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Background: Interaction with insect midgut receptors is required for Bacillus thuringienesis (Bt) toxicity.

Results: RNAi knockdown of E-cadherin and sodium solute symporter (SSS) genes dramatically decreases Tribolium casta-
neum (Tc) larval susceptibility to Cry3Ba. A SSS fragment enhances Cry3Ba toxicity.

Conclusion: E-cadherin and SSS but not aminopeptidase N are Cry3Ba receptors in Tc.

Significance: For the first time, SSS was demonstrated as a Bt functional receptor.

Understanding how Bacillus thuringiensis (Bt) toxins interact
with proteins in the midgut of susceptible coleopteran insects is
crucial to fully explain the molecular bases of Bt specificity and
insecticidal action. In this work, aminopeptidase N (TcAPN-I),
E-cadherin (TcCadl), and sodium solute symporter (TcSSS)
have been identified by ligand blot as putative Cry3Ba toxin-
binding proteins in Tribolium castaneum (Tc) larvae. RNA
interference knockdown of TcCad1 or TcSSS proteins resulted
in decreased susceptibility to Cry3Ba toxin, demonstrating the
Cry toxin receptor functionality for these proteins. In contrast,
TcAPN-Isilencing had no effect on Cry3Ba larval toxicity, sug-
gesting that this protein is not relevant in the Cry3Ba toxin
mode of action in Tc. Remarkable features of TcSSS protein
were the presence of cadherin repeats in its amino acid sequence
and that a TcSSS peptide fragment containing a sequence
homologous to a binding epitope found in Manduca sexta and
Tenebrio molitor Bt cadherin functional receptors enhanced
Cry3Ba toxicity. This is the first time that the involvement of a
sodium solute symporter protein as a Bt functional receptor has
been demonstrated. The role of this novel receptor in Bt toxicity
against coleopteran insects together with the lack of receptor
functionality of aminopeptidase N proteins might account for
some of the differences in toxin specificity between Lepidoptera
and Coleoptera insect orders.

The development of improved bioinsecticides based on tox-
in-producing Bacillus thuringiensis (Bt)® bacteria requires new
toxins with increased activity and wider insecticidal spectrum,
as well as more effective toxin delivery methods. Identifying
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molecules that confer toxin susceptibility in target insects is
essential to understand how Bt toxins interact with their hosts,
facilitating a more rational design of Bt products. Several mem-
brane components in the insect midgut epithelium capable of
binding Bt toxins have been identified; however, not all appear
to be functionally relevant (1).

In Lepidoptera, it has been demonstrated that interaction of
Cryl toxins with aminopeptidase N (APN) and cadherin
(CAD)-like) midgut proteins (2, 3) is required for toxic action,
and alkaline phosphatase and ABC transporter have also been
proposed as Cry1 receptors (4, 5). In mosquito larvae, homolo-
gous APN, CAD-like, and alkaline phosphatase proteins have
been described as Cryl1 and Cry4 receptor proteins (6), and in
Coleoptera a cadherin-like protein has been demonstrated to
act as a Cry3Aa receptor (7). In coleopteran insects, other mol-
ecules, such as an ADAM-like metalloprotease (8) and alkaline
phosphatase (9), have been proposed as putative Cry receptors.
The best characterized Cry receptors, APN and CAD-like pro-
teins, have been unequivocally involved in a Bt mode of action
by gene silencing, resulting in a reduced sensitivity to toxin (10,
11).

The APN proteins belong to a family of zinc-binding metal-
loprotease/peptidase enzymes inserted into the midgut
microvillar membrane via a C-terminal glycosylphosphatidyli-
nositol anchor that play an essential role in insect digestion
(12). APNs are highly variable in sequence and have been
grouped into five phylogenetic classes based on their amino
acid sequences (13). They have distinct N- and O-glycosylation
patterns, which seem to be determinant for Cry toxin binding
(12).

The CAD-like proteins that function as Cry receptors con-
tain several cadherin repeats but, unlike classical cadherins, are
not primarily located within adherens junctions involved in
cell-cell adhesion but on the apical membrane of midgut
columnar epithelial cells (12). In this type of Cry receptors, the
membrane-proximal cadherin repeats have been reported to be
key interaction sites that mediate toxin susceptibility (14 -16).

In Lepidoptera, a sequential toxin interaction with CAD-like
and APN proteins in the midgut membrane has been proposed,
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resulting in toxin recruitment on the membrane surface and
conformational changes that promote toxin insertion into the
membrane, leading to cell osmotic disequilibrium and eventu-
ally to cell death (17).

Through proteomic approaches, other proteins have been
identified as Cry binding proteins, although their role as Bt
toxin receptors has not been demonstrated yet. Among them
are actin and V-ATP-synthase in Lepidoptera (18 —20) and Dip-
tera (21), heat shock cognate protein in Lepidoptera (20), and
flotillin and prohibitin in Diptera (21). Actin, V-ATP-synthase,
and prohibitin have been also identified as Cry binding partners
in Coleoptera through targeted mass spectrometry protein
analysis.* Whether these molecules act facilitating the toxic
process or contributing to the insect response against Cry tox-
ins remains to be investigated and constitutes an important
issue to reveal the entire picture of the Bt mode of action.

The coleopteran model insect Tribolium castaneum (Tc) is a
major global pest of stored products for human consumption
for which many genetic and genomics tools have been devel-
oped (22), so it constitutes an ideal subject for the identification
of new biopesticide targets based in Bt. In this work, we carried
out receptor binding and ligand blot experiments in Tc larvae
with the coleopteran-specific toxin Cry3Ba, previously shown
to be active against this insect pest (23). Using LC-MS/MS spec-
trometry, among other proteins, we have identified as putative
Cry3Ba toxin receptors an APN (NP_001164285, in this work
denoted as TcAPN-I), an E-cadherin protein (XP_971388,
denoted as TcCadl), and a sodium solute symporter protein
(EFA03129, denoted as TcSSS) containing cadherin repeats.
RNA interference experiments with dsRNA of the correspond-
ing genes demonstrated that TcCad1 and TcSSS proteins were
Cry3Ba toxin functional receptors in T'c, whereas TcAPN-I was
not related to Cry3Ba susceptibility.

EXPERIMENTAL PROCEDURES

Cry3 Toxin Production—BTS1 and BTS00125L Bt Cry3Aa
and Cry3Ba-producing strains were grown in solid sporulation
medium (24) at 30 £ 1 °C until complete autolysis. Lysed bac-
teria were resuspended in 2X PBS (8 mm Na,HPO,, 2 mMm
KH,PO,, 150 mm NaCl), pH 7.4, and washed twice with 0.02%
Triton X-100 in 2X PBS, pH 7.4, and twice with water. Follow-
ing centrifugation at 6000 X g for 10 min at 4 °C, spore-crystal
mixtures were resuspended in water and stored at —20 °C until
use. Crystal inclusions were purified from spores by centrifuga-
tion in discontinuous sucrose gradients as described in Rausell
etal. (25).

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

Tc Brush Border Membrane Vesicle (BBMV) Preparation—Tc
BBMYV were prepared from 10 —14-day-old larvae (after egg lay-
ing) according to the method of Wolfesberger et al. (26), as
modified by Reuveni and Dunn (27). APN enzyme activity was
monitored as described by Hafkenscheid (28) to assess BBMV
preparation quality.

4 M. D. Real and C. Rausell, unpublished results.
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Binding Assays on Tc BBMV—Purified Cry3Ba toxin was
biotinylated using biotinyl-N-hydroxysuccinimide ester
(Amersham Biosciences; protein biotinylation module, GE
Healthcare) according to the manufacturers’ indications.
Cry3Ba biotinylated toxin (1.4 nm) was incubated with 10 ug of
Tc BBMV in PBS buffer, pH 7.4, 0.1% BSA, for 1 h in the pres-
ence or absence of 1000-fold excess unlabeled Cry3Ba or
Cry3Aa toxins. Subsequently, unbound toxin was removed by
centrifugation (10 min at 14,000 X g), and BBMV with bound
toxin were washed twice with the same buffer (100 wl). BBMV
were suspended in 15 ul of PBS and the corresponding volume
of 8 X Laemmli sample loading buffer. Samples were 10% SDS-
PAGE electrophoresed and electrotransferred to a nitrocellu-
lose membrane (Hybond ECL; Amersham Biosciences). The
biotinylated toxins that were bound to the protein vesicles were
visualized by incubating with streptavidin-peroxidase conju-
gate (Amersham Biosciences; 1:4000 dilution) for 1 h, followed
by the addition of Amersham Biosciences ECL Prime Western
blotting reagents (GE Healthcare), as recommended by the
manufacturers.

Ligand Blot Analysis on Tc BBMV—Tc BBMV proteins (15
png) were separated in 10% SDS-PAGE and transferred onto a
nitrocellulose membrane (Hybond ECL; Amersham Biosci-
ences) that was incubated overnight with PBS buffer, pH 7.4, 3%
BSA, 0.1% Tween 20. After washing with PBS buffer, pH 7.4, 2%
Tween 20, the membrane was incubated with 10 ug/ml Cry3Ba
toxin in PBS buffer, pH 7.4. The blot was then washed twice
with PBS buffer, pH 7.4, 2% Tween 20 and incubated with Cry3
rabbit polyclonal antibody (1:10,000) for 1 h. Following two
washes with PBS buffer, pH 7.4, 2% Tween 20, the membrane
was incubated with alkaline-phosphatase conjugated anti-rab-
bit secondary antibody (Sigma, 1:30,000), and the immunore-
active proteins were visualized using the ECL detection system
Immobilon Western (Millipore). The corresponding bands in a
Coomassie-stained gel of Tc BBMV (10% SDS-PAGE) were
excised, trypsinized, and analyzed by LC-MS/MS.

Toxicity Assays—Toxicity assays on Tc larvae were per-
formed using preweighed 10 to 14-day-old larvae (after egg lay-
ing), fed for 7 days on 20-ul flour discs (20% flour, w/v), pre-
pared as described by Xie et al. (29), containing 12.5 pg/ul
Cry3Ba spore-crystal mixture for treatments or water in con-
trol assays. The assays were performed in 96-well polystyrene
plates (Sterilin, Thermofisher) with one flour disc and one larva
per well. Thirty larvae were used in each assay, and at least two
replicates were carried out. Mortality was recorded after 7 days
under laboratory rearing conditions.

For toxicity assays in gene silencing experiments, 4 days after
dsRNA or control buffer injection, larvae were weighed and
exposed to 12.5 ug/ul Cry3Ba spore-toxin mixtures in flour
discs. Flour discs prepared with water were used as controls of
the toxicity assays.

Toxicity assays with a 29-mer peptide containing amino
acids 1110-1138 of TcSSS protein (PepTcSSS peptide, Ac-
KVDAAGSATVELKDTIELITILTPKLTFT-NH,) were carried
out exposing groups of 20 larvae of 0.33—0.50-mg weight per
larva to flour discs containing 8.8 ug/ul Cry3Ba spore-crystal
mixture with or without 10 ug/ul peptide (final concentration).
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TABLE 1

Cry3Ba Toxin Functional Receptors in T. castaneum

Primers used in gRT-PCR to analyze the expression of genes corresponding to TcCad1, TcSSS, TcAPN-I, TcAPN-II, and TcAPN-III proteins and to

generate dsRNA in RNAi experiments

Accession number and name

Sequence

XP_971388
TcCadl RNAi Fw
TcCadl RNAi Rv
TcCadl qRT-PCR Fw
TcCadl qRT-PCR Rv

5'-GAATTGTAATACGACTCACTATAGGGAACTGACCAAATCACCTTCG-3'
5'-GAATTGTAATACGACTCACTATAGGTGTCTCCAACATCTTTATCGGT -3
5'-AACAACCCGAGTGGCGAAT-3’
5'-TCTGCCATTGATGAGTTCTTGGT-3’

EFA03129
TcSSS RNAi Fw
TcSSS RNAi Rv
TcSSS qRT-PCR Fw
TcSSS qRT-PCR Rv

5'-GAATTGTAATACGACTCACTATAGGCTTCCAAACTTACAGTAAAACTAG-3'
5'-GAATTGTAATACGACTCACTATAGGAACACTGATAAGATATTGGTCC-3’
5'-AAACCGCGATTCTGGTAAACC-3'
5'-TGACCGAATTGTGGTATGGTGAT-3'

NP_001164285
TcAPN-I RNAi Fw
TcAPN-I RNAi Rv
TcAPN-I qRT-PCR Fw
TcAPN-I qRT-PCR Rv

5'-GAATTGTAATACGACTCACTATAGGAGTCCACGATGTTTCTAGAGC-3'
5'-GAATTGTAATACGACTCACTATAGGCAGTCAGTATGTTCAACGTCAG-3’
5'-CAAGTGGCGGTCCCAGAT-3'

5'-TCAACAATCCCCAATTTTCCA-3’

EEZ99297
TcAPN-II RNAi Fw
TcAPN-II RNAi Rv
TcAPN-II qRT-PCR Fw
TcAPN-II qRT-PCR Rv

5'-GAATTGTAATACGACTCACTATAGGCGATAACAAGTTTGGTAACACG-3’
5'-GAATTGTAATACGACTCACTATAGGAGATATTTGTTAAGTACGGCTTC-3'
5'-CGCCCTATTCGCCACTGA-3'

5'-CGACTATTTGTGCCCGGTTT-3’

EEZ99296
TcAPN-III RNAi Fw
TcAPN-III RNAi Rv
TcAPN-III qRT-PCR Fw
TcAPN-III qRT-PCR Rv

5'-GAATTGTAATACGACTCACTATAGGCTGAAGTACTACTAGCAGCGG-3'
5'-GAATTGTAATACGACTCACTATAGGCATCGCTTGCTAGAACAGG-3’
5'-CACCTGGTCTGTTCACGAAATG-3'
5'-CCCAACTTTTTCGGCCAAT-3'

EFA04159
TcRPS18 qRT-PCR Fw
TcRPS18 qRT-PCR Rv

5'-TGATGGCAAACGCAAAGTCA-3’
5'-TCGGCCGACACCTTTGA-3'

As a control, larvae were challenged with PepTcSSS peptide
alone.

RNAi—RNA isolation and cDNA synthesis were performed
as described before (23), using 10 —14-day-old larvae (after egg
laying). cDNA was used as template for PCR amplification
using Prime Star polymerase (Takara) and specific primers gen-
erated from TcAPN-I, two other APN proteins (EEZ99297,
denoted as TcAPN-II, and EEZ99296, denoted as TcAPN-III),
TcCadl and TcSSS protein NCBI gene sequences, containing a
T7 polymerase promoter sequence at their 5" end (see Table 1).
The PCR products (1 ng) were used for in vitro transcription to
prepare dsRNA using Ambion MEGAscript T7 kit (Applied
Biosystems, Austin, TX) according to the manufacturer’s pro-
tocol. Purified dsRNA was stored at —20 °C until injected into
Tc larvae.

Larvae were anesthetized for 5 min on ice before ventral
injection of ~0.2 ul of 1 ug/ul dsRNA in injection buffer (1.4
mwm NaCl, 0.07 mm Na,HPO,, 0.03 mm KH,PO,, 4 mm KCI),
using thin wall capillars (World Precision Instruments) in a
microinjection system (Narishige). Control larvae were
injected with injection buffer. Following injection, larvae were
grown under standard rearing conditions.

Quantitative Real Time PCR—TcCadl, TcAPN-I, TcAPN-
II, TcAPN-III, and TcSSS transcript levels were evaluated 8
days after dsRNA injection by quantitative real time PCR. qRT-
PCR amplification was performed on a StepOnePlus Real-Time
PCR system (Applied Biosystems) thermocycler, following the
manufacturer’s recommendations, using Power SYBR Green
PCR Master Mix (Applied Biosystems), 100 ng of cDNA, and
gene-specific forward and reverse primers (Table 1), designed
with Primer Express software (Applied Biosystems). For each
sample, two biological replicates were analyzed using the mean
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values of three technical replicates. Gene expression was nor-
malized using RPS18 (ribosomal protein S18, EFA04159)
expression as an endogenous control (30) (primers included in
Table 1). The data were analyzed by Student’s ¢ test for statisti-
cally significant differences (p < 0.05). To analyze the expres-
sion of TcCadl, TcAPN-I, and TcSSS genes during larval devel-
opment, qRT-PCR amplification was performed as described
above on RNA obtained from larvae of different weight within a
range of 0.32-1.8 mg.

RESULTS

Aminopeptidase N, E-cadherin, and Sodium Solute Sym-
porter Are Putative Cry3Ba Toxin-binding Proteins in Tc—Pu-
rified Cry3Ba toxin was biotin-labeled and homologous, and
heterologous competition binding assays were performed on
BBMV of Tc (Fig. 1A). Binding experiments showed that
Cry3Ba toxin was able to bind to Tc BBMV, and this interaction
was specific because it was competed with 1000-fold excess of
unlabeled Cry3Ba toxin but not with 1000-fold unlabeled
Cry3Aa.

Tc BBMV proteins were blotted onto a nitrocellulose mem-
brane, and binding of proteins to the Cry3Ba toxin was visual-
ized by immunodetection of the bound toxin. The major pro-
tein band recognized by this toxin was ~75 kDa (Fig. 1B). The
corresponding band in a Coomassie-stained gel of Tc BBMV
(10% SDS-PAGE) was not among the most intense bands in the
gel, indicating that the ligand blotting was performed in optimal
conditions so that nonimmunoreactive proteins present in high
concentration did not adsorb the primary antibody nonspecifi-
cally. The 75-kDa band excised from the Coomassie-stained gel
was analyzed by LC-MS/MS, and the NCBInr database (taxo-
nomic restriction to T'c) was searched with peptide mass finger-
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FIGURE 1. Cry3Ba toxin binds TcAPN-I, TcCad1, and TcSSS. A, competition binding assays on Tc BBMV. Biotin-labeled Cry3Ba toxin was incubated with Tc
BBMV in the absence or presence of an excess of unlabeled toxin competitor. After 1 h of incubation, unbound toxins were removed by centrifugation, and
vesicles containing bound toxins were loaded onto a SDS-PAGE and blotted to a nitrocellulose membrane. Labeled proteins were visualized by means of
streptavidin-peroxidase conjugate. B, Cry3Ba toxin ligand blot of Tc BBMV proteins immunodetected with anti-Cry3 antibody is shown on the left. The arrow
points to the band at ~75 kDa that was excised for LC-MS/MS analysis from the corresponding Coomassie-stained gel shown on the right. The most relevant
identifications obtained after searching the NCBInr database (taxonomic restriction to Tc) with peptide mass fingerprinting data using Mascot (MatrixScience)

are shown in the box.

printing data using Mascot (MatrixScience) to establish the
best protein matches (a score value higher than 57 was consid-
ered a significant hit). The most relevant identifications are
shown in Fig. 1B. The highest Mascot score corresponded to a
predicted protein similar to V-ATPase subunit A isoform 2
(XP_976188), which has been reported to bind Cry toxins in
other insects (19-21). Among the identified proteins in the
75-kDa band, we detected aminopeptidase N and E-cadherin
that have been demonstrated to act as Cry toxin receptors (12),
and with a high Mascot score, the reported Cry binding protein
apolipoprotein LI-II precursor (31) and a novel putative Cry
receptor, the sodium solute symporter protein, were also found
(Fig. 1B).

To demonstrate whether these proteins act as functional Bt
receptors in Tc midgut epithelial membrane, we used RNAI to
assess the effect of expression knockdown of the corresponding
genes in Cry3Ba toxin insecticidal activity against Tc larvae.
Because it has been described that V-ATPase silencing com-
promises Tc viability (32), and apolipoprotein has been pro-
posed to be involved in toxin sequestration by a coagulation
reaction inside the gutlumen (31), we focused on gene silencing
of aminopeptidase N NP_001164285 (in this work denoted as
APN-I), E-cadherin XP_971388 (TcCad1l), and the sodium sol-
ute symporter protein EFA03129 (TcSSS).

RNA Interference Knockdown of TcCadl or TcSSS Proteins
Resulted in Decreased Susceptibility to Cry3Ba Toxin—To
choose the appropriate larval size for silencing, we obtained the
transcription profile of the TcAPN-I, TcCadl, and TcSSS pro-
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tein genes in different Tc larval developmental stages using
qRT-PCR (Fig. 2A4), with RPS18 mRNA as an internal control.
TcCadl and TcSSS showed similar expression profile. In con-
trast, TcAPN-I displayed a completely different pattern. The
optimal larval weight range that allowed toxicity assays to be
performed following silencing, so that pupation is not reached
during bioassay time course, was 0.25— 0.80 mg. Because within
that range the abundance of TcCadl and TcSSS transcripts
showed a maximum in larvae of 0.64-mg weight, we selected
this larval stage to examine mRNA levels of the corresponding
transcripts by qRT-PCR, in dsRNA-injected larvae and control
(buffer-injected) larvae (Fig. 24). Because the TcAPN-I expres-
sion profile remained stable during the analyzed larval weight
range, we selected the same larval stage as in TcCad1 and TcSSS
to assess gene knockdown efficiency (Fig. 24). Additionally, we
performed a gene silencing experiment injecting a mixture of
dsRNAs of TcAPN-I and the closely related APN EEZ99297 (in
this work denoted as TcAPN-II) and APN EEZ99296 (in this
work denoted as TcAPN-III) (Fig. 2B). As shown in Fig. 2C,
following dsRNA injection, reductions of 80.5, 76.8, and 84.2%
compared with control buffer-injected larvae were observed in
TcCadl, TcSSS, and TcAPN-I transcript abundance, respec-
tively. In the triple silenced larvae, reductions of 84.7, 37.7, and
90.9% compared with control buffer-injected larvae were
observed in TcAPN-I, TcAPN-II, and TcAPN-III transcripts,
respectively (Fig. 2D). Single or multiple gene silencing did not
cause larval mortality in any of the assayed genes, suggesting
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FIGURE 2. TcAPN-I, TcCad1, and TcSSS mRNA expression is reduced in response to injection of dsRNA. A, RT-PCR analysis of TCAPN-I, TcCad1, and TcSSS
mRNA expression levels in Tc larvae of different weight. RPS18 mRNA abundance was used to normalize gene expression. B, unrooted phylogenetic tree
generated with Mega 5 (46) of 15 Tcaminopeptidases N and aminopeptidases-like amino acid sequences. The neighbor-joining method (47) for reconstructing
the phylogenetic tree was used. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (48) and are in the units of the number of amino acid
substitutions per site. All positions containing gaps and missing data were eliminated. C, gene silencing in Tc larvae in response to injection of TcAPN-I or
TcCad1 or TcSSS dsRNA. The relative amount of Tc gene transcripts estimated by qRT-PCR in buffer-injected control larvae and silenced larvae was compared,
normalized to the expression of RPS18 gene. The statistical significance of the gene expression between the two samples was evaluated using Student’s t test,
and significant knockdown was observed (p < 0.05) for all genes. The error bars represent standard errors of the mean of two biological samples and three
technical replicates each. D, gene silencing in Tc larvae in response to injection of a mixture of TCAPN-I and TcAPN-Il and TcAPN-IIl dsRNA. The relative amount
of each individual Tc gene transcript corresponding to TcAPN-I, TCAPN-II, or TcAPN-III estimated by qRT-PCR in buffer-injected control larvae, and silenced
larvae was compared normalized to the expression of RPS18 gene. The statistical significance of the gene expression between the two samples was evaluated
using Student’s t test, and significant knockdown was observed (p < 0.05) for all genes. The error bars represent the standard error of the mean of two biological

samples and three technical replicates each.

that these genes’ normal expression must not be essential for Tc
larvae viability.

Prior to toxicity assays in silenced larvae, a control assay was
performed to investigate the influence of injection on Cry3Ba
toxicity. Tc larvae of different weight were injected with injec-
tion buffer and 4 days post-injection were fed with flour discs
containing Cry3Ba spore-crystal mixture. Mortality was
recorded after 7 days and compared with that of noninjected
larvae (Fig. 3A). In both cases, increased larval weight corre-
lated with lower Cry3Ba mortality showing similar mortality
profiles, indicating that injection had no effect on the mortality
caused by Cry3Ba toxin.

We next carried out toxicity assays with Cry3Ba toxin on
dsRNA-injected and buffer-injected larvae in a weight range of
0.64-0.79 mg (Fig. 3B). TcCad1 and TcSSS dsRNA treatments
led to statistically significant mortality decrease compared with
buffer-injected larvae (~87.8 and 67.0% mortality decreases,
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respectively) (Student’s ¢ test, p < 0.05), consistent with a role of
both proteins as Cry3Ba toxin functional receptors. In contrast,
TcAPN-I dsRNA and a mixture of TcAPN-I, TcAPN-II, and
TcAPN-III dsRNA did not show significant mortality differ-
ences when compared with buffer-injected larvae (Student’s ¢
test, p > 0.05) (Fig. 3B). The results demonstrated that TcCadl
and TcSSS but not aminopeptidase N proteins are Cry3Ba
receptors in Tc.

Cry3Ba Toxicity Is Enhanced by a TcSSS Peptide Fragment
Containing a Putative Binding Epitope Found in Other Bt Cad-
herin Functional Receptors—PROSITE patterns database was
searched with Motif Scan to identify known motifs in TcSSS
and TcCadl sequences, and the corresponding domain figures
were generated using MyDomains-Image Creator PROSITE
tool (Fig. 44). Similar to the CAD-like functional Bt receptor
in Tenebrio molitor (TmCadl, ABL86001) (7), in the
TcCadlsequence, extracellular, transmembrane, and intracel-
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FIGURE 3. Knockdown of TcCad1 or TcSSS enhances survival of Cry3Ba
toxin challenged T. castaneum larvae. A, mortality percentage following
Cry3Ba spore-crystal treatment on either noninjected or buffer-injected Tc
larvae of different weight. For each experiment, mortality was recorded using
30 Tc larvae. The error bars represent standard error of the mean of at least
two biological replicates. B, mortality percentage following Cry3Ba spore-
crystal treatment on either buffer-injected (control) or dsRNA-injected larvae.
Mortality experiments were performed using 30 Tc larvae. The error bars rep-
resent standard error of the mean of two biological samples and three tech-
nical replicates each. Asterisks indicate that the mortality increase observed
upon Bt treatments in silenced larvae with respect to buffer-injected larvae
was statistically significant using Student’s t test (p < 0.05).

lular domains were found using the TMHMM server. In the
extracellular domain, a signal sequence (using SignalP server)
(33) and 12 extracellular repeat domains were predicted. TcSSS
contains the common topological motif of an arrangement of
11 transmembrane domains present in the sodium solute sym-
porter family (34) and 3 predicted cadherin repeats in the extra-
cellular domain. TcSSS and TcCad1 sequences were scanned to
identify conserved patterns using the PRATT 2.1 tool that
allows discovering patterns of the PROSITE database con-
served in sets of unaligned protein sequences (35). Fig. 4A
shows the Clustal alignment corresponding to the PRATT
identified pattern in TcSSS and TcCad1 sequences. This align-
ment was then used to identify the previously described cad-
herin Bt toxin binding epitopes in Manduca sexta CAD-like
protein (**'*GVLTLNIQ'**3) and in T.molitor TmCadl
(**>*°GDITINFE"'?*®) (7, 36). Sequence alignments of M. sexta
and T. molitor Cry receptor binding regions showed a high
degree of similarity to the TcSSS '"'*GSATVELK"'** sequence
corresponding to the homology region in TcCadl identified
using PRATT (Fig. 4B).
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It has been demonstrated that peptides containing the above
mentioned binding epitopes of M. sexta and T. molitor
enhanced the activity of CrylA and Cry3Aa toxins in different
lepidopteran and coleopteran larvae, respectively (36, 37).
Therefore, consistent with TcSSS being a functional recep-
tor in Tc, it would be expected that a peptide containing the
homologous fragment identified in the TcSSS protein would
also enhance the toxicity of Cry3Ba against Tc larvae. A
29-mer peptide Ac-'""’KVDAAGSATVELKDTIELITILTPK-
LTFT'"%-NH, (PepTcSSS) containing the putative binding
epitope in TcSSS was synthesized and, when used in bioassays,
significantly enhanced Cry3Ba toxicity against Tc larvae, result-
ing in 54.4% mortality in contrast to 28.4% mortality with
Cry3Ba toxin alone (Fig. 4C). As shown in Fig. 4C, PepTcSSS
itself did not cause larval mortality.

DISCUSSION

It is well known that Bt toxins insecticidal activity relies on
the interaction with midgut epithelial membrane components
of the target insect. In the case of Cry3Ba toxin, reported active
against Tc (23), as expected, the toxin specifically bound to Tc
larvae BBMV (Fig. 1A4). By ligand blot analysis, a protein band of
75 kDa was mainly recognized by Cry3Ba toxin and several
putative binding proteins were identified using mass spectrom-
etry (Fig. 1B). The considered genuine Cry receptors APN and
CAD-like proteins were found among them and also other pro-
teins reported as Cry binding proteins, such as V-ATPase (19—
21), with the highest score, and apolipoprotein LI-II precursor
(31) (Fig. 1B). Additionally, a novel Cry binding protein, TcSSS,
was identified with a high score (Fig. 1B).

A substantial amount of evidence suggests that toxin-bind-
ing APNs found in various insect larvae act as Bt receptors (12).
It has been proposed that the main significance of toxin binding
to these proteins might be to concentrate the prepore toxin
structure at the cell membrane surface prior to membrane
insertion (17). However, our RNAI results with TcAPN-Iin Tc
did not support a role for this protein in Cry3Ba toxicity
because no change in mortality was observed in Tc silenced
larvae treated with Cry3Ba toxin relative to nonsilenced larvae
challenged with the toxin. Failure to demonstrate the receptor
function of TcAPN-I made us consider the possibility thatin Tc
larvae lacking TcAPN-I gene expression, other APN proteins
might functionally replace it. We then performed a multiple
gene silencing experiment in which TcAPN-I and the closely
related TcAPN-II and TcAPN-III genes were simultaneously
knockdown. Following Cry3Ba intoxication in Tc triple
silenced larvae, no mortality decrease was observed relative to
control larvae, ruling out the involvement of these APN pro-
teins in Cry3Ba toxin action in Tc. Although not statistically
significant, Cry3Ba intoxicated triple silenced larvae showed a
mortality increase relative to intoxicated control larvae, proba-
bly evidencing the detrimental effect of the multiple silencing.
Because the effectiveness of TcAPN-II silencing (37.7%) was
significantly lower than that of the other two Tc APNs (84.7%
for TcAPN-I and 90.9% for TcAPN-III) (Fig. 2D), it is not pos-
sible to infer whether all three APN proteins equally contrib-
uted to this effect.
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FIGURE 4. TcSSS contains cadherin repeats and a putative binding epitope homologous to other Bt cadherin functional receptors, which enhances
Cry3Ba toxicity in Tc larvae. A, schematic representation of TcCad1 and TcSSS receptors secondary structure obtained with Motif Scan showing the Clustal
alignment corresponding to an identified pattern in TcSSS and TcCad1 sequences using PRATT 2.1 (33). The extracellular (E), transmembrane (7), and intracel-
lular (/) domains and numbered cadherin repeat regions (CR1-CR12) are illustrated. B, clustal alignment of the previously described cadherin Bt toxin binding
epitopesin M. sexta MsBtR1 ("*'°GVLTLNIQ'*?3) and in T. molitor TmCad1 (**°GDITINFE'3¢¢) (7, 36) and residues 1103-1150 of the TcSSS sequence correspond-
ing to the homology region in TcCad1 identified using PRATT. In this TcSSS fragment, a putative binding epitope (' "> GSATVELK''?2) was found. C, enhance-
ment of Cry3Ba toxicity to Tc larvae by a 29-mer peptide (PepTcSSS) spanning amino acids 1110-1138, containing the identified putative binding epitope in
TcSSS protein.

Functional studies have turned midgut CAD-like proteins mately to LC,,). Interestingly, the TcCadl and TcSSS proteins
into one of the most likely Cry toxin receptor molecules in that act as functional Cry3Ba receptors in Tc larvae exhibited
lepidopteran, dipteran, and coleopteran larvae (7,12, 38). Ithas  the same gene expression profile during larval development
been proposed that they play the role of the first receptor of Cry  (Fig. 24) and have cadherin repeats (Fig. 4A), supporting that
toxins, binding toxin monomer and facilitating further process- CAD-like proteins are relevant to Cry3Ba toxicity in Tc. Con-
ing required for the prepore oligomer formation (17). In the sistent with the role of TcSSS as a CAD-like Cry receptor,
beetle T.molitor, lower expression of the CAD-like gene Cry3Ba toxicity was enhanced by a TcSSS peptide fragment
TmCadl in larvae directly correlated with survival on Cry3Aa- containing a putative binding epitope found in other Bt cad-
treated diet, demonstrating the functional role of this proteinas  herin functional receptors, such as in M. sexta and T. molitor
Cry3Aa receptor (7). In this report we have demonstrated that CAD-like proteins.
the TmCadl ortholog CAD-like protein TcCadl, identified as a These features, while suggesting a parallel role of TcCadl
Cry3Ba binding protein in Tc larvae, also acts as a functional and TcSSS mode of action, are in contrast with the Cry3Ba
Cry3Ba receptor in this insect. Tc silenced larvae intoxicated mortality data obtained in silenced larvae. If both proteins were
with a Cry3Ba spore-crystal mixture concentration that corre-  fully redundant in their participation in Cry3Ba toxic action,
sponds approximately to LC,, in nonsilenced larvae showed a  the dramatic decrease in mortality observed after toxin chal-
dramatic decrease in susceptibility because 95 = 1% larvae sur-  lenge in larvae in which each of the corresponding genes were
vived. This result adds to those of others highlighting the criti- independently knocked down would not be expected (Fig. 3B).
cal role of CAD-like receptors in Bt mode of action. The results are more in accordance with a complementary

In this work, we have demonstrated that the novel Cry3Ba function of both receptor molecules in a stepwise mechanism of
binding protein TcSSS also functions as a toxin receptor in Tc  action.
larvae. As in the case of TcCadl, reduction of TcSSS expression SSSs are Na'-dependent transport proteins responsible for
by RNA interference resulted in increased larval survival on a  the absorption of nutrients, vitamins, osmolytes, and ions
Cry3Ba spore-crystal-treated diet (86 * 4% Tc larvae survived across the plasma membrane of pro- and eukaryotic cells (34).
when treated with a concentration that corresponds approxi-  SSS proteins constitute a family belonging to the amino acid-
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FIGURE 5. Schematic structure of the T. castaneum TcSSS transporter.
Using TMHMM version 2.0, 11 transmembrane domains were predicted
based on the amino acid sequence of T. castaneum EFA03129. In the sche-
matic diagram, cadherin repeat regions (CR) and localization of the TcSSS
fragment (asterisk) containing the region homologous to cadherin binding
epitopes in M. sexta MsBtR1 and T. molitor TmCad1 (7, 36) are also illustrated.

polyamine-organocation superfamily Transporter Classifica-
tion Database (TCDB) (39), which is composed of 11 families
(40). Members of the SSS family generally share a core topology
characterized by two inverted structural repeats of five trans-
membrane a-helices each containing the binding site for sub-
strate and ion, and a periplasmic N terminus and a cytoplasmic
C terminus.

Very recently, the functionality for ATP-binding cassette
transporter subfamily C member 2 (ABCC2) as Cryl toxin
receptor has been reported in Bombyx morilarvae (5), in accord
with the role of this protein in the mechanism of Cryl toxin
resistance (41, 42). Remarkably, B. mori ABCC2 protein (42)
structurally resembles TcSSS protein in that both are multi-
membrane-spanning transporters (Fig. 5).

There are two main classes of active transmembrane trans-
port systems: primary active transporters, such as ABC pro-
teins, which rely on ATP hydrolysis to actively pump their sub-
strates across membranes; and secondary active transporters,
such as SSS, in which transport is driven by proton or sodium
transmembrane gradients (43). The common element of pri-
mary and secondary transporters is that transporter-mediated
movement of solutes across membranes involves the alternat-
ing access mechanism proposed by Jardetzky (44), in which
transport occurs by binding of substrate to the “open-to-in”
state followed by isomerization of the transporter to the “open-
to-out” state, allowing the release of the substrate to the cyto-
plasm. In relation to Bt mode of action, it has been proposed
that toxin oligomer insertion might be coupled to the transport
cycle of the ABCC2 protein (45).

The biological role of the TcSSS protein is not known, but
results of the RNAi experiments together with its functional
similarity to ABCC2 transporter, suggest that this novel Cry3Ba
binding protein could also be implicated in Cry3Ba toxin inser-
tion. Alternatively, because of the essential role of ion gradients
in active transport in almost any cell type, natural products and
toxins that collapse the ion gradients across cellular mem-
branes are poisons, and therefore the interaction of Cry3Ba
toxin with the TcSSS protein might result in enhanced activity
caused by transporter-related toxicity. That could also be the
case of the V-ATPase subunit A isoform 2, identified in this
work as a putative Cry3Ba binding protein (Fig. 1B), that cou-
ples the energy of ATP hydrolysis to proton transport across
intracellular and plasma membranes of eukaryotic cells.
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Our data suggest a complex mechanism underlying the tox-
icity process of Cry3Ba toxin in Tc; therefore, more research is
needed to understand its mode of action. In contrast with the Bt
mode of action described for lepidopteran insects, in which
APN plays a relevant role in toxicity, in coleopteran insects
APN protein has never been involved in Bt mode of action, and
our results support the possibility that these proteins might not
act as a Cry functional receptor in this insect order. On the
other hand, TcCadl and TcSSS, and probably other midgut
proteins identified in this work, are determinant in coleopter-
an-specific Cry toxicity. The model coleopteran insect Tc rep-
resents an ideal experimental subject to obtain a complete pic-
ture of the complexity of Bt interactions and the molecular
bases of insect toxin specificity.
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