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Abstract

Susceptibility of Tribolium castaneum (Tc) larvae was determined against spore-crystal mixtures of five coleopteran specific
and one lepidopteran specific Bacillus thuringiensis Cry toxin producing strains and those containing the structurally
unrelated Cry3Ba and Cry23Aa/Cry37Aa proteins were found toxic (LCso values 13.53 and 6.30 pg spore-crystal mixture/pL
flour disc, respectively). Using iTRAQ combined with LC-MS/MS allowed the discovery of seven novel differentially expressed
proteins in early response of Tc larvae to the two active spore-crystal mixtures. Proteins showing a statistically significant
change in treated larvae compared to non-intoxicated larvae fell into two major categories; up-regulated proteins were
involved in host defense (odorant binding protein C12, apolipophorin-lll and chemosensory protein 18) and down-
regulated proteins were linked to metabolic pathways affecting larval metabolism and development (pyruvate
dehydrogenase Eo subunit, cuticular protein, ribosomal protein L13a and apolipoprotein LI-ll). Among increased proteins,
Odorant binding protein C12 showed the highest change, 4-fold increase in both toxin treatments. The protein displayed
amino acid sequence and structural homology to Tenebrio molitor 12 kDa hemolymph protein b precursor, a non-olfactory
odorant binding protein. Analysis of mMRNA expression and mortality assays in Odorant binding protein C12 silenced larvae
were consistent with a general immune defense function of non-olfactory odorant binding proteins. Regarding down-
regulated proteins, at the transcriptional level, pyruvate dehydrogenase and cuticular genes were decreased in Tc larvae
exposed to the Cry3Ba producing strain compared to the Cry23Aa/Cry37Aa producing strain, which may contribute to the
developmental arrest that we observed with larvae fed the Cry3Ba producing strain. Results demonstrated a distinct host
transcriptional regulation depending upon the Cry toxin treatment. Knowledge on how insects respond to Bt intoxication
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will allow designing more effective management strategies for pest control.
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Introduction

The entomophatogenic bacterium Bacillus  thuringiensis (Bt)
represents an environmentally safe alternative for pest control
producing parasporal inclusions, which contain one or several
mnsecticidal proteins. The greatest variety of toxins found in the
crystals of Bt are proteins of the Cry (for Crystal) or Gyt (for
Cytotoxic) type [1]. The largest group of Cry toxins corresponds to
the 3-domain Cry proteins (Cry-3D), including at least 40 different
groups with more than 200 different gene sequences [2]. Other
Cry proteins display no homology to the Cry-3D proteins, such as
Cry35Ab and Cry36Aa proteins, Cry34Ab and Cry35Ab proteins,
and the coleopteran active Cry23Aa and Cry37Aa proteins,
homologous to BinA and BinB binary toxins or Mtx toxins from
Bacillus sphaericus |3].

The red flour beetle, Tribolium castaneum (Tc), is a major global
pest of stored grain, cereal products, and peanuts for human
consumption [4]. This coleopteran insect, readily adaptable to all
classes of insecticides, is an ideal subject for the identification of
new pesticide targets for which many genetic and genomics tools
have been developed and it has become the genetic model for
agriculturally important coleopteran species [5]. Tc bioassays with
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Bt toxins, Cry3Aa, Cry8Ea, Cry8Fa, Cry8Ga, Cry23Aa/
Cry37Aa, Cyt2Ca, Cry34Ab/Cry35Ab and CrylF, have been
carried out showing that Cry23Aa/Cry37Aa and Cyt2Ca were
active, Cry3Aa intermediate-active and Cry8Ea, Cry8Fa, Cry8Ga,
Cry34Ab/Cry35Ab and CrylF did not have insecticidal activity
against this insect [6,7].

Nowadays much research is being carried out to elucidate the
molecular basis of Bt Cry toxins entomopathogenic action. The
most extensively studied insecticidal Bt proteins are Cry-3D toxins
and although their mode of action is not completely understood, it
is generally accepted that involves toxin solubilization in the
midgut of the susceptible larvae, membrane receptor binding and
oligomerization of the toxin followed by pore formation in the
brush border membrane [8]. Potential evidence for cell-death
signalling pathways in insects as a result of Bt toxins activity has
also been reported [9,10]. However, the present knowledge about
toxin-induced cellular phenomena lags behind our understanding
of the physiological process of Bt intoxication. In nematodes,
various signaling pathways have been involved in Cry toxicity and
defensive host responses, which include p38 mitogen-activated
protein kinase [11], unfolded protein response [12], DAF-2
msulin/IGFR  signaling pathways [13] and hypoxia response
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pathways [14]. Regarding insects, several reports have character-
ized some of the defensive response of insects to Cry toxins by
means of substraction hybridization libraries in Choristoneura
Jumiferana  and  Manduca sexta larvae treated with sublethal
concentrations of CrylAb toxin [15,16], transcriptional analysis
in Duwabrotica virgifera challenged with Cry3Bb toxin [17], gene
silencing in M. sexta challenged with CrylAb toxin and Aedes aegypti
intoxicated with CryllAa spore-crystal preparations [18], tran-
scriptome profiling in Tenebrio molitor larvae after ingestion of
Cry3Aa toxin [19], and proteome analyses in Helicoverpa armigera
intoxicated with CrylAc [20] and 4. aggypti exposed to Cryl1Aa
toxin [21], using 2D-electrophoresis and mass spectrometry.

An alternative for the analysis of proteins in a global manner is
the 1'TRAQ technique, a powerful proteomics method that
provides higher coverage than other strategies, which has been
scarcely used to evaluate the physiological importance of proteins
related with the Bt mode of action since only two reports have
used ITRAQ to analyze differential protein alterations associated
with Bt resistance [22,23].

Traditional insect pest control methods used for stored-grain
products are based on synthetic chemical pesticides that are not
IPM compatible and contribute to contamination of food products
constituting a risk for workers and consumers. Therefore, chemical
free or biologically based approaches to control stored-product
msects that have proven efficacy need to be developed [4]. Bt
represents a useful alternative to conventional insecticides,
formulated in bioinsecticides or delivered in transgenic plants. Bt
based strategies for pest control mostly relies on Bt granular or
spray surface applied products that contain mixtures of bacterial
spores and insecticidal toxins. Unfortunately, currently commer-
cialized coleopteran active Bt formulations have not proven
effective against T'c and new preparations based on Bt strains more
active against this insect are needed. The efficacy of the treatments
might be influenced by the insect response to all components of the
insecticidal formulation.

In this work, we implemented an iTRAQ proteomic analysis
combined with LC-MS/MS to study the differential response of
Tc larvae after intoxication with two spore-crystal mixtures of Bt
strains active against this insect that produce structurally unrelated
Cry toxins. Proteins differentially expressed in Bt treated larvae fell
into two major categories, proteins involved in host defense and
proteins linked to metabolic pathways affecting larval develop-
ment, which account for both a general Bt defensive response and
toxin-specific physiological regulation.

Results and Discussion

Bt Cry toxin producing strains display toxicity against Tc

To determine the susceptibility of Tc larvae to five coleopteran
specific Bt toxin producing strains (Cry3Aa, Cry3Ba, Cry3Ca,
Cry23Aa/Cry37Aa and Cry34Ab/Cry35Ab) and one lepidopter-
an specific Bt toxin producing strain (CrylAc) a single dose of 3 pg
of spore-crystal mixture of each Bt toxin expressing strain per
microliter of flour disc were initially assayed. In the experimental
conditions, after seven days of treatment, CrylAc, Cry3Aa,
Cry3Ca and Cry34Ab/Cry35Ab spore-crystal mixtures were not
significantly active compared to non-treated larvae, whereas spore-
crystal mixtures of Cry3Ba and the Tc active Cry23Aa/Cry37Aa
strain [24] yielded 20%£4% and 35%5% mortality, respectively
(Table 1). As expected, the lepidopteran specific CrylAc toxin
producing strain, used as a negative control, and Cry34Ab/
Cry35Ab spore-crystal mixtures, already reported inactive against
Tc [7], did not show toxicity. Although Cry3Aa spore-crystal
mixture did not produce significant Tc larvae mortality, larval
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Table 1. Susceptibility of Tc to Bt spore-crystal mixtures.

Treatment (3 g of spore-crystal % Mortality

mixture/uL flour disc) (Day 7)
Cry3Aa 33
Cry3Ba 20*=4*
Cry3Ca 0*+0
Cry23Aa/Cry37Aa 35+5%
Cry34Ab/Cry35Ab 0*0
Cry1Ac 0*0
none 0*+0

*Significantly different with respect to non-treated larvae (Student’s t test,
P<0.05).
doi:10.1371/journal.pone.0055330.t001

weight reduction and increased developmental time was observed
in Cry3Aa treated larvae, as previously described [25].

Different spore-crystal mixture concentrations of Cry3Ba or
Cry23Aa/Cry37Aa were assayed against Tc larvae and results are
shown in Figure 1. As a negative control, a CrylAc spore-crystal
mixture was also assayed. The profiles of Tc dose-response curves
to both Bt active spore-toxin treatments were similar with a 70%
maximum mortality percentage achieved after seven days of
exposure, supporting that in the assay conditions, surviving larvae
might be able to mount a defensive response that counteracted the
toxic action. Alternatively, this maximum mortality percentage
might represent the efficacy limit of the assayed treatments in this
insect due to other factors, such as the insect genetic variability
underlying Bt susceptibility. The LC5o and 95% fiducial limits
calculated by Probit analysis [26] were 6.30 (4.89-8.37) pg spore-
crystal mixture/pL flour disc for Cry23Aa/Cry37Aa and 13.53
(10.24-17.72) pg spore-crystal mixture/uL flour disc for Cry3Ba
spore-crystal preparations. LCsq differences between both treat-
ments might be due either to a differential toxic effect or to
variation in the toxin content of the spore-crystal culture mixture
used in the toxicity assay. Regardless of the reason, in both
treatments, insects were sensing the strain active components since
after two days of treatment with an LCjs, of Cry3Ba or Cry23Aa/
Cry37Aa spore-crystal mixtures, no appreciable flour disc
consumption was observed evidencing cessation of feeding
(Figure 1). In contrast, significant disc consumption was seen in
assays with untreated larvae and larvae treated with an amount as
high as 25 pg CrylAc spore-crystal mixture/pL flour disc

(Figure 1).

Differential protein response of Tc larvae to Bt toxin
producing strains

Toxins contained in the two spore-crystal mixtures that were
shown active against Tc, Cry3Ba and Cry23Aa/Cry37Aa, belong
to two different classes of Cry proteins. Cry3Ba is a Cry-3D toxin
of approximately 70 kDa that lacks the C-terminal extension
found in the 130 kDa Cry-3D toxins, which is dispensable for
toxicity [1]. The Cry23Aa/Cry37Aa binary toxin consists of two
proteins both required for toxicity, Cry23Aa toxin homologous to
the dipteran active Mtx 2/3 proteins of B. sphaericus, and Cry37Aa
toxin not related to other Bt crystal proteins [3]. Since Cry3Ba and
Cry23Aa/Cry37Aa proteins are structurally unrelated and might
have a distinct mode of action, we decided to analyze whether
there is a differential insect response to each treatment and we
undertook a proteomic approach using an 'TRAQ technique
combined with liquid chromatography-tandem mass spectrometry
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Figure 1. Dose-mortality assays with Cry3Ba, Cry23Aa/Cry37Aa

and Cry1Ac spore-crystal mixtures in Tc larvae. Bioassays were

performed on eight to ten day-old larvae fed on flour discs containing spore-crystal mixtures of Cry3Ba, Cry23Aa/Cry37Aa and Cryl1Ac toxin
producing Bt strains. Arrow points to images of 10 uL flour discs on which Tc larvae were fed for two days containing water (control), an
approximately LCsq of Cry3Ba and Cry23Aa/37Aa spore-crystal preparations (12.5 pg/ul flour disc and 5.0 ug/uL flour disc, respectively), and 25 pug

Cry1Ac spore-crystal mixture/pL flour disc (negative control).
doi:10.1371/journal.pone.0055330.g001

on Tc Bt treated larvae. We chose to intoxicate Tc larvae with
approximately a LCj, dose of Cry3Ba or Cry23Aa/Cry37Aa
spore-crystal mixtures to assure an active response of the insect
but, in an attempt to prevent damaged gut epithelium recovery
from occurring, treatments were limited to two days, when less cell
damage has occurred and therefore the number of cells
undergoing repair is likely reduced. Larvae were harvested right
after the two days of treatment, when significant cessation of
feeding was observed, well in advance of the onset of mortality,
and detection of early expressed response proteins was expected.
As control, larvae fed with flour discs mixed with the correspond-
ing volume of water were used. A workflow of the ITRAQ
experiment is depicted in Figure 2.

A total number of 1,669 non-redundant Tc peptide MS/MS
spectra were generated, and 335 proteins were identified at a false
discovery rate of 1% with PSPEP (ProteinPilot™ software,
ABSciex). The number of assembled proteins accurately quantified
was 247 and 239, in response to Cry3Ba or Cry23Aa/Cry37Aa
spore-crystal treatments, respectively (Table SI), among which
239 proteins were overlapped between the two treatments. Of the
total number of 247 non-redundant identified proteins, 19.4%
were identified with more than 5 peptides (Figure S1). Eighty three
per cent of total identified proteins were classified according to
GO molecular function categories (Figure 2). The largest GO
molecular function category was catalytic activity represented
mostly by oxidorreductases and hydrolases, followed by binding
category, where small molecule and cation binding proteins were
mainly found.

To analyze the differentially expressed proteins in response to
spore-crystal treatments, the i-TRAQ ratios (treatment versus
control) of the quantified proteins with a p-value=0.05 were
selected. Twenty-one proteins were found with statistically
significant ratios at least in one replicate in Cry3Ba treated
samples, of which 11 proteins exhibited a relative change in
protein ratio below —1.5-fold or above 1.5-fold (4 out of the 11
proteins showed *1.5-fold change in both replicate samples). In
Cry23Aa/Cry37Aa treated samples, 24 proteins showed statisti-
cally significant ratios at least in one replicate, of which 20 proteins
exhibited a relative change in protein ratio of *£1.5-fold (7 out of
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the 20 proteins showed =*1.5-fold change in both replicate
samples). The 4 proteins found in Cry3Ba treated samples that
showed a 1.5-fold change in both replicate samples were common
to 4 of the 7 proteins found for Cry23Aa/Cry37Aa treatment that
showed 1.5-fold differential expression for both of the two replicate
samples. In the comparative analysis between treatments, differ-
entially expressed proteins were selected based on the following
cut-off criteria: (i) p-value=0.05 in both biological replicates in
each treatment, (ii) error factor <2 (generated by ProteinPilot ™)),
(iti) an average of at least *1.5-fold in abundance in response to Bt
intoxication in both replicates at least in one of the treatments.
Seven Tc proteins (15.6% of total number of selected proteins with
i-TRAQ ratios with a p-value=0.05) showed a statistically
significant change; the specific proteins and their expression
alterations (fold change compared to control mass tag levels) are
listed for the Cry3Ba and Cry23Aa/Cry37Aa treatments, respec-
tively (Figure 2). Three out of these seven proteins (odorant
binding protein C12, apolipophorin-III and chemosensory protein
18) were increased and showed +1.5-fold change in both replicate
samples for both treatments, and four out of the seven proteins
(pyruvate dehydrogenase Eo subunit, cuticular protein, ribosomal
protein L.13a and apolipoprotein LI-II) were decreased, when
larvae treated with either of the two Bt spore-crystal mixtures were
compared with non-treated control larvae. Apolipoprotein LI-II
showed —1.5-fold change in both replicate samples for both
treatments whereas pyruvate dehydrogenase Eat subunit, cuticular
protein and ribosomal protein L.13a showed a fold change smaller
than 1.5 in Cry3Ba spore-crystal treated larvae that was
significantly different to the 1.5-fold change reduction observed
in Cry23Aa/Cry37Aa spore-crystal treated larvae (p<<0.05,
Student’s ttest). In the following sections, we contend that Tc
might respond to challenge by two Cry-3D toxin-spore mixtures
by altering expression of proteins involved in host defense and or
developmental pathways.

Tc differentially increased proteins are likely to be

implicated in host defense
Among the iTRAQ differentially increased proteins, the
odorant binding protein (OBP) showed a remarkable 4-fold
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Figure 2. Quantitative iTRAQ proteomic analysis. A work-flow indicating the steps followed in the iTRAQ analysis performed on two biological
replicates of each toxin treatment and the classification of the iTRAQ identified proteins according to GO molecular function categories are shown.
Proteins showing an i-TRAQ ratio (treatment vs control) with a Protein Pilot p-value=0.05 at least in one replicate sample were 21 in Cry3Ba spore-
crystal treated larvae and 24 in Cry23Aa/Cry37Aa spore-crystal treated larvae. Seven differentially regulated proteins are listed for Cry3Ba and
Cry23Aa/Cry37Aa treatments and were selected according to the following cut-off criteria: (i) i-TRAQ ratio p-value<0.05 in both biological replicates
in each treatment, (i) error factor <2 (generated by ProteinPilot™), (iii) an average of *1.5-fold in abundance in response to Bt intoxication in both
biological replicates at least in one of the treatments. Using Student’s t-test, statistically significant differences between toxin treatments were
detected for pyruvate dehydrogenase Eo subunit, cuticular protein and ribosomal protein L13a (p<<0.05).

doi:10.1371/journal.pone.0055330.g002

increase in both treatments, whereas a moderate increase of
around 1.6-fold was seen for apolipophorin III and chemosensory
protein 18, when comparing to untreated controls (Figure 2).

Besides its function in lipid transport, apolipophorin III has also
been reported to mediate insect immune responses in several
species such as Galeria mellonella, Hyphantria cunea, Heliothis virescens,
Locusta migratoria and  Anopheles gambiae [27]. In the case of
coleopteran insects, apolipophorin-III gene was described to be
up-regulated after larval exposure to Cry3Aa toxin in 7. molitor
[19]. Chemosensory proteins and OBP participate in sensing
odors and/or pheromones [28] and have also been shown to be
induced by microbial infections leading some authors to suggest a
link between the olfactory system and the immune system in
invertebrates [29,30,31].

Interestingly, in the increased protein group no significant
differences between Cry3Ba and Cry23Aa/Cry37Aa Tc larvae
treatments were observed (p=>0.05, Student’s ¢-test), indicating that
induction of the corresponding genes might be a common
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mechanism after Bt infection that might constitute the main early
defensive response of the insect, regardless of the actual process by
which these two different Bt spore-crystal mixtures target cells. As
OBP showed the highest change in protein levels after treatments
and its role in immunity is not well established we selected this
protein to further analyze its involvement in Tc host defense.

To validate at the transcription level the increased OBP protein
change detected in the iTRAQ analysis, we used quantitative real
time PCR (qRT-PCR) to compare mRNA expression in untreated
control larvae and larvae treated with the Cry3Ba and Cry23Aa/
Cry37Aa active spore-crystal mixtures or the non-toxic spore-
crystal mixtures of the CrylAc strain (Figure 3). Results show that
the OBP gene was differentially expressed after the three
treatments relative to control larvae (12.4-fold, 8.0-fold and 4.5-
fold up-regulation corresponding to Cry3Ba, Cry23Aa/Cry37Aa
and CrylAc treatments, respectively). Non-significant differences
between the amount of OBP transcript induced by Cry3Ba and
Cry23Aa/Cry37Aa treatments were observed (p>>0.05, Student’s
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t-test). However, statistically significant differences between OBP
transcript levels induced by any of these treatments and those
induced by CrylAc spore-crystal treatment were found (p<<0.05,
Student’s #test). Results suggest that although OBP gene might be
induced as a result of a general host defense response in Tc, its
induction may be even more enhanced in response to Tc active
Cry spore-crystal mixtures and therefore, this OBP protein might
play a role in Tc response to Bt intoxication.

A search of NCBI protein database was carried out to find
sequences similar to Tc OBP (NCBI accession no. EEZ97740). T.
molitor 12 kDa hemolymph protein b precursor (ITm THP12),
characterized as an odorant binding protein in this insect [32],
displayed the highest similarity (64% amino acid sequence
identity). The amino acid sequence alignment of both proteins is
shown in Figure 4A. Both proteins are similar to other members of
the insect OBP family, particularly in structurally important
regions, carrying an N-terminal signal sequence (predicted
cleavage site between positions 18 and 19 using SignalP 4.0
[33], and containing four out of the six aligned cysteine residues
that are diagnostic of insect OBPs [34], as described for other
hemolymph OBPs [32].

We have predicted the three dimensional homology model of
Tc OBP using the automated comparative protein modeling
server SWISS MODEL Workspace [35], based on the solved
structure of the Tm THP12 OBP (PDB accession no. 1C3Y).
Consistent with the idea that both proteins share the same fold
(Figure 4B), the model exhibits the same overall structure as Tm
THP12 (QMEAN4 score of 0.569, Z-score of —2.26) (Figure S2).

A phylogenetic tree was inferred by the Neighbor joining
method with a Gonnet matrix-based model by using Mega
software [36] (Figure 5). The Tc OBP protein identified to be
increased in this work clustered together with 7. molitor 12 kDa
hemolymph OBPs, indicating that Tc OBP is more similar to Tm
THP12 OBP than to any of the 265 apparently functional OBPs
annotated in the Tc genome [37]. It has been hypothesized that
Tm THP12 and putative orthologs might be carriers of a number

18 -
16 -
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12 normalized control
® Cry3Ba

M Cry23Aa/37Aa

8 - CrylAc

10

mRNA relative expression

OBP C12

Figure 3. Tc OBP transcriptional analysis. qRT-PCR analysis of
mRNA expression levels of Tc OBP in larvae exposed to Cry3Ba,
Cry23Aa/Cry37Aa and Cry1Ac spore-crystal mixtures relative control
larvae, normalized to the RPS18 mRNA. Error bars indicate standard
errors of the means from two biological replicates of twenty-four
individuals per replicate.

doi:10.1371/journal.pone.0055330.9003
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of small hydrophobic compounds that would normally be
transported through the hemolymph [38]. Expression of OBP
genes in non-olfactory tissues might indicate that the encoded
proteins are likely to have non-olfactory physiological functions
[39].

In order to assess whether T'c OBP is involved in insect defense
against Bt, its expression was knocked down by means of RNAi.
To choose the appropriate larval size for silencing, we obtained the
transcription profile of the OBP gene in different Tc larval
developmental stages using qRT-PCR (Figure 6A), with RPS18
mRNA as internal control. The abundance of OBP transcripts did
not significantly change in larvae of a weight range of 0.25 to
1.15 mg, except for a reduced transcript expression observed in
1.0 mg weight larvae. Since the OBP expression profile remained
stable in larvae less than 1.0 mg weight, we selected larvae of 0.2
to 0.4 mg weight for silencing assays. We employed qRT-PCR to
examine mRNA levels of Tc OBP in dsRNA-injected larvae and
control (buffer-injected) larvae and the analysis showed a 93%
reduction of Tc OBP transcript compared to control larvae
(Figure 6B). Knockdown of the Tc OBP genes transcripts did not
induce larval mortality, suggesting that the genes normal
expression must not be essential for Tc larvae viability.

We next carried out toxicity assays with Cry3Ba, Cry23Aa/
Cry37Aa or CrylAc spore-crystal mixtures on OBP dsRNA-
injected and buffer-injected control larvae (Figure 6C). Results
showed a significant increase in mortality of dsRNA-injected
larvae treated either with Cry3Ba or Cry23Aa/Cry37Aa (p<<0.05,
Student’s ttest), consistent with the proposed immune defense
function of non-olfactory OBPs induced upon pathogen challenge
[29,30,31]. The non-toxic CrylAc spore-crystal mixture treatment
did not produce larval mortality neither in dsRNA-injected larvae
nor in buffer-injected control larvae (Figure 6C). Although OBP
gene induction was higher in Cry3Ba than in Cry23Aa/Cry37Aa
treated larvae, differences observed in mRNA abundance were not
statistically significant (Figure 3) and accordingly, in OBP silenced
larvae mortality increase compared to buffer-injected control
larvae was the same (around 10% increase) in both Cry3Ba and
Cry23Aa/Cry37Aa spore-crystal treatments (Figure 6C). Results
support OBP as a Tc responsive protein to Bt challenge that
together with other gene products might hold a primary defense
function. Understanding the effect of other host defense genes
mvolved in Tc susceptibility to Bt will allow estimating the relative
contribution of this specific OBP gene to the overall insect host
defense.

Tc differentially reduced proteins are related to
metabolism and development

iITRAQ down-regulated proteins were found linked to meta-
bolic pathways that might affect larval development. In a
comparison of the protein decrease observed in Cry3Ba and
Cry23Aa/Cry37Aa treatments, three out of the four down-
regulated proteins showed significant differences between treat-
ments (p<0.05, Student’s #test), pyruvate dehydrogenase Ea
subunit, cuticular protein and ribosomal protein L13a (Figure 2).
In contrast, apolipoprotein LI-II precursor protein, the common
precursor of apolipoprotein I and apolipoprotein II that constitutes
the basic structure of the major insect hemolymph lipophorin,
showed a similar 0.6 ratio decrease in Tc larvae for both
treatments. Insect lipophorin plays important roles in transporting
dietary lipids from the gut to the storage depot, the fat body, while
also distributing stored or biosynthesized lipids to peripheral
tissues [40]. It has been reported that there is a trade-off between
immune stimulation and expression of storage protein genes upon
bacterial challenge [41,42]. Interestingly, in contrast to the
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apolipoprotein LI-LII precursor reduction, we have observed that
the immune-related apolipoprotein III protein increased, which is
consistent with the reported down-regulation of accumulation of
storage proteins as a consequence of activation of the immune
system, considered a general strategy to redirect resources to
combat injury or infection [42].

The three down-regulated proteins that showed significant
differences between Cry3Ba and Cry23Aa/Cry37Aa treatments
might be relevant to understand whether there is a differential
insect response to each spore-crystal treatment.

Ribosomal protein L13a is a noncanonical ribosomal protein
that carries out tasks often unrelated to the protein synthesis of the
ribosome [43]. It has been described that regulated release of LL13a
from the 60S ribosomal subunit is a mechanism of transcript-
specific translational control of genes involved in inflammatory
processes in mammals [44]. In yeast it has been demonstrated that
inactivation of the two yeast LL13a homologous resulted in severe
growth retardation and cell death [45]. Although the function of
ribosomal protein L.13a in insects is unknown, the reduced protein
levels detected in the iTRAQ) analysis would support a role in the
midgut paralysis and cessation of feeding that characterizes Bt
intoxication.

Pyruvate dehydrogenase (Eot) is the first component of the
pyruvate dehydrogenase complex (PDC), responsible for the
decarboxylation of pyruvate to acetyl-CoA in the mitochondria
matrix, after which the acetyl-CoA enters the citric acid cycle [46].

PLOS ONE | www.plosone.org

The ability to arrest development and metabolism to cope with
environmental challenges improves the survival of many species
and it has been described that a hypometabolic state is
characterized by suppression of oxidative pathways of energy
production, involving PDC down-regulation [47]. In Caernohabditis
elegans it has been reported that resistance to Cry pore-forming
toxins can be achieved by mutations that up-regulate the hypoxia
response mediated by the hypoxia inducible factor 1 (HIF-1) [14],
which induces the expression of pyruvate dehydrogenase kinase
that in turn inhibits PDC, leading to a suppression of mitochon-
drial oxidative phosphorylation. Accordingly, in Tc, pyruvate
dehydrogenase Eo subunit reduction after challenging with
Cry3Ba and Cry23Aa/Cry37Aa preparations would not be
unexpected if it were part of the insect response to protect itself
from pore-forming toxins.

The cuticle is a dynamic structure that responds to external
factors such as insecticides and desiccation [48]. It is conceivable
that Bt intoxication might have consequences for the expression of
genes underlying cuticular functions as a part of the metabolic
arrest response, affecting timing of moulting and distribution of
developmental stages. In Colorado potato beetle the transition
from a state of high metabolic rates and active feeding to very low
metabolic rates, no feeding, and very little movement when the
beetle enters diapause is characterized by a differential regulation
of cuticular protein transcripts [49,50].
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Figure 5. Unrooted phylogenetic tree of insect OBP proteins. The phylogenetic reconstruction was generated with MEGA version 4.0.2
software [35]. In red is shown the Tc OBP up-regulated upon Cry3Ba and Cry23Aa/Cry37Aa treatment challenge and in green, homologous Tc OBPs
identified searching the BeetleBase protein database. Depicted in blue are other coleopteran OBPs, in grey lepidopteran OBPs, in yellow dipteran

OBPs and in pink hymenopteran OBPs, which were identified to show homology to Tc OBP by searching the NCBI protein database.
doi:10.1371/journal.pone.0055330.g005

To gain more insight into the functional significance of the
differential reduction of pyruvate dehydrogenase Eo subunit,
cuticular protein and ribosomal protein L13a in CryBa and
Cry23Aa/Cry37Aa treatments, expression of the corresponding

genes was further assessed at the transcription level using qR'T-
PCR in untreated control larvae and intoxicated larvae

(Figure 7A). For ribosomal protein L.13a, no significant differences
in gene expression were observed in any of the toxin treatments
with respect to non-treated control larvae. For pyruvate dehydro-
genase Eo subunit and cuticular protein significant differences
between mRNA abundance in treated and control larvae were
only found in Cry3Ba treatment. Intriguingly, at protein level both
spore-crystal treatments led to down-regulation of the two proteins
and a significant higher reduction was observed in Cry23Aa/
Cry37Aa intoxicated larvae. These results suggest a distinct

PLOS ONE | www.plosone.org

transcriptional regulation depending upon the type of Bt toxin
used in larval treatment. As these two proteins might be involved
in metabolic and developmental processes, differential transcrip-
tional regulation might influence how larvae recover from Bt
challenge. Therefore, we decided to intoxicate Tc larvae with a
dose of Cry3Ba or Cry23Aa/Cry37Aa spore-crystal mixtures
causing 15-20% mortality after 7 days of toxin treatment to assure
low insect mortality and then surviving larvae were fed flour discs
without toxin to let the gut epithelium recover from toxin damage.
Figure 7B shows that the pupation profile of surviving larvae in
Cry23Aa/Cry37Aa treatment was similar to that of non-treated
control larvae although the pupation rate was reduced for
Cry23Aa/Cry37Aa treated larvae, reaching a maximum of 58%
pupation (relative to pupation percentage in control larvae) on day
35" after the initial treatment. In contrast, on that day, only 7% of
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doi:10.1371/journal.pone.0055330.g006

Cry3Ba surviving larvae reached pupation. Additionally, differ- Conclusions
ences between Cry3Ba and Cry23Aa/Cry37Aa treatments were
observed regarding larval mortality on day 35" after the initial
treatment, being three times higher for Cry3Ba than for Cry23Aa/
Cry37Aa intoxicated larvae. The larval developmental arrest
observed in Cry3Ba surviving larvae as opposed to the 60% of
Cry23Aa/Cry37Aa surviving larvae that recovered from toxin
treatment and reached pupation is in agreement with the
transcriptional repression of pyruvate dehydrogenase and the
cuticular protein genes observed only after Cry3Ba treatment
(Figure 7A). Other coleopteran active toxins structurally related to
Cry3Ba, also altered transcription of genes linked to metabolic
processes. Cry3Bb toxin has been reported to impact larval
metabolism and development in D. virgifera [17], and Cry3Aa toxin
exposure resulted in a repression of genes encoding metabolic
enzymes associated with proteolysis, glycolysis, TCA, and fatty
acid metabolism in 7. molitor [19].

The use of iTRAQ combined with LC-MS/MS has led to the
discovery of several novel differentially expressed proteins in Tc
larvae in response to spore-crystal mixtures of Bt strains producing
two structurally unrelated Cry toxins, Cry3Ba and Cry23Aa/
Cry37Aa. Tc larvae early response involved up-regulation of three
host defense related proteins (odorant binding protein C12,
apolipophorin-III and chemosensory protein 18) and down-
regulation of four proteins that play a role in larval metabolism
and development (pyruvate dehydrogenase Eol subunit, cuticular
protein, ribosomal protein L13a and apolipoprotein LI-II). At the
transcriptional level, pyruvate dehydrogenase and cuticular genes
were decreased in Tc larvae exposed to the Cry3Ba producing
strain compared to the Cry23Aa/Cry37Aa producing strain,
which may contribute to the developmental arrest that we
observed with larvae fed the Cry3Ba producing strain.
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Better understanding how target insects respond to Bt
intoxication will allow improving Bt strategies for pest control
and counteracting resistance development.

Materials and Methods

Toxin production

Cry3Aa, Cry3Ba, Cry3Ca and CrylAc crystals were produced
in Bt strains BTS1, BTS00125L, BTS02109P and HD73,
respectively.  The binary toxins Cry23Aa/Cry37Aa and
Cry34Ab/Cry35Ab were produced in Bt strains EG10327 (Ref.
No. NRRL B-21365) and PS149B1 (Ref. No. NRRL B-21553),
respectively, obtained from the Agricultural Research Culture
Collection, Northern Regional Research Laboratory (NRRL),
USA.

All bacterial strains were grown in solid sporulation medium
[51] at 30=1°C until complete autolysis. Lysed bacteria were
resuspended in 2x PBS pH 7.4 and washed twice with 0.02%
Triton X-100 in 2x PBS pH 7.4 and twice with water. Following
centrifugation at 6,000x ¢ for 10 min at 4°C, spore-crystal
mixtures were resuspended in water and stored at —20°C until
use.

Insects

A laboratory colony of Tc founded from Ga-2 strain adults
kindly provided by Dr. Beeman (USDA) was used. Insects were
reared on whole-grain flour with 5% brewer yeast powder at
30£1°C in darkness.

Toxicity assays

Toxicity assays were performed on Tc larvae eight to ten days
old after egg eclosion, fed for seven days on 20 uL flour discs (20%
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flour, w/v), prepared as in [52], containing 3 pg Cry3Aa, Cry3Ba,
Cry3Ca, Cry23Aa/Cry37Aa, Cry34Ab/Cry35Ab and CrylAc
spore-crystal mixtures per microliter of flour disc for treatments or
water, in control assays. Assays were performed in 96-well
polystyrene plates (Sterilin, Thermofisher) with one flour disc
and one larva per well. Twenty-four larvae were assayed for each
toxin and at least three replicates were carried out. Mortality was
recorded after 7 days under laboratory rearing conditions. Cry3Ba
and Cry23Aa/Cry37Aa LCs, were estimated from several spore-
crystal mixture doses using Probit analysis [26].

For toxicity assays on silenced larvae, four days after dsRNA
injection, larvae were exposed to 12.5 ug/pL Cry3Ba or 5.0 ug/
uL Cry23Aa/Cry37Aa spore-crystal mixtures in flour discs. Flour
discs prepared with water were used as controls. At least two
replicates of fifty larvae were assayed for each toxin and mortality
was recorded after 7 days under laboratory rearing conditions.

iTRAQ Analysis

Forty Tc eight-day-old larvae (0.38%£0.01 mg) treated with
12.5 pg Cry3Ba spore-crystal mixture/uL flour disc or 5.0 pg
Cry23Aa/Cry37Aa spore-crystal mixture/uL flour disc for two
days, and untreated control larvae were used to prepare protein
extracts from whole larvae in 4 M urea pH 7.4, 0.05% Protease
Max surfactant (Promega), 48 pM pepstatin A, 20 pM E-64.
Following centrifugation at 10,000x ¢ for 10 min at 4°C, the
supernatant was separated, protein concentration measured by the
protein-dye method of Bradford [53] using BSA as a standard and
stored at —80°C.

Two independent biological replicates of toxin treated or
control larvae were labeled with 1113, 1114, 1115, 1116, 1117, 1118
iITRAQ reagents according to the manufacturer’s protocol
(Applied Biosystems). The tag labeling order was untreated control
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replicate-1 113; untreated control replicate-2 114; Cry3Ba spore-
crystal mixture treated replicate-1 115; Cry3Ba spore-crystal
mixture treated replicate-2 116; Cry23Aa/Cry37Aa spore-crystal
mixture treated replicate-1 117; Cry23Aa/Cry37Aa spore-crystal
mixture treated replicate-2 118. Labelled protein samples, reduced
and alkylated, were digested using trypsin. The resulting labelled
peptides were then pooled for further processing and analyzed by
integrated LC and MALDI-TOF/TOF analyzer QSTAR ESIL
MS/MS spectra were analyzed using the Paragon algorithm in
ProteinPilot™  software (ABSciex) with the default search
program with digestion enzyme trypsin and methyl methanethio-
sulfonate as cysteine modification. Data was normalized for
loading error by bias correction calculated with ProGroup
algorithm and to reduce false positive identification results, a
minimum unused ProtScore of 1.3 equivalent to 95% confidence
and false discovery rate (FDR) less than 1% were required for all
reported proteins. A protein was considered significantly identified
when one or more high-confidence (>95%) unique peptides were
assigned and the iTRAQ quantification fold difference p-value was
<<0.05. The protein search was performed against NCBI protein
Tc database. Gene Ontology (GO) terms were retrieved from
UniProt database (http://www.uniprot.org).

RNA isolation and cDNA synthesis

Total RNA was isolated from Tc larvae using Trizol LS
Reagent (Invitrogen), following the manufacturer’s protocol, and
the purified RNNA was treated with DNase I (DNA-free, Ambion,
Inc.). The ratio of absorbance at 260 nm to 280 nm (Aygp/Aggo
ratio) was used to assess the purity of RNA samples and RNA
quality was evaluated by 1% agarose gel electrophoresis and
quantified spectrophotometrically (NanoDrop 2000, Thermo
Scientific). AMV reverse transcriptase (2 U/uL, final concentra-
tion) (Roche) was employed for first strand cDNA synthesis using
1 pg RNA, 50 ng/pL oligo (dT),5 (Promega) and 2.5 uM random
hexamers (Applied Biosystems).

Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed on each template in a final volume of
25 pLL using 100 ng on a StepOnePlus Real-Time PCR system
(Applied Biosystems) thermocycler, following the manufacturer’s
recommendations, using Power SYBR Green PCR Master Mix
(Applied Biosystems). Gene specific forward and reverse primers
(Table S2) were designed with Primer Express software (Applied
Biosystems) using sequences retrieved from BeetleBase website
(http://www.Beetlebase.org) [54] under the following accession
numbers TCO11411-RA (OBP C12 protein), TC002948-RA
(pyruvate dehydrogenase protein), TCO013477-RA  (ribosomal
protein L13a) and TC000726-RA (cuticular protein). Primers
were obtained from IDT Technologies and optimization of primer
concentration was performed using 10 ng cDNA per reaction.
Single, sharply defined melting curves confirmed the specificity of
the chosen primers, as well as minimization of primer-dimers
formation. The primer concentrations used are included in
Table S2. Primer effieciencies were calculated using different
cDNA concentrations in the range 80-8000 pg/uL (Table S2).
Amplifications were carried out using two biological replicates of
cDNA, each one from RNA obtained from twenty larvae, and the
mean values of three technical replicates were analyzed. RPS18
(ribosomal protein S18) gene (Accession number TC014405-RA),
reported as a stable reference gene for gqRT-PCR i TC [55], was
used to normalize gene expression (forward and reverse primer
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sequences included in Table S2). Gene expression relative-fold
was calculated with the comparative C, (AAC,) method, using the
StepOne software (Applied Biosystems). Data were analyzed by
Student’s ¢test for statistically significant differences (p<<0.05).

To analyze the expression of Tc odorant binding protein gene
during larval development, quantitative real-time PCR was
performed as described above on RNA obtained from larvae of
different weight within a range of 0.25 to 1.2 mg.

RNAi

RNA isolation and cDNA synthesis was performed as described
above, from eight to ten day-old larvae after egg eclosion. cDNA
was used as template for PCR amplification using Prime Star
polymerase (T'akara) and specific primers generated from Tc OBP
gene sequence (NCBI accession no. EEZ97740), containing a T'7
polymerase promoter sequence at their 5" end (Table S2). PCR
product (1 ug) was used for i vitro transcription to prepare dsRNA
using Ambion MEGAscript T'7 kit (Applied Biosystems) according
to the manufacturer’s protocol. Purified dsRNA was stored at
—80°C until injected into Tc larvae.

Eight day old larvae were anaesthetized for 5 min on ice before
ventral injection of approximately 0.2 uL of 1 pg/uL. dsRNA in
mjection buffer (1.4 mM NaCl, 0.07 mM Na,HPO,, 0.03 mM
KHyPOy, 4 mM KCI), using thin wall capillars (World Precision
Instruments) in a microinjection system (Narishige). Control larvae
were injected with buffer. Following injection, larvae were grown
under standard rearing conditions.

In OBP silenced larvae, OBP transcript levels were evaluated
8 days after dsRNA injection by gqRT-PCR from total RNA, using
the OBP forward and reverse primers described in Table S2.

Supporting Information

Figure S1 Number of peptide identifications per protein
in the iTRAQ analysis.
(TIF)

Figure S2 Tc OBP SWISS MODEL Workspace automat-
ed model.

(PDF)

Table S1 Proteins identified in the iTRAQ analysis.
(XLSX)

Table S2 Primers used in qRT-PCR to analyze the
expression of genes corresponding to iTRAQ differen-
tially expressed proteins upon toxin treatments and to
generate dsRNA in RNAi experiments.

(TIF)
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