and
Cry34/35Ab1 combined. However, Cry35Ab1 alone did not produce a response, which is consistent
with the lack of toxicity for this toxin. No previously identified Bt receptor genes (except for an alkaline
phosphatase) were identified as differentially expressed, suggesting the receptor for Cry34Ab1 and
Cry35Ab1 might be unique or that expression of the specific receptor is unaffected by toxin exposure.

It is also possible that actual toxin receptor(s) are not responsive to toxin exposure and that the
observed differences in expression are a function of cellular stress and subsequent repair processes.
Further analysis is needed to assess not only the function of those genes significantly affected by
exposure to Cry34/35Ab1, but also explore the relative changes of associated proteins especially given
the large percentage of DEGs that had no annotation. The data obtained herein should facilitate a better
understanding of the active response to Cry toxin challenge at a transcriptomic level and provide new
insights into the interaction of WCR and the Cry34/35Ab1 binary toxin.

5. Materials and Methods

5.1. Insects

The susceptible western corn rootworm eggs from a non-diapause WCR strain, which has been
reared continuously for more than 30 years in the absence of insecticide and any Bt toxins exposure,
were purchased from Crop Characteristics, Inc. (Farmington, MN, USA) and incubated in a growth
chamber at 26 ± 1 ◦C and 60% ± 10% relative humidity with a photoperiod of 12:12 h (L:D) until
hatching occurred approximately two weeks later.

5.2. Bt Proteins

Full-length Cry35Ab1 protein (44 kDa) was digested with chymotrypsin to generate active protein
core fragments. Briefly, full-length Cry35Ab1 was incubated with bovine pancreatic chymotrypsin
(Sigma, St. Louis, MO, USA) at 50:1 (w/w ratio = Cry protein:enzyme) in 100 mM sodium citrate buffer,
pH 3.0, at 4 ◦C with gentle shaking for 2–3 days. The resulting core fragment (40 kDa) was analyzed
on a 12% SDS-PAGE gel as described by Crespo et al. [41]. The activated Cry35Ab1 and full-length
Cry34Ab1were used for all experiments in this study.

5.3. Exposure

Exposure experiments were conducted in 24 well cell culture plates (Costa 3526,
Corning Incorporated, NY, USA). One mL of Dow AgroSciences proprietary corn rootworm diet
was dispensed into wells of each plate and the surface was coated with Bt protein(s) at 15 μg/cm2 for
Cry34Ab1 or Cry35Ab1 alone and 15 μg/cm2 Cry34Ab1 + 15 μg/cm2 Cry35Ab1 combined. The Cry
toxins were diluted in 20 mM sodium acetate solution at pH 3.5. Controls consisted of wells treated
with sodium acetate solution only. Six replicates for each treatment, including controls, were prepared
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for a total of 24 samples. Approximately 32 neonates (<24 h after hatching) were transferred into each
pre-coated well with a fine camel hair paint brush and were exposed to Bt protein(s) for 48 h at room
temperature. All living neonates in each well were pooled, snap frozen in liquid nitrogen and stored
at −80 ◦C until RNA extraction.

5.4. RNA Isolation

Total RNA was extracted from pooled samples using the RNeasy Mini Kit (Cat. 74104, Qiagen,
Germantown, MD, USA) and treated with RNase-Free Dnase (Cat. 79254, Qiagen) to eliminate
DNA contamination according to the manufacturer’s instructions. The quality of RNA samples was
evaluated on 1% agrose gels and quantity was estimated on NanoDrop-1000 (Thermo Fisher Scientific,
Bartlesville, OK, USA) before submission for RNAseq analysis.

5.5. Next Generation Sequencing

The RNA sample integrity of all twenty-four RNA samples was further assessed using an Agilent
2100 Bioanalyzer (Cat. G2940CA, Agilent Technologies, Richardson, TX, USA) at the Next Generation
Sequencing Core Facility at Durham Research Center, University of Nebraska Medical Center and
were processed for library construction and paired end sequencing on an Illumina HiSeq2000 system
(San Diego, CA, USA). All samples were sequenced using 100 bp paired-end reads.

5.6. Read Mapping and Differential Expression Analysis

A stringent quality filter process was applied by removing reads that did not have a minimum
Phred quality score (Q64) of 20 per base corresponding to a 1% expected error rate using Sickle/1.2
(version 1.2, San Francisco, USA, [42]) according to the manual instructions. To map the quality
reads back to WCR reference transcriptome contigs [20], the Bowtie aligner (2013, version 1.0.0,
Baltimore, MD, USA, [43]), Samtools (version 1.3, La Jolla, CA, USA, [44]) was used to retrieve read
counts for all treatments and control. All data analyses were performed at Holland Computing Center
(HCC) at the University of Nebraska.

To identify differentially expressed genes among the treatments, three commonly used statistical
methods (DESeq [45], edgeR [46] and limma [47]) for detecting differential expression in RNA-seq
studies were employed [48]. For each treatment, only differentially expressed transcripts (DETs) that
were identified by all three methods were used in further analysis. The edgeR package was initially
used to remove low read counts from all 24 samples at a threshold of >1 cpm (count per million).
All filtered data were used as input for differential expression analysis at adjusted p < 0.05
(hereafter p < 0.05). For edgeR and limma, TMM normalization was used to identify differentially
expressed genes. For DESeq, the size factor normalization was used.

5.7. Homology Searches and Gene Ontology Analysis

The resulting DETs from differential expression analysis described above were annotated using
the BLASTx algorithm against the NCBI nonredundant (nr) database with a stringent e-value threshold
cut-off of 10−25. For gene ontology analysis, BLAST2GO [49] was employed for further analysis at
default settings. With the annotated WCR transcriptome database as reference, the GO enrichment
analyses were conducted using the Fisher’s Exact Test implemented in the functional enrichment
feature of BLAST2GO at default settings (FDR < 0.05) [49].

5.8. Validation of Gene Expression via qPCR

Two up-regulated DEGs, GSC (gut-specific chitinase, 12.55-fold) and PAT (proton-coupled amino
acid transporter 1-like, 8.69-fold) and two down-regulated DEGs, GH45 (endo-beta glucansase 32-fold
change) and ALP (alkaline phosphatase, 7.4-fold) identified in both Cry34Ab1 and Cry34/35Ab1
treatments were selected for validation by qRT-PCR analysis. The qPCR primers for target genes were
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designed with a web-based tool (Primer3plus, 2012, Singapore, Singapore [50]). The actin gene was
used as endogenouse gene (housekeeping gene) and the primer efficiency tests were conducted as
described by Rodrigues et al. [51]. Primers with efficiency between 90 and 110% were selected for
qPCR (Table S8). The cDNA used in this validation experiment were synthesized with a different batch
of RNA prepared from different samples collected in Exposure step previously. The RNAs from three
biological samples from Cry34/35Ab1 treatment and control (buffer) were used for cDNA synthesis
with QuantiTect Rev Transcription Kit (Qiagen, Cat. 205311) according to the manufacture’s instruction.
The 2−ΔΔC

T method was used to calculate the relative expression of target genes [52].

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/4/124/s1,
Table S1: Reads generated on RNAseq for each treatment and control, Table S2: Summary of illumina generated
read production and read for mapping after filtering, Table S3: 18 unique functional activities associated with
34/35Ab1 treatment as compared to 34Ab1 treatment, Table S4: Summary of GO term enrichment results of
significantly regulated genes in treatment with Cry34Ab1 at FDR < 0.05, Table S5: Summary of GO term enrichment
results of significantly up-regulated DEGs in treatment with Cry34/35Ab1 at FDR < 0.05, Table S6: Summary of
GO term enrichment results of significantly down-regulated DEGs in treatment with Cry34/35Ab1 at FDR < 0.05,
Table S7: KEGG pathways involving 323 DEGs in Cry34/35Ab1 treatment as compared to the control, Table S8:
Primers used in validation of gene expression via qPCR.
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Abstract: Chrysomela tremula is a polyvoltine oligophagous leaf beetle responsible for massive attacks
on poplar trees. This beetle is an important model for understanding mechanisms of resistance to
Bacillus thuringiensis (Bt) insecticidal toxins, because a resistant C. tremula strain has been found that
can survive and reproduce on transgenic poplar trees expressing high levels of the Cry3Aa Bt toxin.
Resistance to Cry3Aa in this strain is recessive and is controlled by a single autosomal locus. We used
a larval midgut transcriptome for C. tremula to search for candidate resistance genes. We discovered a
mutation in an ABC protein, member of the B subfamily homologous to P-glycoprotein, which is
genetically linked to Cry3Aa resistance in C. tremula. Cultured insect cells heterologously expressing
this ABC protein swell and lyse when incubated with Cry3Aa toxin. In light of previous findings in
Lepidoptera implicating A subfamily ABC proteins as receptors for Cry2A toxins and C subfamily
proteins as receptors for Cry1A and Cry1C toxins, this result suggests that ABC proteins may be
targets of insecticidal three-domain Bt toxins in Coleoptera as well.

Keywords: ABC proteins; Bt Cry3Aa toxin; Chrysomela tremula; leaf beetle; Bt resistance

1. Introduction

Crystal (Cry) toxins produced during sporulation by the Gram-positive bacterium
Bacillus thuringiensis (Bt) are highly potent against insects and for many years have been successfully
used as biopesticides in agriculture. The main advantage of Cry toxins relies on their narrow
spectrum compared to more traditional broad-spectrum chemical insecticides such as organochlorines,
synthetic pyrethroids, and organophosphates. Indeed, different Cry toxins are highly specific to certain
insect orders such as Lepidoptera, Diptera and Coleoptera [1]. The exponential increase in planting
insect-resistant crop plants transformed to express Bt-derived insecticidal Cry proteins has enabled a
substantial reduction in the use of chemical insecticides [2]. However, it has also increased the selection
pressure for target insects to develop resistance to these Bt crops. For example, the western corn
rootworm has recently developed resistance in the field to several transgenic maize lines expressing
different Bt Cry toxins [3,4]. Therefore, efforts directed to understand the mode of action of Bt Cry
toxins in insects and the associated resistance mechanisms are crucial to develop efficient crop pest
management strategies.

The leaf beetle, Chrysomela tremula Fabricius (Coleoptera: Chrysomelidae) is an important
model for understanding the mode of action of Bt toxins and Bt resistance in Coleoptera because a
Cry3Aa-resistant C. tremula strain was selected on Bt-transformed poplar trees expressing the Cry3Aa
toxin [5]. This strain was derived from an isofemale line established from field-caught insects that
generated F2 offspring that survived on this Bt poplar clone [5]. This was unexpected because the
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original field-caught insects used to generate the Cry3Aa-resistant strain did not experience any
human-induced selection pressure; indeed, these Bt poplars have not been disseminated in France
and the Cry3Aa toxin has never been used in French pest management [5]. The resistance ratio of
this isofemale line was estimated to be more than 6400 compared to a susceptible C. tremula strain
(LC50 = 31.1 ng purified Cry3Aa/cm2 leaf surface), allowing Cry3Aa-resistant insects to complete their
life cycle on Bt poplars [5]. Resistance to Cry3Aa in C. tremula is under control of a single, almost
completely recessive, autosomal trait [6], suggesting that changes in a single receptor, or other gene
product, may be involved in resistance.

Here we report on the identification of the gene responsible for Cry3Aa resistance in C. tremula
combining a candidate gene approach, genetic linkage analyses and heterologous protein expression in
insect cells. This gene encodes an ABC transporter in the B subfamily, homologous to P-glycoprotein,
which we named CtABCB1. We demonstrate that the resistance to Cry3Aa in C. tremula is linked
to the occurrence of a four-base-pair deletion in the open reading frame of CtABCB1 in resistant
insects, and that insects homozygous for the presence of this deletion are resistant to Cry3Aa. We also
provide evidence that CtABCB1 may act as a receptor to Cry3Aa in C. tremula. This work represents a
crucial step in understanding the detailed mode of action of the Cry3Aa toxin in Coleoptera and is of
considerable significance for the management of Bt resistance globally.

2. Results

2.1. A Four-Base-Pair Deletion in CtABCB1 Is Genetically Linked to Cry3Aa Resistance

We used a larval midgut transcriptome for C. tremula [7] to identify candidate genes for resistance
to Cry3Aa. Based on the mode of action of Bt Cry toxins in Lepidoptera, we examined gene families
encoding ABC proteins, cadherin-like proteins, aminopeptidases N (APNs) and alkaline phosphatases
as potential candidates [8,9]. A previous report indicated that, in C. tremula, there was no difference
in sequence and in expression of three APNs between insects of the susceptible and the resistant
strains [10]. We turned to ABC proteins because of their association with resistance to Cry1A and
Cry2A toxins in Lepidoptera [11–14]. We used a recent analysis of the tissue-specific expression
of genes encoding ABC proteins in C. populi, a sister species of C. tremula, to identify ABC proteins
expressed in the larval midgut. The CpABC12 gene of C. populi had the highest expression and encoded
a full transporter of the B subfamily [15]. We obtained the full-length cDNA sequence of the C. tremula
homolog which we named CtABCB1 (GenBank Accession GU462154), which shared more than 90%
amino acid identity with CpABC12.

The open reading frame (ORF) of CtABCB1 is 3780 bp long (Figure S1) and encodes a protein
of 1259 amino acids possessing all general features of full-transporter ABC proteins (Figure 1 and
Figure S2), such as two transmembrane domains each composed of six transmembrane helices,
and two nucleotide binding folds (NBF1 and 2) each composed of an ATP binding domain (ATP)
and a transporter motif (TpM1 and 2). We then PCR-amplified the ORF of CtABCB1 from larval
midgut cDNAs prepared from Cry3Aa-resistant insects. These showed a four-base-pair deletion
at position 1561 (GenBank Accession KX686490, Figure S1), introducing a frame shift with a
premature stop codon leading to loss of the TpM1 transporter motif as well as the complete second
transmembrane domain (Figure 1). A homolog of CtABCB1 in the western corn rootworm, Diabrotica
virgifera virgifera, was shown to be genetically linked to resistance to the Bt Cry3Bb1 toxin; however,
the resistance-conferring mutation was not reported [16] (Figure S4). The existence of cross-resistance
between Cry3Bb1 and mCry3A (a modified version of Cry3Aa) in the western corn rootworm [17]
suggested that CtABCB1 could be involved in resistance to Cry3Aa in C. tremula, and we investigated
it further.
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Figure 1. Diagram of the CtABCB1 protein structure and location of the mutation present in resistant
C. tremula individuals. Predicted glycosylation sites on two of the extracellular loops are represented
by “Y.” Two highly conserved ATP nucleotide binding folds (NBF1, NBF2) that include the transporter
signature motifs 1 and 2 (TpM1, TpM2) are present in the intracellular environment. The structure
of CtABCB1consists of two transmembrane domains (TMD 1, TMD 2), each of them made of
six transmembrane helices (TM I-VI in TMD 1; TM VII-XII in TMD 2). The approximate position
of the four-base-pair deletion discovered in resistant individuals is indicated by a red arrow.

We set up two sets of single-pair crosses between the susceptible and resistant strains, the first
in Orléans in early 2011 and the second in Jena in late 2015. The F1 progeny were backcrossed to
the resistant strain in single-pair crosses. Backcross progeny were selected for four days on leaves
of Bt poplar. Individuals found dead were considered susceptible to Cry3Aa (phenotype S) and the
ones that survived and actively fed were considered resistant to Cry3Aa (phenotype R). DNA was
isolated from all R as well as S progeny, and examined for segregation of the four-base-pair deletion in
CtABCB1. Progeny were either rr (with two copies of the four-base-pair deletion) or rs (heterozygous,
with one copy of the four-base-pair deletion and one copy of the wild-type allele). Overall, 44% of the
progeny were rr and 56% were rs (Figure 2, Dataset S1), and this ratio was not significantly different
from the 50:50 ratio expected according to Mendelian inheritance (G = 2.78, df = 1, p > 0.1) and not
significantly different across the three families (GH = 0.45, df = 2, p > 0.7). The CtABCB1 genotype was
strongly associated with survivorship on Bt poplar overall (Figure 2, G = 194.98, df = 2, p < 0.0001),
with nonsignificant differences among families (GH = 0.003, df = 2, p > 0.9). For crosses performed
in 2015, 99% of the progeny were either rr and R (surviving on Bt poplar), or rs and S (killed by
Bt poplar)—a nearly perfect correlation (Figure 2, Dataset S1). For crosses performed in 2011, the
correlation was somewhat lower with 91% of progeny being either rr and R, or rs and S. Altogether,
these results provide strong evidence that the four-base-pair deletion in CtABCB1 is genetically linked
to Cry3Aa resistance in C. tremula, although minor genetic or environmental factors may also affect
survivorship on Bt poplar.
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Figure 2. Genotyping of the mutation in CtABCB1 in backcrosses between susceptible and resistant
individuals. Crosses (mating pairs) between individuals of the susceptible and the resistant strains were
set up in 2015 (panels a,b) and in 2011 (panel c). The progeny of these crosses (F1) were backcrossed
to individuals of the resistant strains also in mating pairs. (a) Phenotype and genotype for backcross
family 48; (b) Phenotype and genotype for backcross family 58; (c) Phenotype and genotype for the
backcrosses set up in 2011 which correspond to the offspring from seven backcross families having all
the same pair of grandparents but different pairs of parents. The offspring of these backcrosses were
selected for four days on leaves of Bt poplars. During this time, individuals found dead were considered
susceptible to Cry3Aa (phenotype S) and the ones that survived and actively fed were considered
resistant to Cry3Aa (phenotype R). Genotyping of each individual was performed by amplifying by
PCR the region where the deletion was discovered followed by Sanger sequencing. Individuals with
genotype “rr” are homozygous for the presence of the four-base-pair deletion on CtABCB1, whereas
individuals with genotype “rs” are heterozygous for the presence of this mutation. “No data” indicates
that the genotyping did not work, neither at the PCR level nor at the sequencing level.

2.2. Lepidopteran Insect Cells Expressing CtABCB1 Are Susceptible to Cry3Aa

Sf 9 cells derived from Spodoptera frugiperda have previously been used to study the role of
the ABCC2 proteins from Bombyx mori and Heliothis virescens as receptors for Cry1A toxins [18,19].
Sf 9 cells do not express ABCC2 itself, the cadherin-like protein, aminopeptidases N or alkaline
phosphatases [18]; moreover, expressing a coleopteran-derived protein in this lepidopteran cell system
should reduce the risk of interference from other putative Cry toxin receptors even more.

We succeeded in isolating and expanding a clonal Sf 9 cell line expressing CtABCB1 which
originated from a single transformed cell. To confirm that CtABCB1 was properly expressed and
translocated to the plasma membrane, we isolated both a crude membrane extract and a cytosolic
fraction from these cells, and checked the expression of CtABCB1 by Western blot using an antibody
directed against a V5 epitope cloned in frame at the carboxyl terminus of CtABCB1 (Figure 3A).
A signal corresponding to CtABCB1 of approx. 130 kDa was only detected in the crude membrane
fraction of the transformed clonal cell line and not untransfected Sf 9 cells, close to the estimated size
of this ABC protein (138.9 kDa).

Treatment with trypsin-activated Cry3Aa revealed a concentration-dependent decrease of viability
of cells expressing CtABCB1 after 24 h of incubation (Figure 3B). In contrast, no decrease of viability
could be detected for untransfected Sf 9 cells (Figure 3B). However, Cry3Aa did not kill 100% of
the CtABCB1-expressing cells, as viability could only be reduced to approximately 30%. A similar
effect was obtained on Sf 9 cells co-expressing the H. virescens cadherin-like protein and ABCC2 after
treatment with either Cry1Aa or Cry1Ab or Cry1Ac, whereby the viability could only be reduced to
20% to 30% according to the toxin used [18].

Microscopic observation of CtABCB1-expressing cells treated with 30 nM of trypsin-activated
Cry3Aa toxin showed dramatic morphological changes such as swelling, granule formation and
lysis, but not for untransfected Sf 9 cells (Figure 3C). These changes occurred relatively slowly,
only after several hours. This is in contrast to previous studies on ABCC2 in Lepidoptera [18,19],
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with morphological changes evident after less than an hour of toxin treatment on ABCC2-expressing
cells. We see three possible explanations to these observations. First, the expression of CtABCB1
that was achieved in our stable clonal cell line may be lower than the expression of lepidopteran
ABCC2 in Sf 9 cells. Second, other proteins in C. tremula besides ABCB1 may enhance the toxicity of
Cry3Aa, but these were not expressed in the Sf 9 cells. For example, cadherin-like proteins have been
reported as potential functional receptors of Cry3Aa and Cry3Bb toxins in the beetles Tenebrio molitor
and Alphitobius diaperinus [20,21]. Third, the activation of proCry3Aa to Cry3Aa using trypsin may not
be optimal compared to the use of other proteases, beetle gut juice or beetle brush border membrane
vesicle preparations, possibly reducing its toxicity [22,23]. Nonetheless, our results indicate that
CtABCB1 is capable of mediating pore formation and cell swelling caused by Cry3Aa, major features
of the mode of action of Bt toxins.

Figure 3. Heterologous expression of CtABCB1 in insect Sf 9 cells. (a) Western blot with a V5
epitope-specific antiserum of both cytosoluble fraction (C) and crude membrane fraction (M) prepared
from untransfected and transfected Sf 9 cells; (b) Effect of the Cry3Aa toxin on cell viability (±SD).
Trypsin-activated Cry3Aa was used in concentrations ranging from 10−12 M to 3.10−7 M and cells were
treated for 24 h. Blue squares: untransfected Sf 9 cells. Red squares: CtABCB1-expressing Sf 9 cells.
The data are based on a MTT assay (N = 6). Values over 100% are due to increase in cell number due to
cell division over time in the untransfected Sf 9 cells; (c) Morphological changes of Sf 9 cells treated
with 30 nM trypsin-activated Cry3Aa. Cells were observed for eight hours and pictures were taken
every two hours. Scale bars: 10 μm.

3. Discussion

We have described a major mechanism of resistance to Bt toxins in Coleoptera. In contrast to
Lepidoptera, reports on Bt resistance in Coleoptera are relatively rare. A strain of the Colorado potato
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beetle Leptinotarsa decemlineata was selected with Cry3A, attaining 59-fold resistance [24], and higher
survivorship of second instar larvae and adults on transgenic Cry3A-expressing potato plants [25].
A Cry3Aa-selected strain of the cottonwood leaf beetle Chrysomela scripta was >9000-fold resistant to
Cry3Aa, 400-fold cross-resistant to Cry1Ba, but susceptible to Cyt1Aa [26]. As previously mentioned,
an F2 screen of C. tremula from Vatan, France produced three resistant lines and an estimate of
0.0036 for the frequency of the resistant allele [5]. A later study using one of these resistant lines
(#60) in an F1 screen of samples from Bar-de-Luc, 400 km away, yielded an even higher estimate
of 0.011 [27]. Although these studies illustrated the potential for resistance to Bt poplar, there had
not been any prior selection pressure in the field by these transgenic plants, although the amount of
selection by Bt in the natural environment is unknown. The first report of field-evolved resistance
in a coleopteran pest was in the western corn rootworm. D. virgifera virgifera, which caused feeding
damage on Cry3Bb1-expressing maize fields in Iowa in 2009 [3]. Some of these fields had been
planted with Cry3Bb1 or Cry34/35Ab1-expressing maize since 2004. The latest reports indicate
extensive resistance and cross-resistance patterns among Cry3Bb1, mCry3A and eCry3.1Ab, but not
to Cry34/35Ab1-expressing maize so far [17,28]. Although developing later than in Lepidoptera,
Bt resistance in Coleoptera threatens to be just as significant a problem for agriculture [29].

The few studies on the mode of action of pore-forming Bt toxins and resistance mechanisms in
Coleoptera are in general agreement with the more extensive studies in Lepidoptera. Pore formation
by the toxin is enhanced upon activation by native brush border membrane vesicles of Leptinotarsa [30],
likely due to a membrane-associated ADAM metalloprotease [31]. Other changes in protease
composition are correlated with Cry3Aa resistance in the same species [32]. A cadherin protein similar
to the Cry1A-binding cadherin of Lepidoptera has been identified in Diabrotica [33]. Similar to previous
results with Lepidoptera [34], fragments of this cadherin synergize Cry3Aa and Cry3Bb activity against
Diabrotica and Leptinotarsa [35] and the lesser mealworm, Alphitobius diaperinus [36], and a similar result
was found for the cadherin from the mealworm, Tenebrio molitor [20]. The demonstration of genetic
linkage between an ABC protein and Cry3Bb1 resistance in D. virgifera [16] was the first confirmation
from Coleoptera of similar results in Lepidoptera [12,37]. In addition to a linkage analysis, our results
add the molecular identity of the mutation in C. tremula, and a demonstration of the role of the
CtABCB1 protein in cell killing by the Cry3Aa toxin. These studies suggest important similarities in
the mode of action of Bt toxin among different species of Coleoptera.

The ABC proteins identified in Diabrotica and C. tremula are homologs of mammalian
P-glycoprotein (MDR1 or ABCB1) [38], which has been intensively studied in toxicology and cancer
biology because of its ability to confer resistance to chemotherapy by exporting a huge variety of
compounds out of the cell [39]. These are full-transporters belonging to the B subfamily of ABC proteins
and are expressed in the plasma membrane at the cell surface. Other members of the B subfamily
are half-transporters internally localized in the endoplasmic reticulum, mitochondria or lysosome.
The model coleopteran, Tribolium castaneum, has only two of these full-length B subfamily transporters
in its genome, named TcABCB-3A and TcABCB-3B [40]. These occur on different chromosomes, and
ABC-B proteins from other Coleoptera are similar to one or the other (Figures S4 and S5). The ABC-B
protein linked to Cry3Bb1 resistance in Diabrotica as well as CtABCB1 is more similar to TcABCB-3B
(Figure S4). The function of these ABC transporters in beetles is unknown, although by analogy to
P-glycoprotein function in mammals, they are likely to export xenobiotics as well as endogenous
compounds from cells. Interest in the role of P-glycoproteins in protecting organisms against chemical
pesticides is increasing [41]. In a comprehensive RNA inhibition screen of all of the ABC proteins in
Tribolium, no obvious phenotypic effects were seen by RNAi of TcABCB-3A or TcABCB-3B, in contrast
to severe developmental defects and lethality seen by RNAi of the half-transporter TcABCB-5A [40].
Therefore, similar to the situation in Lepidoptera, certain full-length ABC proteins may be useful but
not essential for survival of coleopteran pests in the field.

Results on fitness costs of Bt resistance in Coleoptera are mixed. Studies with Cry3Bb1-resistant
laboratory strains of D. virgifera feeding on non-transgenic maize showed either a fitness benefit [42] or
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costs and benefits in different fitness components [43]. In experiments with the Bar-le-Duc-resistant
strain of C. tremula studied by Wenes et al. [27], the frequency of the recessive resistant allele declined
from 0.5 to 0.179 over five generations of rearing on non-Bt poplar, indicating a fitness cost of resistance.
This strain must also have been carrying mutations in the same CtABCB1 gene that we studied,
because it was isolated using the F1 screen with the same resistant isofemale line (#60) from Vatan.
Thus, incapacitating mutations in coleopteran ABCB genes may have a fitness cost that could be
exploited to combat Bt resistance.

In Lepidoptera, an ABC protein facilitates the entry of the pore into the plasma membrane [12,44],
after binding to a cadherin which promotes pre-pore formation [45]. When the ABCC2 protein is
heterologously expressed in otherwise toxin-insensitive cell lines, toxin-mediated pore formation,
swelling and lysis occurs [18,19,46]. Expression of other Bt-toxin binding proteins such as
aminopeptidase [47–49] or cadherin [18,19] has a much weaker effect. Recently, several mutations in
ABCA2, a member of the A subfamily of ABC proteins, were found to confer high resistance against
Cry2Ab1 in two Lepidoptera, Helicoverpa armigera and H. punctigera [13]. Our study adds a third
subfamily of ABC proteins and a different toxin, active against Coleoptera but not Lepidoptera, to this
interaction. These similarities suggest a common mechanism of pore insertion in lepidopteran and
coleopteran-active toxins, involving ABC proteins.

We propose that this common mechanism could support the rational design of alternatives to
combat the growing problem of Bt resistance by coleopteran pests. Maize expressing beetle-active Cry
toxins is widely planted in the USA, and the inadequacy of current preventive resistance management
strategies has been pointed out [50,51]. Bt-expressing poplars have been commercialized in China,
and are expected to be widely adopted there [52]. In both systems, an unexpectedly high frequency of
pre-existing resistance alleles would make resistance prevention very difficult. Proactive strategies that
target the common resistance mechanism by increasing its fitness cost would become more attractive.
One such strategy has been suggested by Xiao et al. [46], who found that Bt-resistance-causing
mutations in the ABCC2 protein of H. armigera made the insects more susceptible to certain chemical
insecticides. If mutations in ABC proteins are a common Bt-resistance mechanism in Coleoptera,
a similar strategy may be useful in prolonging the utility of beetle-active toxins for control of this
important group of pests.

4. Materials and Methods

4.1. Insect Rearing and Genetic Crosses

Cry3Aa-susceptible and Cry3Aa-resistant Chrysomela tremula larvae and beetles were obtained
from field collections from Vatan, France [5]. (Earlier publications on these strains used tremulae
as the species name instead of tremula). The susceptible strain originated from the offspring of an
isofemale line that lacked alleles conferring resistance to the Cry3Aa toxin [5]. The resistant strain was
established from an isofemale line (#60) selected on the foliage of hybrid poplars (Populus tremula ×
Populus tremuloides) and then genetically engineered to express a synthetic Cry3Aa gene derived from
the native Bacillus thuringiensis var. tenebrionis [53]. This strain was fixed for an autosomal recessive
allele conferring resistance to the Cry3Aa toxin [6]. Beetles were maintained in standard rearing
conditions, in a growth chamber at 20 ◦C with a photoperiod of 16:8 (L:D). Larvae and adults were
reared on fresh leaves detached from greenhouse-grown poplar hybrid clones that did not express
Cry3Aa. Three-day-old third-instar larvae were used for dissection and further RNA isolation.

Grandparents—for example, a male from the susceptible strain and a female from the resistant
strain—were mated, and their offspring (F1) reared to adulthood on detached leaves from control
poplar hybrid clones. An F1 female was mated to a second male from the resistant strain (parents) and
the resulting backcross offspring were reared for seven days on foliage from control poplar hybrid
clones. Early third-instar larvae from the backcross offspring were then put individually on leaf discs
from Cry3Aa-expressing hybrid poplars in 12-well plates for four consecutive days. Survival on
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Cry3Aa-expressing poplar was recorded every day. As soon as a larva was found dead, it was
immediately collected and frozen at −80 ◦C. At the end of the four-day period, surviving larvae were
also collected and frozen at −80 ◦C and considered as being resistant to Cry3Aa. Grandparents and
parents of these crosses were also collected and frozen at −80 ◦C for further analyses. Note that these
crosses were performed in both directions for grandparents and parents.

4.2. Genotyping of the Crosses

PCR primers were designed to flank the region of CtABCB1 where the four-base-pair deletion
found in resistant individuals was located (Table S1). These primers were designed to possess either
a M13_F or M13_R “tail” at their 5′-end for further Sanger sequencing. Genomic DNA was isolated
from each individual from the backcross offspring as well as from the grandparents and parents
using a “salting out” method as described by Martinez-Torres et al. [54]. Standard PCR reactions
were performed in a thermocycler Mastercycler ep gradient S (Eppendorf AG, Hamburg, Germany)
using the following parameters: initial denaturation at 95 ◦C for 1 min; 35 cycles of 95 ◦C for 15 s,
55 ◦C for 30 s and 72 ◦C for 30 s; final extension step was at 72 ◦C for 5 min. PCR products were
inspected on 1.5% agarose gels before being cleaned up using the DNA Clean and Concentrator-5 kit
(Zymo Research Europe, Freiburg, Germany). Sanger sequencing was carried out on an ABI 3730xl
DNA Analyzer (Applied Biosystems, Foster City, CA, USA). The resulting sequencing chromatographs
were inspected individually and genotypes were assessed as described in Figure S3. Results of the
phenotyping and genotyping of the backcrosses as well as data analysis are summarized in Dataset S1.
Data analysis employed G-statistics as described by Sokal and Rohlf [55]). Trace files are available
in Supplementary Dataset S2 (family 48), Supplementary Dataset S3 (family 58) and Supplementary
Dataset S4 (backcrosses 2011) which can be downloaded at [56].

4.3. Expression of CtABCB1 in Sf 9 Cells

Spodoptera frugiperda-derived Sf 9 cells were cultured in Sf-900II serum-free medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 50 μg/mL Gentamicin
(Invitrogen, Thermo Fisher Scientific) at 27 ◦C.

Total RNA extraction from larval midgut of C. tremula was performed using the innuPrep
RNA Mini kit (Analytik, Jena, Germany). RNA was treated with Turbo DNAse (Ambion, Thermo
Fisher Scientific) and cleaned up with the RNeasy MinElute cleanup kit (Quiagen, Hilden, Germany).
For first-strand cDNA synthesis 900 ng RNA were used and processed using the Verso cDNA kit
(Thermo Fisher). The full-length CtABCB1 (NCBI: GU462154) cDNA sequence was amplified by PCR
(primers: see Table S1) before being ligated in pIB/V5-His TOPO TA and used for stable transfection of
Sf 9 cells.

Sf 9 cells were plated in 60 mm tissue culture dishes (Falcon, Corning, NY, USA) at approx.
70% confluency and transfected using FUGENE (Promega, Madison, WI, USA). Selection of cells
was started 48 h post-transfection. Cloning cylinders (Sigma Aldrich, Munich, Germany) as well
as limiting dilution series were applied to obtain cell clones expressing CtABCB1. Conditioned
medium (the supernatant of exponentially growing three- to four-day-old Sf 9 cells) supplemented
with 10% (v/v) of heat-inactivated fetal bovine serum (FBS; Gibco) was used to support cell colony
growth. For selection of clonal cell lines, culture medium was supplemented with 50 μg/mL
Blasticidin (Invitrogen).

4.4. Western Blotting

Cells were plated in T75 flasks. At 100% confluency, cells were washed and harvested in phosphate
buffered saline (PBS). The total cellular membrane proteins were extracted (Plasma Membrane Protein
Extraction Kit, abcam, Cambridge, UK) and the concentration was determined by Bradford assay.
Three micrograms of each sample were used. Samples were heated at 55 ◦C for 5 min and separated by
SDS-PAGE (Criterion Precast gels, BioRad, Munich, Germany) and transferred to Immuno-Blot PVDF
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membrane (BioRad). Membranes were blocked in 1× Tris buffered saline (TBS, BioRad) supplemented
with 0.2% Tween 20 (Sigma Aldrich) and 5% w/v milk powder (Roth, Karlsruhe, Germany) for 1 h
at room temperature. Blots were then incubated with an anti-V5-HRP antibody overnight at 4 ◦C
(Invitrogen). Bound antibodies were detected using an in-house detection solution (100 mM Tris-HCl
pH 8.5, 90 mM coumaric acid, 250 mM luminol, 0.04% H2O2).

4.5. Toxin Preparation, Viability Assays and Morphological Changes

Bacillus thuringiensis var. tenebrionis carrying the gene-encoding Cry3Aa was obtained from the
Bacillus Genetic Stock Center (Ohio State University). Cry3Aa protoxin was prepared according to
Carroll et al. [22], and was activated with trypsin at a trypsin/protoxin ratio of 1/100 (w/w) at 37 ◦C
for 2 h before further purification by anion exchange chromatography using a 1 mL RESOURCE Q
column (GE Healthcare, Freiburg, Germany).

Sf 9 cells were plated in 96-well cell culture plates (flat bottom, Greiner bio-one cellstar) at approx.
60% confluency. Cry3Aa (10−12 M–3.10−7 M) solubilized in 50 mM Na2CO3 pH 9.5 was added
directly to the culture medium and cells were incubated for 24 h at 27 ◦C. The reaction volume
was 100 μL. As control (0 nM Cry3Aa), we added a maximum of 3% of the buffer in the culture
medium corresponding to the highest amount of buffer used for the dilution series of the toxin.
The culture medium was removed and replaced with culture medium containing 0.5 mg/mL thiazolyl
blue tetrazolium blue bromide (Sigma Aldrich) to perform an MTT assay. After 2 h of incubation at
27 ◦C, the medium was removed and replaced by 50 μL dimethyl sulfoxide (DMSO, Sigma Aldrich).
Subsequently, the 96-well plates were briefly vortexed to dissolve the formazan crystals, and absorbance
was measured at 540 nm (Infinite m200, Tecan, Maennedorf, Switzerland). All values were calculated
in relation to untreated cells (defined as 100%). Six replicates were performed per treatment on each
cell line (Sf 9 untransfected and CtABCB1-expressing Sf 9 cells). For the observation of morphological
changes, cells were plated in 60 mm petri dishes. Cells were incubated with 30 nM of Cry3Aa and
were observed for 8 h on a Zeiss Axiovert200 microscope. A picture was taken every 120 min with an
AxioCam MrC5 camera and further processed with the program AxioVision AC (Release 4.3 (11-2004)).

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/12/362/s1,
Figure S1: Comparison between CtABCB1 cDNA sequences derived from either the susceptible or the resistant
populations, Figure S2: Predicted protein sequence of CtABCB1, Figure S3: Determination of the genotype for
the backcrosses between susceptible and resistant C. tremula, Figure S4: Neighbor-joining tree of full-transporter
ABCB protein sequences from Coleoptera, Figure S5: CLUSTAL Alignment of ABCB protein sequences from
Coleoptera, Table S1: Primers used in this study and their function, Dataset S1: Details of the phenotyping and
genotyping of the backcrosses, Dataset S2: Trace files corresponding to the genotyping of family 48, Dataset S3:
Trace files corresponding to the genotyping of family 58, Dataset S4: Trace files corresponding to the genotyping
of “backcrosses 2011.”
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Abstract: Propylea japonica (Thunberg) (Coleoptera: Coccinellidae) are prevalent predators and pollen
feeders in East Asian maize fields. They are therefore indirectly (via prey) and directly (via pollen)
exposed to Cry proteins within Bt-transgenic maize fields. The effects of Cry1Ie-producing transgenic
maize pollen on the fitness of P. japonica was assessed using two dietary-exposure experiments in
the laboratory. In the first experiment, survival, larval developmental time, adult fresh weight, and
fecundity did not differ between ladybirds consuming Bt or non-Bt maize pollen. In the second
experiment, none of the tested lethal and sublethal parameters of P. japonica were negatively affected
when fed a rapeseed pollen-based diet containing Cry1Ie protein at 200 μg/g dry weight of diet.
In contrast, the larval developmental time, adult fresh weight, and fecundity of P. japonica were
significantly adversely affected when fed diet containing the positive control compound E-64. In both
experiments, the bioactivity of the Cry1Ie protein in the food sources was confirmed by bioassays
with a Cry1Ie-sensitive lepidopteran species. These results indicated that P. japonica are not affected
by the consumption of Cry1Ie-expressing maize pollen and are not sensitive to the Cry1Ie protein,
suggesting that the growing of Bt maize expressing Cry1Ie protein will pose a negligible risk to
P. japonica.

Keywords: Bt maize; Cry1Ie; non-target effects; ladybirds; environmental risk assessment

1. Introduction

Maize (Zea mays L.) is one of the most important cereal crops in the world and plays a decisive role
in food and feed production. In China, it is mainly grown for food, feed, and ethanol production [1].
However, the yield of maize can be reduced heavily by insect pests. The most important maize pest in
China is the Asia maize borer, Ostrinia furnacalis Guenée (Lepidoptera: Crambidae). The Asia maize
borer was estimated to cause approximately 10% of yield loss each year and more than 30% in years of
heavy infestations [2].

Toxins 2017, 9, 108 126 www.mdpi.com/journal/toxins



Toxins 2017, 9, 108

Insect-resistant genetically engineered (IRGE) crops expressing insecticidal proteins derived from
the soil bacterium Bacillus thuringiensis (Bt) provide a powerful and environmentally friendly strategy
for insect pest control. Since their first commercialization in 1996, the adoption of Bt-transgenic cotton
and maize varieties increased steadily, reaching 179 million hectares in 28 countries in 2015, with Bt
maize been grown on 53.9 million hectares in 19 countries [3].

China has devoted great efforts to develop Bt maize. To date, China has obtained many Bt maize
lines, all of which express cry1 and/or cry2 genes targeting lepidopteran pests [4–7]. Most of the
Bt maize lines, such as IE09S034 (expressing a cry1Ie gene), BT-799 (expressing a modified mcry1Ac
gene), and Shuangkang12-5 (expressing a fusion cry1Ab/2Aj gene) have proven to be effective against
lepidopteran pests [8,9]. In the case of Bt maize expressing cry1Ie, the Chinese Ministry of Agriculture
has already approved field trials for assessing the environmental risks, indicating its potential to be
commercialized in the near future.

Prior to the commercial release of IRGE crops, it is crucial to evaluate their potential effects on the
environment, in particular on non-target organisms that fulfill important ecological functions [10–12].
This includes organisms that contribute to the biological control of pests [13–15], pollination [16],
or decomposition [17,18]. The ladybird, Propylea japonica (Thunberg) (Coleoptera: Coccinellidae),
is an important predator in many crop systems throughout East Asia [18]. Both larvae and adults
are predaceous, feeding predominantly on aphids, planthoppers, and the eggs and young larvae of
lepidopterans [19,20]. During plant anthesis, they will also use plant pollen as a supplemental food
source when insect prey is scarce [21,22]. Thus, once Bt maize is commercially grown in China, the
ladybird has the potential to be exposed to plant-produced insecticidal proteins not merely by feeding
on herbivores but also by directly feeding on Bt maize pollen.

In the current study, we investigated the potential dietary effects of Bt maize pollen containing
Cry1Ie on P. japonica. In addition, a second experiment was conducted in which the ladybirds were
directly exposed to purified Cry1Ie protein mixed in an established rapeseed pollen-based diet.

2. Results

2.1. Bt Maize Pollen Experiment

2.1.1. Effects on Life Table Parameters

When fed with maize pollen, over 73% of the P. japonica larvae developed to adults, and the
pupation rates and eclosion rates did not significantly differ between the Bt and the non-Bt maize
pollen treatments (both P > 0.05) (Table 1). Larval development time (days to pupa) and adult fresh
weight were not significantly affected, either, by feeding on Bt pollen (development time: U = 2008.5,
P = 0.63; t = 0.38 df = 61; adult weight: P = 0.71 for females and t = −1.09, df = 49, P = 0.28 for males).
Similarly, the fecundity of P. japonica females was not significantly affected by feeding on Bt pollen
(t = −0.93, df = 43, P = 0.36) (Table 1).

Table 1. Effect of consumption of pollen from Bt maize (IE09S034) expressing Cry1Ie or the
corresponding non-Bt maize (Z31) on life table parameters of Propylea japonica. Number of replicates is
given in parentheses. For none of the parameters measured was a significant treatment effect detected.

Maize Line
Pupation
Rate (%) a

Eclosion
Rate (%) a

Days to Pupa
(d ± SE) b

Adult Fresh Weight (mg ± SE) c
Total Fecundity per
Pair (Eggs ± SE) c

Female Male

IE09S034 82.89 (76) 76.32 (76) 10.79 ± 0.20 (63) 6.48 ± 0.13 (29) 4.98 ± 0.18 (29) 80.64 ± 7.83 (25)
Z31 88.16 (76) 73.68 (76) 10.63 ± 0.17 (67) 6.41 ± 0.15 (34) 5.24 ± 0.15 (22) 93.40 ± 11.93 (20)

a χ2 test; b Mann-Whitney U-test; c Student’s t-test.
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2.1.2. Bioactivity of Cry1Ie Protein in Maize Pollen

The mean (±SE) weight of the Cry1Ie-sensitive Chilo suppressalis Walker (Lepidoptera: Crambidae)
larvae was significantly reduced when fed on an artificial diet containing fresh Bt maize pollen for
seven days (0.22 ± 0.01 mg) compared to larvae fed on fresh control maize pollen (4.14 ± 0.29 mg)
(t = 13.6, df = 57, P < 0.001). C. suppressalis larval weight was slightly, but significantly, higher when
fed Bt maize pollen that had been exposed to P. japonica for two days (0.26 ± 0.01 mg) as compared to
freshly prepared Bt maize pollen (0.22 ± 0.01 mg) (t = −2.12, df = 57, P = 0.038).

2.2. Purified Cry Protein Experiment

2.2.1. Effects on Life Table Parameters

Pair-wise comparisons revealed that the treatment containing Cry1Ie protein did not differ
significantly from the untreated (negative) control for any of the P. japonica test parameters including
pupation rate, ecolosion rate, development time, adult fresh weight (male/female), and total fecundity
(total number of eggs laid per female) (all P > 0.05) (Table 2). In contrast, the larval development
time of P. japonica was significantly prolonged (U = 35.0, P < 0.001), and the mean weight of the
freshly emerged adults was significantly reduced when feeding on diet containing E-64 (Dunnett test;
P < 0.001 for females, and P = 0.002 for males). No significant difference was detected for pupation
rate, eclosion rate, and the survival rate of P. japonica between the untreated control treatment and the
E-64 treatment (all P > 0.05) (Table 2).

Table 2. Effect of Cry1Ie protein or E-64 on different life table parameters of Propylea japonica. Larvae
were fed a combination of rapeseed pollen, augmented or not with the insecticidal proteins, and
soybean aphids. Number of replicates is given in parentheses.

Treatment
Pupation
Rate (%) a

Eclosion
Rate (%) a

Days to Pupa
(d ± SE) b

Adult Fresh Weight (mg ± SE) c
Total Fecundity per
Pair (Eggs ± SE) c

Female Male

Control: pure
diet 85.71 (84) 78.57 (84) 8.69 ± 0.13 (72) 6.12 ± 0.11 (32) 5.05 ± 0.10 (34) 157.67 ± 13.19 (31)

Cry1Ie
(200 μg/g diet) 87.80 (82) 84.15 (82) 8.81 ± 0.12 (72) 6.35 ± 0.14 (32) 5.20 ± 0.10 (37) 148.70 ± 13.70 (30)

E-64
(400 μg/g diet) 79.52 (83) 78.31 (83) 13.29 ± 0.18 (66) * 5.28 ± 0.16 (26) * 4.56 ± 0.09 (39) * 22.40 ± 2.77 (21) *

Each toxin treatment was compared to the control. An asterisk denotes a significant difference between a toxin
treatment and the control; a χ2 test with Bonferroni correction (adjusted α = 0.025); b Mann-Whitney U-test with
Bonferroni correction (adjusted α = 0.025); c Dunnett test. * An asterisk denotes a significant difference between a
toxin treatment and the control.

2.2.2. Bioactivity of Cry1Ie Protein in Rapeseed Pollen

Sensitive-insect bioassays indicated that the mean (±SE) weight of C. suppressalis larvae was
significantly reduced when fed an artificial diet containing Cry1Ie (0.26 ± 0.02 mg) for seven days
compared to those fed untreated control diet (0.50 ± 0.06 mg) (t = 4.02, df = 52, P < 0.001). No statistical
differences was detected for the mean weight of C. suppressalis larvae when fed a Cry1Ie-containing
diet that had been freshly prepared (0.26 ± 0.02 mg) compared to a diet that had been exposed to
P. japonica for two days (0.28 ± 0.02 mg) (t = −0.58, df = 55, P = 0.57).

3. Discussion

The cry1Ie gene has been identified from Bacillus thuringiensis isolate Btc007 and is a relatively new
gene used for plant transformation [23]. It was found that a transgenic maize line expressing cry1Ie
was highly resistant against the stem borer O. furnacalis [24]. In addition, it appears that the Cry1Ie
protein has no cross-resistance with other Lepidoptera-active insecticidal proteins such as Cry1Ab,
Cry1Ac, Cry1Ah, or Cry1F [25–27], making it a suitable candidate gene for developing stacked events
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for improved pest control. However, our knowledge regarding the potential effects of the Cry1Ie
protein on non-target beneficial arthropods is still limited.

Our bioassays revealed no adverse effects of Bt maize pollen containing Cry1Ie on the fitness
of P. japonica. In our feeding experiment, the ladybirds were continually fed on Bt maize pollen
for more than four weeks, while the pollen shedding period of maize normally lasts for 5–8 days
with a maximum of 14 days [28,29]. In addition, our previous study had confirmed that P. japonica
ingested much larger amounts of maize pollen under laboratory, confined conditions when compared
to the field situation [30]. Consequently, the ladybirds in our laboratory bioassays were exposed to
Cry1Ie protein at much higher levels than in the field. In addition, the bioactivity of Cry1Ie in the
pollen samples used in the experiments was confirmed by sensitive insect bioassays using larvae of
C. suppressalis. This demonstrates that P. japonica was exposed to a constant and elevated level of active
Cry1Ie protein.

To further confirm that P. japonica is not sensitive to Cry1Ie, a second experiment was conducted
where the ladybirds were directly fed purified Cry1Ie protein at a very high dose of 200 μg/g
dry weight of diet using a validated test system [31]. No detrimental effects were detected on the
tested lethal and sublethal life table parameters. The positive control (E-64) treatment, in contrast,
caused a significant prolongation of the larval development time, a lower adult fresh weight, and a
decrease in fecundity. The results demonstrate that P. japonica indeed ingested Cry1Ie protein and
that the experimental system used in the current study was able to detect adverse effects, if present.
Furthermore, the bioactivity of Cry1Ie protein was confirmed by sensitive insect bioassays with the
same batch of Cry protein, suggesting that the test insects were exposed to bioactive Cry1Ie protein
during the duration of the bioassay. In addition, the Cry1Ie protein concentration in this experiment
was approximately 40 times of the concentration in the Cry1Ie-transgenic maize pollen (5 μg/g fresh
weight) [32]. Therefore, we can conclude that P. japonica is not sensitive to Cry1Ie at a level much
higher than they may encounter in Bt maize fields.

Because of the ecological importance as a natural enemy and its availability and amenability
for laboratory studies, P. japonica has been selected as representative species to support the risk
assessment of IRGE crops [33]. Our previous study indicated that P. japonica larvae are not sensitive
to Cry1Ab, Cry1Ac, and Cry1F proteins [31], which are produced in different Bt-transgenic crops,
including maize, cotton, and rice. In addition, feeding experiments with Bt rice pollen showed that the
fitness of P. japonica was not adversely affected by consumption of pollen containing Cry1Ab, Cry1C,
or Cry2A [34,35]. Similarly, ingestion of Bt maize pollen containing Cry1Ab/2Aj or Cry1Ac had no
detrimental effect on P. japonica larvae [30]. Although a previous study reported that consumption
of Cry1Ah-containing maize pollen affected the activity of some gut enzymes of P. japonica [36],
no effect was detected on the growth or development of P. japonica larvae when fed Cry1Ah-containing
maize pollen [37]. Similarly, a tritrophic studies showed that the development of P. japonica was
not affected when fed with Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) that had been reared
on Cry1Ab-contained Bt rice [38]. The current data complement our knowledge on the toxicity of
Cry proteins to P. japonica. Overall, the available results demonstrate that this important predatory
ladybird species is not sensitive to Cry proteins that are widely used for plant transformation to control
lepidopteran pests or might be used in the future.

To our knowledge, the current study is the first to assess the potential effects of Bt maize producing
Cry1Ie protein on a predatory insect in the laboratory. So far, the non-target insect assessment
concerning Cry1Ie has only focused on the survival of Chinese honey bees, Aphis cerana cerana
(Hymenoptera: Apidae) [39], the diversity of the midgut bacteria of the worker bees, Apis mellifera
ligustica (Hymenoptera: Apidae) [40], and the survival, pollen consumption, and olfactory learning of
young adult honey bees, A. mellifera [41]. None of those studies has revealed any adverse effects of
Cry1Ie consumption. In addition, two studies reported that Cry1Ie-expressing maize had no significant
effects on the arthropod community in maize fields [42,43].
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In summary, the present study shows that the consumption of Bt maize pollen expressing Cry1Ie
does not negatively affect the fitness of P. japonica and that the ladybirds are not sensitive to Cry1Ie at
200 μg/g diet that is significantly higher than they may encounter in the Bt maize fields. Therefore,
we conclude that growing of Cry1Ie expressing maize should pose a negligible risk to P. japonica.

4. Materials and Methods

4.1. Insects

Specimens of P. japonica were collected from an experiment maize field of the Institute of Plant
Protection, Chinese Academy of Agricultural Sciences (CAAS), near Langfang City, Hebei Province,
China (39.5◦ N, 116.7◦ E) in 2015. A colony was subsequently maintained in the laboratory without
introduction of field-collected insects for over two generations. Both larvae and adults of P. japonica
were reared on soybean seedlings infested with Aphis glycines Matsumura (Hemiptera: Aphididae).
The aphids were replaced daily, ensuring ad libitum food for the developing P. japonica. Newly hatched
P. japonica larvae (<12 h after emergence) were used for the experiments. A Bt-susceptible strain of
C. suppressalis was maintained on an artificial diet for over 80 generations in the laboratory [44].
All insects were reared in a climatic chamber at 26 ± 1 ◦C, 75% ± 5% RH and a 16:8 h light:
dark photoperiod.

4.2. Maize Plants and Pollen Collection

The transgenic maize line IE09S034 and the corresponding non-transformed near isoline,
Z31 (Zong31), were used in the experiment. IE09S034 plants express a cry1Ie gene under the control of
the maize ubiquitin promoter. The seeds of IE09S034 and Z31 were provided by the Institute of Crop
Sciences, CAAS.

The maize lines were simultaneously planted in six adjacent plots (three plots per maize line) at the
experimental field station of Jilin Academy of Agriculture Sciences in Gongzhuling City, Jilin Province,
China (43◦19’ N, 124◦29’ E) in 2014. Each plot was approximately 0.04 ha. The maize seeds were sown
on 25 May 2014. The plants were cultivated according to the common local agricultural practices but
without insecticide sprays during the growing period.

During maize anthesis in late July 2014, maize pollen was collected daily by shaking the maize
tassels in a plastic bag. The collected pollen was air dried at room temperature for 48 h and
subsequently passed through a sieve with a mesh size of 0.2 mm to remove anthers and contaminants.
Pollen collected from each maize line was pooled and stored at −60 ◦C until further use.

4.3. Insecticidal Compounds and Bee-Collected Pollen

Insecticidal compounds used in this study included the protease inhibitor E-64 [N-[N-(L-3-trans-
carboxyoxirane-2-carbony1)-L-leucyl]-agmatine)] and the Bt protein Cry1Ie. E-64 was purchase from
Sigma-Aldrich (St. Louis, MO, USA) with the purity of 95%. For production of Cry1Ie protein, the cry1Ie
gene was subcloned into vector pET-21b and expressed in Escherichia coli BL21 (DE3). The recombinant
strain was induced by 0.1 mM IPTG at 18 ◦C for 12 h. The soluble Cry1Ie protein in the supernatant
was purified by Ni-NTA (QIAGEN, Dusseldorf, Germany) and eluted by 250 mM imidazole (50 mM
Na2CO3, pH 10.5). The protein preparation and purity were examined by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using Image J software. Protein concentrations were determined using
Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). The concentration of Cry1Ie
protein in sodium carbonate solution (50 mM) was 200 μg/mL.

Bee-collected rapeseed pollen used in the experiments was purchased from China-Bee Science &
Technology Development Co., Ltd (Beijing, China).
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4.4. Feeding System for P. japonica

The pollen-based diet used in present study was developed and validated in previous studies and
has been successfully used to assess the potential effects of Bt rice and Bt maize pollen or purified Cry
proteins (mixed into a rapeseed pollen-based diet) on P. japonica [30,31,35]. The P. japonica larvae were
individually confined in Petri dishes (6.0 cm diameter, 1.5 cm height). Larvae were fed with pollen on
the first day of each instar and then provided with a mixture of pollen and soybean aphids until they
had developed into the next instar. For adults, single pairs of P. japonica were fed with pollen or with a
combination of pollen and soybean aphids every alternate day in the same Petri dishes. The pollen
were directly sprinkled on the bottom of the dish, and the aphids were provided on 1-cm segments of
heavily infested soybean seedlings. Pollen was replaced every other day and the aphids were replaced
daily. In addition, an open 2-mL centrifuge tube containing solidified 1% agar solution was added
to each dish as a water source. All of the food elements were provided ad libitum. For adults, several
folded paper tapes (0.6 cm width, 10 cm length) served as oviposition substrates. Maize pollen was
used in the first experiment, and rapeseed pollen was used in the second experiment as described in
the following sections.

All experiments were conducted in a climatic chamber at 26 ± 1 ◦C, 75% ± 5% RH and a 16:8 h
light: dark photoperiod.

4.5. Bt Maize Pollen Experiment

Using the feeding system described above, an experiment was conducted in which P. japonica
were fed Bt or non-Bt (control) maize pollen. There were two treatments with 76 neonate P. japonica
per treatment: (i) IE09S034 maize pollen containing Cry1Ie; and (ii) Z31 maize pollen (control). Larval
survival, pupation rate, eclosion rate, and development time were recorded based on daily observations.
When adults emerged (<12 h), they were individually weighted using an electronic balance (CPA224S;
Sartorius AG; readability = 0.1 mg, repeatability <± 0.1 mg). Subsequently, the sex of the freshly
emerged P. japonica adults was determined, and randomly selected pairs were continuously fed with
Bt or non-Bt maize pollen and soybean aphids as described above. A total of 20–25 pairs of adult
P. japonica were tested for each treatment. Survival and total fecundity (number of eggs laid per female)
were recorded based on daily observation. This experiment was terminated after 19 days.

To determine the bioactivity of the Bt protein in the maize pollen during the experiment,
three subsamples of Bt maize pollen and control pollen were taken before and after the two days
feeding exposure. The samples were stored at −60 ◦C until further use.

4.6. Purified Cry Protein Experiment

The test system used for the purified Cry protein bioassay was the same as described by
Zhang et al. [31]. Newly hatched larvae of P. japonica were tested for each of three treatment:
(i) rapeseed pollen containing Cry1Ie protein at 200 μg/g dry weight (DW) of pollen; (ii) rapeseed
pollen containing E-64 protein at 400 μg/g DW of pollen (positive control); and (iii) rapeseed pollen
(negative control). The Cry1Ie protein concentration in the pollen diet was approximately 40 times
that of the concentration in the Cry1Ie-transgenic maize pollen (5 μg/g fresh weight) [32]. E-64 served
as a positive control since it is known to be (i) toxic to P. japonica at 400 μg/g DW, (ii) a gut-active
compound like the Cry1Ie protein, and (iii) stable during the test duration [31,35]. Rapeseed pollen
was used because it has been confirmed to be a highly nutritional food source for P. japonica and is
commercially available. The pollen-based diets were prepared before the beginning of the experiment
and stored at −20 ◦C until used. Soybean aphids were provided as a supplement dietary in each
treatment as described above. Diets were replaced every two days to avoid the degradation of the
test compounds.

The experiment was started with 82–84 neonate P. japonica per treatment. Larval development,
survival, pupation rate, and eclosion rate were recorded based on daily observations. Adult P. japonica

131



Toxins 2017, 9, 108

were weighted within 12 h of emergence. Subsequently, the sex of the freshly emerged adults was
determined, and randomly selected pairs were individually kept in the dishes as described above.
Thirty-one pairs of adults were test in the control treatment, and 30 pairs of adults were test in the
Cry1Ie protein treatments, while only 21 pairs of adults were test in the E-64 protein treatments because
of the low eclosion rates. The eggs laid by each female were recorded based on daily observation.
After 20 days, the experiment was terminated.

To determine the bioactivity of Bt proteins in the rapeseed pollen-based diet during the experiment,
three subsamples were taken from the pollen-based diet before and after it had been exposed to
P. japonica for 2 days. The samples were stored at −60 ◦C until further use.

4.7. Sensitive-Insect Bioassay

The bioactivity of the Cry1Ie protein in Bt maize pollen and the rapeseed pollen-based diet before
and after exposure to P. japonica for two days was determined with a sensitive-insect bioassay that
used C. suppressalis larvae. 300 mg pollen and 4.6 g artificial diet of C. suppressalis larvae were weighted
separately using an electronic balance. Subsequently, the pollen was thoroughly incorporated into the
artificial diet for C. suppressalis larvae. The Z31 maize pollen and the control rapeseed pollen-based
diet served as control treatments. The artificial diets were cut into slices and placed in Petri dishes
(9 cm diameter, 1 cm height) with neonate larvae of C. suppressalis (one slice and one larvae per
dish). Subsequently, the Petri dishes were sealed with Parafilm and reinforced with surgical tape.
Each treatment was represented by 30 replicate dishes. After seven days, the C. suppressalis larvae
were weighted.

4.8. Data Analyses

Pair-wise statistical comparisons were made between the Bt maize pollen and non-Bt pollen
treatments in the first experiment, and between the Cry1Ie or E-64 treatments and the control in
the second experiment. Chi-square tests were used to compare pupation rates and eclosion rates.
Mann-Whitney U-tests were used to compare larval developmental times because such data did not
satisfy the assumptions for parametric analyses (normal distribution of residuals and homogeneity of
error variances).

Data on adult fresh weight and total fecundity were compared using Student’s t-test in the maize
pollen experiment. Dunnett tests were conducted to compare adult weight and total fecundity in
the Cry protein bioassay. In addition, Student’s t-test was carried out to compare the weights of
C. suppressalis larvae that were fed with artificial diets containing different pollen treatments.

All statistical analyses were conducted using the software package SPSS (version22; SPSS, Inc.,
Chicago, IL, USA).
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Abstract: Post-market environmental monitoring (PMEM) of genetically modified (GM) crops
is required by EU legislation and has been a subject of debate for many years; however, no
consensus on the methodology to be used has been reached. We explored the suitability of
carabid beetles as surrogates for the detection of unintended effects of GM crops in general PMEM
surveillance. Our study combines data on carabid communities from five maize field trials in
Central Europe. Altogether, 86 species and 58,304 individuals were collected. Modeling based on
the gradual elimination of the least abundant species, or of the fewest categories of functional traits,
showed that a trait-based analysis of the most common species may be suitable for PMEM. Species
represented by fewer than 230 individuals (all localities combined) should be excluded and species
with an abundance higher than 600 should be preserved for statistical analyses. Sixteen species,
representing 15 categories of functional traits fulfill these criteria, are typical dominant inhabitants of
agroecocoenoses in Central Europe, are easy to determine, and their functional classification is well
known. The effect of sampling year is negligible when at least four samples are collected during maize
development beginning from 1 April. The recommended methodology fulfills PMEM requirements,
including applicability to large-scale use. However, suggested thresholds of carabid comparability
should be verified before definitive conclusions are drawn.

Keywords: Carabidae; surrogate; post-market environmental monitoring; PMEM; risk assessment;
GM maize; functional trait

1. Introduction

Although genetically modified (GM) crops are generally considered safe for non-target
arthropods [1], there are still uncertainties regarding the long-term effects caused by the accumulation
of miniscule changes in the agroecosystem. Science-based post-market environmental monitoring
(PMEM) is therefore required for GM crops by EU legislation (Directive 2001/18/EC, [2,3]). PMEM
aims to identify risks that did not become evident during the pre-market risk assessment. Consequently,
PMEM results are expected to provide a basis for subsequent regulatory decisions, including the
prolongation and modification of the monitoring plans. The detection of adverse changes in the
environment may trigger additional research that could eventually lead to the withdrawal of approval
for GM crops [4].

There has been much discussion about the PMEM of GM crops, but a general PMEM plan accepted
by regulators, scientists, and the agricultural biotech industry is still lacking [5]. PMEMs are a legal
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requirement, and consist of two conceptually different components: (a) case-specific monitoring; and
(b) general surveillance (GS) [6], which is the subject of this paper. GS has an unspecified nature.
It is part of an inherent challenge for PMEM, because the currently applied GS methodology may
not be sensitive enough [7]. The collection of empirical data must be improved and proper baselines
of GM-independent insect fluctuations must be established. Since it is impossible to monitor all
components of the ecosystems, the selection of surrogate species representing valid entities of the
environment is of primary importance.

Five reports [8–12] have proposed that generalist natural enemies are suitable surrogates for the GS
component of PMEM. The carabids (Coleoptera: Carabidae) are particularly appropriate because they
are species rich, abundant, and functionally diversified in arable habitats all over world [13]. More than
600 species have been recorded in Central Europe [14] and keys for species identification are available.
With respect to the method of arthropod collection, pitfall trapping of carabids has a higher capacity to
detect differences than the visual monitoring used for the plant-dwelling arthropods [8,9]. Carabids
have been considered as bioindicators of the environmental impact of agricultural practices [13,15–19],
including the cultivation of GM crops [9,20,21]. Carabids living in fields planted with GM crops are
directly and/or indirectly exposed to the products of transgenes [20], depending on their feeding
behavior, which ranges from obligate phytophagy to obligate zoophagy, with most granivorous species
belonging somewhere in the middle of this continuum [22–24].

Carabids play an important role in agroecosystems by contributing to the elimination of a wide
variety of weed seeds [25–27] and pest insects [28]. They tend to have one generation per year.
Some reproduce during spring and complete their development in winter; others breed in autumn
and hibernate mainly as larvae. Adults of many species reproduce in spring, aestivate in summer,
and reproduce again in the autumn [13]. The body size, habitat, and humidity affinities affect life
history parameters and ecological interactions of every species [29]. Functional classification of carabids
facilitates the assessment of their roles and their occurrence in agroecosystems [30].

Our study evaluated carabids with respect to body size, habitat and humidity affinities, breeding
period, and food specialization. This approach requires identification and counting of captured
species, and then choice of indicator species that represent crucial functional traits and are sufficiently
widespread for statistical analyses [18]. Profound changes in the representation of functional traits
alter the role of carabids in the ecosystem and may have considerable environmental consequences.
Simple counts of captured beetles do not disclose these environmental impacts because species with
different or unknown traits are mixed up [17].

The importance of species-based analysis is supported by the database of the non-target
arthropods species proposed for the environmental risk assessment of GM crops in the EU [31].
Several authors have recommended functional analysis for the comparison of insect communities [32–
34]. In our analysis of both quantitative and qualitative changes of the carabid community, we
combined data on species abundance with information on their functional traits. In this paper, we
demonstrate that combining the population size assessment with analyses of functional traits generates
a robust and testable method for the comparison of carabid communities.

Since the only GM crop approved for commercial cultivation in the EU is the lepidopteran-resistant
maize MON 810, which is grown in five European countries including the Czech Republic and
Slovakia [35], we concentrated on carabid communities in maize fields to study the size of the data
(how many species, individuals) to be used in GS protocols in the framework of PMEM. Several
kinds of maize cultivars, including three GM cultivars, were grown in fields 2–200 km apart. Species
diversity and abundance were examined with respect to environmental variables (locality, year, and
sampling date) and analyzed in relation to the species and trait categories (body size, habitat and
humidity affinities, breeding period, and food specialization) in order to identify optimal conditions
for the comparison of communities from different fields and years.
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2. Results

2.1. Characterization and Quantitative Comparison of Carabid Communities

The sum of catches in all localities totaled 58,304 individuals belonging to 86 species.
Within functional traits, the abundance of one category usually prevailed, but the species richness
was highest in different categories. This applies to number of individuals and species richness in the
size categories B and C, species preferring open biotopes and species with low habitat preferences
(eurytopic), and hygrophilous and eurytopic species (humidity affinity). The abundances of spring
and autumn breeders were very similar, while the numbers of species differed substantially. A similar
situation was found for the carnivorous and omnivorous species (Table 1).

The Simpson dominance and Berger–Parker indices were highest in locality SB3, where 80% of
individuals were identified as Pterostichus melanarius. The second highest index was found in WS
with a dominance of Pseudoophonus rufipes (70%), and the third highest in SB2, where Poecilus cupreus
represented 60% of individuals. The dominance of P. rufipes in CB (47%) and of P. melanarius in SB1
(32%) was less pronounced. This was reflected in the species evenness, which was highest in SB1
and lowest in SB3 in which species evenness was very similar to WS. The Margalef index detected
highest ratio between the number of species and the abundance in SB2 (59 species, 22,015 individuals),
followed by SB1 (35 species, 5484 individuals), CB (35 species, 5831 individuals), WS (34 species, 9401
individuals), and SB3 (34 species, 15,573 individuals, Table 2).

The Jaccard and Sørensen–Dice indices showed dissimilarity between communities when all
localities were compared. The most similar communities were found in the three geographically closest
localities in South Bohemia (Table 3).

2.2. The Effect of Locality, Year, and Sampling Date on Carabid Communities (All Data Included)

The location explained 16.3% and 23.8% variability in the distribution of carabid species and
functional categories, respectively. In the species-based canonical correspondence analysis (CCA),
the WS locality explained 10.2% (F = 169.0, p = 0.001), CB 8.8% (F = 144.4, p = 0.001), SB3 3.3% (F = 50.6,
p = 0.001), SB2 1.9% (F = 29.1, p = 0.001), and SB1 1.9% (F = 29.0, p = 0.001) variability. The trait-based
CCA yielded higher values: SB3 14.9% (F = 259.8, p = 0.001), WS 8.9% (F = 148.0, p = 0.001), CB 4.9%
(F = 75.3, p = 0.001), SB2 4.6% (F = 71.5, p = 0.001), and SB1 2.3% (F = 33.1, p = 0.001).

The year explained 1.0% (F = 14.9, p = 0.001) and 1.9% (F = 27.8, p = 0.001) of variability in the
species- and trait-based CCA, respectively. In the species-based CCA, each of the time series S and A
explained 3.6% of variability (S: F = 56.3, p = 0.001, A: F = 54.7, p = 0.001). The joint analysis of both
series proved their close correlation. In the trait-based CCA, the time series S explained 4.3% (F = 67.1,
p = 0.001), and the time series A explained 4.7% of variability (F = 70.4, p = 0.001). The joint analysis of
both series showed they were correlated, sharing 4.1% of the variability they explained. Only time
series A was used in subsequent modeling.

2.3. Three Possible Ways of Using Carabids in PMEM

Variability explained by localities remained relatively stable in the SaS and SaT models
(see Section 5.3) until species with abundance lower than 150 and 600 individuals, respectively,
were disregarded (Figure 1a). Subsequent step-wise elimination of the more abundant species resulted
in a steep increase in explained variability (the difference between variability explained by two adjacent
points in the graphs significantly increased, SaS: F1,25 = 11.69, p = 0.002, SaT: F1,25 = 35.84, p < 10−5).
Only a small increase in explained variability was observed with the TaT model (Figure 1a). The curve
derived from the SaS model intersects the curves of the TaT and SaT models at the points corresponding
to species represented by 117 and 229 individuals, respectively, where the variability explained by the
SaS model exceeded the variability explained by both the SaT and TaT models.
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Table 2. Mean (±SE) indices of carabid diversity in the examined localities per year.

Locality
No. of

Tested Years
Simpson

Dominance Index (D)
Berger–Parker

Index (D)
Species

Evenness (E)
Margalef

Index (DMg)

SB1 1 0.18 0.32 0.59 3.95
SB2 3 0.37 ± 0.08 0.60 0.44 ± 0.07 4.25 ± 0.55
SB3 3 0.53 ± 0.15 0.80 0.38 ± 0.13 2.60 ± 0.23
CB 2 0.28 ± 0.01 0.47 0.53 ± 0.03 3.38 ± 0.21
WS 2 0.48 ± 0.08 0.70 0.39 ± 0.07 3.05 ± 0.30

Table 3. Similarity matrices of Jaccard and Sorensen–Dice indices between carabid communities in the
examined localities. Highest values for both indices are in bold.

Jaccard Index (JS) Sørensen–Dice Index (DS)

Locality Locality

SB1 SB2 SB3 CB WS SB1 SB2 SB3 CB WS
SB1 SB1
SB2 0.34 SB2 0.51
SB3 0.32 0.32 SB3 0.48 0.49
CB 0.26 0.24 0.23 CB 0.41 0.39 0.38
WS 0.17 0.17 0.21 0.28 WS 0.30 0.29 0.34 0.43

Variability explained by localities was about four-times higher than that explained by the sampling
date (time series A) in the analysis that included all species. However, variability explained by the
sampling date increased faster with species elimination, and eventually became half that explained
by the localities (Figure 1b). The increase in variability explained by time series A was similar in the
SaS and SaT models. The smallest increase in variability was observed in the TaT model (Figure 1b).
Variability explained by years was very low in all models (Figure 1c).

The lowest percentage of variability explained by localities occurred in the TaT model and in
the SaS model at the beginning of modeling (x ≤ 150), suggesting that these two approaches were
most appropriate to compare the least locality-dependent environmental impacts. However, these
procedures required the determination of all individuals to the species level, and in the case of the TaT
model also their classification into categories of functional traits. Neither of these requirements can
be fulfilled in routine practice. However, variability explained by localities in the SaT model was at
x = 229, exceeded by variability explained by the SaS model, and then increased slowly up to x = 600
(Table 4). Species with abundance lower than 230 (in total for all localities) could be excluded from the
analysis, while species with abundance higher than 600 (10 species, 14 categories) had to be included
(this range is highlighted in Figure 1) to avoid a high increase of variability. Six species were found in
all localities and their total abundance surpassed 600 (Table 5). The SaT model showed conditions that
have to be fulfilled for reliable comparison of different localities in routine practice.

Table 4. Changes in the variability explained by environmental variables in the SaS, SaT, and TaT
models (see Section 5.3 Data Analysis) in CCA between cut-off levels 230 and 600 individuals per
species. Values based on data are given before parentheses and values in parentheses are based on
values interpolations from the constructed curves.

Environmental Variable SaS SaT TaT

Locality 5.2 (12.1) 0.1 (6.5) n.a. 1 (1.2)
Time series A (Sampling date) 2.3 (3.6) 0.9 (3.1) n.a. (0.3)

Year 0.1 (n. a.) 0.5 (0) n.a. (0.1)
1 n.a.: not available.
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(a)

(b)

(c)

Figure 1. Variability in the carabid grouping composition explained by: (a) locality; (b) sampling date
(time series A); and (c) year in the SaS model (solid lines), SaT model (dotted lines), and TaT model
(broken lines). Each point represents a Canonical Correspondence Analysis (CCA). Consecutive points
were calculated allowing the same data to be analyzed, but the least abundant species (SaS and SaT
models) or categories of functional traits (TaT model) were eliminated, and CCA was performed at
the species level (SaS model) or at the level of functional traits (SaT and TaT models). Individuals
were gradually eliminated with a cut-off level of 10. In the SaS and SaT models, species elimination
proceeded until the three most common species were left. In the TaT model, the categories of functional
traits were eliminated until the three most common categories remained. Highlighted points represent
analyses where species with abundance from 230 to 600 individuals are preserved (explained in
Section 2.3 Three Possible Ways of Using Carabids in PMEM).
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In the SaT model at a cut-off level of 600, most of the categories of functional traits were distributed
around the center of the ordination diagram; their presence was similar in all localities. However, the
incidence of hygrophilous species tended to be higher in WS, and species in body size category C were
most common in SB1 (Figure 2). Similar carabid groupings were found in SB1 and SB2, which were
about 2-km apart, including 1 km of a forest. A similar species composition was also found in SB3
(Table 3), but the species abundance was different (Figure 2).

When we compared plots with GM events and plots treated with insecticides at a cut-off level of
600, the variability explained by these localities was 20.7%. It was lower than baseline (Figure 1a: SaT
model, x (no. of individuals) = 600, y (explained variability) = 28.1%), indicating low probability of an
impact of GM maize on the carabid groupings in these localities (Figure 3a). When GM events were
compared with near-isogenic cultivars, variability among these plots in different localities was 28.9%
(Figure 3b), which is still around the level of variability explained by different localities. A higher
difference would indicate that the GM crop had an impact on the agroecosystem.

Figure 2. CCA ordination diagram showing the importance of locality for functional trait categories of
carabids that reached an abundance of at least 600 (10 species, 14 categories) based on the SaT model
(explained in Section 5.3 Data Analysis).
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3. Discussion

Development of a PMEM method that is applicable in a large geographic area at reasonable cost is
very challenging. Such a method should be based on indicators that are relatively easy to monitor, occur
in vast territories from spring to autumn, and are exposed to the products of transgenes in GM crops.
Carabids fulfill these requirements, but the feasibility of their monitoring has not been sufficiently
analyzed. Therefore, our study focused on the nature and size of data needed for reliable distinctions
between carabid communities in different localities, years, and sampling dates. Carabid assemblages
were analyzed in respect to the species composition and functional traits. This approach was preferred
over the analysis of total abundance of the carabid family.

3.1. Carabid Communities in Maize Fields

To facilitate comparison with other studies, we used several indices to characterize carabid
communities in different localities. The values of diversity indices were more or less in the range
of those reported across Europe [17,32,36,37]. Similarity indices based on the qualitative species
comparison declined with the distance between compared localities. Conversely, functional diversity
was similar in remote localities; all important categories of functional traits were present in all localities
(TaT model, Figure 1a).

The Berger–Parker index is an effective, simple tool for monitoring impaired biodiversity in soil
ecosystems due to human disturbances [38]. Index values increase from undisturbed to disturbed
areas. In the present study, values ranging from 0.32 (SB1) to 0.70 (WS) were typical for sites with
agricultural management and indicate the prevalence of one species. Use of this index can facilitate
interpretation of soil biodiversity patterns in the context of ecosystem management and conservation.
The index of species evenness was low. It ranged from 0.38 (SB) to 0.59 (SB1), and reflected dominance
by one species and very low abundance of others [39].

The dominance of a few species varied in their dependence on locality, and annual changes
in environmental and anthropogenic factors [36,37,39]. The 16 most abundant species in our study
are common in the fields of Central Europe [17,34,36,37,39,40], and some are also found in southern
Europe [9,11,41], the United Kingdom [32], and Balkan [42]. This suggests similarity in agrocoenoses
across a large area; usually 10–20 frequently occurring species rotate in the position of the most
abundant species. However, only five of these species (C. fuscipes, H. affinis, P. cupreus, P. melanarius,
and T. quadristriatus) were among the 10 most common species in all localities. According to literature
sources [9,11,17,32,34,36,37,39–42] and our experience, we suggest that it is appropriate to compare
the abundance of a group of 10–20 common species based on their functional classification. A similar
conclusion has been reached by other authors [11].

3.2. Variability Explained by Locality and Environmental Variables

Site location is by far the most important source of variability [8]. Locality is therefore important
for making a baseline between background variability caused by other factors than the studied
treatment. Several studies have compared trials conducted under different management regimes
and used different statistical methods to define the sample size sufficient to detect impacts of GM
crops on the abundance of arthropods [8,9,11,43–45]. We used CCA with three types of gradual
species reduction or categories of functional traits to identify the minimum sample size that would
sufficiently minimize the locality-dependent variability. Modeling was based on species abundance,
and representation of categories of functional traits (explained in Section 5.3 Data Analysis). When all
data were included in the analysis (first point in Figure 1a), the percentage of variability explained by
localities was lowest in the SaS model, which showed the importance of species of low abundance
for the similarity assessments of distant localities. The SaT model showed that variability explained
by localities remains relatively low when species with abundance lower than 230 individuals are
neglected. Species can be further eliminated from the analysis up to a threshold of 600 individuals per

145



Toxins 2017, 9, 121

species. Exclusion of species with higher abundance causes a very steep increase in variability among
localities. We do not recommend analyses based on less than 10 most common species. A trait-based
analysis with the most common species is a compromise that can be utilized for large scale PMEM
(limitations of PMEM are discussed in [10]). Species with an abundance lower than 230 can be excluded
from the analysis, while those with an abundance higher than 600 must be preserved to avoid a high
increase of unwanted variability.

We observed baseline background variability for carabid grouping comparisons in five different
localities. If the percentages of variability explained by the GM and non-GM treatments were higher
than the baseline for these localities, an impact of the GM crop on the agroecosystem may be indicated.
The baseline for similar localities is lower than for the less similar localities. Thus, it is necessary to
determine the approximate baseline variability for the examined localities.

Maize phenology was not crucial for the carabid grouping (shared variability between time series
S and A). We propose to follow a time series based on the calendar date rather than on the date of
maize sowing, as this varies between localities and years. The day 1 April seems to be a reliable
landmark for Central Europe and probably for most of Europe.

Differences of 14 days between corresponding samplings in different localities were not
uncommon in our study. Given the low percentage of variability explained by the sampling date,
the precise timing of samplings in different localities is not needed. Our conclusions are mostly based
on four samplings per season. Since the abundance and species composition fluctuate during the
season [36], a minimum of four samplings per season are required. A reduced sampling number may
lead to a considerable loss in the capacity to detect differences [45]. Most studies have confirmed
the highest carabid abundance around the time of maize flowering [11,46], although this is not the
rule [10]. It is advisable to cover the first part of the season (until grain development, [21]).

Unlike the findings of previous studies [8,11], the effect of different sampling years was relatively
low and can be neglected. It seems that direct comparison with a current non-GM crop baseline should
be used if available, but reference can also be made to historical baseline data [7].

3.3. The Applicability of Our Findings for GS in PMEM of GM Maize

Recommendations based on the findings of our study should be taken into account when
designing statistical comparisons in PMEM. If any unintended effect is observed, the recommended
data analysis will help to determine whether the adverse effect is associated with the use of a GM crop
or whether it is a consequence of other environmental factors [47].

Many authors have highlighted the importance of field size and the availability of non-crop
habitats adjacent to the field [36,39]. Those factors should be taken into account when differences
among localities are to be interpreted. Multivariate analysis, as used in our study, is a multidimensional
tool that considers the effects of many variables, and is appropriate for evaluating and subtracting the
effects of these covariables.

Although the European Food Safety Authority (EFSA) claims that GS is not necessarily crop or
event specific [4], we are convinced that GS methodology could be the same for different crops, but
the direct comparison of carabid assemblage in various crops species, and the effects of agricultural
practice are scientifically not defensible because the species and abundance composition is largely
affected by crop type even in one locality. This was clearly shown for GM and near-isogenic cultivars
of maize, beet, and oil seed rape [32].
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4. Conclusions

The conservation of natural enemies, which as an important component of biological control,
can be accepted as the endpoint of PMEM. We propose that these are monitored by analyzing
captured carabid species with respect to their abundance and ecological functions. Reliable results are
obtained with commonly occurring and abundant species representing important functional categories.
Field location is the main factor limiting the detection of changes caused in carabid assemblages by
other factors, including the introduction of GM crops. The location effect is preserved at a tolerable
level by including only species that occur in relatively high numbers in all examined sites. We
demonstrate that, in the case of our model, the inclusion of 10 species, each represented by ≥600
individuals (total count from all sites) is essential, while 70 species with less than 230 individuals each
could be excluded without a significant increase in variability observed. The geographically closest
localities with similar environmental properties should be preferably compared to reduce differences.
At least four samplings during the season are recommended on similar, but not necessarily the same,
dates. A time series based on the calendar date can be followed, and data from different years can be
combined. Data from independent carabid analyses in maize fields (and possibly in the plantations of
some other crops) can be included in future analyses and further increase the precision of PMEM. The
proposed method is a compromise that enables the detection of small but meaningful differences at
maximally reduced labor costs.

5. Materials and Methods

5.1. Experimental Localities

Field trials were performed in localities designated as South Bohemia 1, 2, and 3 (SB1, SB2, and
SB3); Central Bohemia (CB); and western Slovakia (WS). Basic features of all localities are summarized
in Table 6; details on WS site are provided here. Carabid data obtained from the sites SB1, SB2, and
CB have been published (see references in Table 6) and are not evaluated from the perspective of the
present study.

The WS trial was performed in a field previously planted with winter wheat. In the first trial,
three treatments were applied in four replicates (12 plots in total, 30 × 30 m each). In the second
trial, two treatments were tested in 10 replicates (20 plots in total, 10 × 10 m each). Each plot was
isolated by a 1- and 5-m wide strip of barley in the first and second trial, respectively. Fertilization with
urea (CH4N2O, 100 kg/ha) and Polidap (18% N, 46% P2O5, 200 kg/ha) was applied before sowing in
2014, and with urea and NPK 15-15-15 (N [NH4+, NO3−], P2O5, K2O, 150 kg/ha) in 2015. Trials were
treated with the pre-emergent selective herbicide Dual Gold (s-metolachlor, 1.25 L/ha) and Mustang
(florasulam, 0.8 L/ha) on 7–26 May 2014, and with Wing (dimethenamid-p, pendimethalin, 4.0 L/ha)
on 7 May 2015. All neighboring fields in both years were sown with oilseed rape. Carabid assemblages
from the two trials were combined.
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5.2. Capture and Identification of Carabids

Pitfall traps (9-cm diameter, 0.5–1 volume) were supplied with about 300 mL 10% NaCl and
2–3 drops of detergent (SB1, SB2, SB3, CB), or with ethylene glycol and water 1:1, (WS), covered with
aluminum coping and exposed for 7 days. Different numbers of pitfall traps were used (calculated per
ha: seven traps in SB1, four in SB2, eight in SB3, 25 in CB, and 19 in WS; 3669 pitfall trap collections
in total).

Samples in SB1, SB2, SB3, and CB were collected at maize stages BBCH 09, BBCH 16, BBCH 65,
and BBCH 87 [51]. In WS, samples were collected every other week at maize stages BBCH 09, BBCH 11,
BBCH 13, BBCH 17, BBCH 34, BBCH 53, BBCH 63, BBCH 69, BBCH 79, and BBCH 89 (sampling dates
are provided in Table S1, Supplementary Materials).

Carabids were stored in 70% ethanol and identified to species level [52] (Table S2, Supplementary
Materials). Body size, humidity, habitat affinities, breeding period [52], incidence [53,54], and food
specialization [23] were determined for each species (Table S3, Supplementary Materials).

5.3. Data Analysis

We used the following ecological indices to compare the diversity of carabid communities in
different localities: Berger–Parker index, Margalef index, Simpson dominance index, and Species
evenness. The Jaccard index and Sørensen–Dice index were applied to assess the similarity of
communities in different localities [55].

Carabid distribution was analyzed using multivariate analysis (Canoco software for Windows 4.5,
Plant Research International, [56]). The analysis concerned the abundance of species and their placing
in the functional trait categories for body size, habitat and humidity affinities, breeding period, and
food specialization. The detected gradient length (4.9) in the detrended correspondence analysis
(DCA: 0.001 attributed to each value, detrending by segments, log transformation: x’ = log (x + 1),
downweighting of rare species) of distribution trends and the characterization of data enabled us
to use canonical correspondence analysis (CCA: 0.001 attributed to each value, log transformation,
Hill’s scaling). The effects of geographic localization of each locality (dummy variables), year (dummy
variables), and sampling date were tested (environmental variables). A two-time series was used to
test the effect of sampling date: (1) time series, S: number of days from the sowing day, marked as
number 1; and (2) time series A: number of days from 1 April, which was classed as Day 1. The day 1
April was selected based on the agro-technical term of maize sowing. The earliest possible term for
sowing in Central Europe is around 5 April [57]. The joint explanatory effect of these two variables
was assessed by the analysis of variability explained with the time series S and A in two separate
CCAs, and together in a single CCA (variance partitioning procedure, [56]). The significance of
the effects of environmental variables was tested by subtracting the effect of covariables (CCA in
partial shape, Monte Carlo permutation tests, MCPT: 999 permutations, unrestricted permutations,
forward selection). Covariables are environmental variables whose influence is subtracted before that
of variables of interest is investigated [56]. Covariables were those environmental variables mentioned
above whose effect were not tested in certain CCAs.

Variability explained by environmental variables in CCA was compared for three different types
of gradual elimination of individuals with a cut-off level of 10:

1. SaS model: the least abundant species were eliminated and a CCA was performed at the species
level (Table S4);

2. SaT model: the least abundant species were eliminated and a CCA was performed at the level of
functional traits (Table S5); and

3. TaT model: the least frequent categories of functional traits were eliminated and a CCA was
performed at the level of functional traits (Table S6).

In the SaS and SaT models, species elimination proceeded until three most common species
remained. In the TaT model, the categories of functional traits were eliminated until the three most
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common categories remained. Variability explained by models was compared using the curve
(two-phase exponential association, coefficient of correlation r, Graph Pad Prism 4.5, [58]). One-way
ANOVA (F-tests accompanied by degrees of freedom and degrees of freedom of the error) was applied
to compare differences in variability explained during modeling [59].

We defined baseline as a background variability that is caused by other factors (covariables in
multivariate analysis) than the variables (GM vs. non-GM) whose effect is important for the purpose
of the study. We hypothesize that when we know baseline, it is possible to distinguish between the
background variability and variability caused by growing GM maize. The example of separation of
effect of baseline from effect of GM maize is presented in Figure 3a,b. The carabid grouping in GM
maize is compared there with carabid groupings in plots treated with insecticides (as they are applied
in most of maize cropping systems) and plots with near-isogenic cultivar, respectively.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/4/121/s1,
Table S1: The sample dates of deployment of pitfall traps in the locality western Slovakia in 2014 and 2015,
Table S2: The abundance of carabids in the examined localities in 2002–2015, Table S3: Incidence and functional
traits of carabids captured in localities South Bohemia 1, 2 and 3, Central Bohemia and western Slovakia in
2002–2015, Table S4: Data for analysis of explained variability in SaS model, Table S5: Data for analysis of
explained variability in SaT model, Table S6: Data for analysis of explained variability in TaT model.
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