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Abstract

Cadherin plays an important role in the toxicity of Bacillus thuringiensis Cry proteins. We 

previously cloned a full-length cadherin from Aedes aegypti larvae and reported this protein binds 

Cry11Aa toxin from B. thuringiensis subsp. israelensis with high affinity, ≈ 16.7 nM. Based on 

these results, we investigated if Aedes cadherin is involved in the in vivo toxicity of Cry11Aa toxin 

to Ae. aegypti. We established a mosquito cell line stably expressing the full-length Aedes 

cadherin and transgenic mosquitoes with silenced Aedes cadherin expression. Cells expressing the 

Aedes cadherin showed increased sensitivity to Cry11Aa toxin. Cry11Aa toxin at 400 nM killed 

approximately 37% of the cells in 3 h. Otherwise, transgenic mosquitoes with silenced Aedes 

cadherin expression showed increased tolerance to Cry11Aa toxin. Furthermore, cells expressing 

Aedes cadherin triggered Cry11Aa oligomerization. These results show the Aedes cadherin plays a 

pivotal role in Cry11Aa toxicity to Ae. aegypti larvae by mediating Cry11Aa oligomerization. 

However, since high toxicity was not obtained in cadherin-expressing cells, an additional receptor 

may be needed for manifestation of full toxicity. Moreover, cells expressing Aedes cadherin were 

sensitive to Cry4Aa and Cry11Ba but not Cry4Ba. However transgenic mosquitoes with silenced 

Aedes cadherin expression showed no tolerance to Cry4Aa, Cry4Ba, and Cry11Ba toxins. These 

results suggest that while Aedes cadherin may mediate Cry4Aa and Cry11Ba toxicity, this 

cadherin but is not the main receptor of Cry4Aa, Cry4Ba and Cry11Ba toxin in Ae. aegypti.
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1. Introduction

Unlike other members of the Bacillus cereus group, B. thuringiensis is pathogenic to insects 

by producing insecticidal proteins, which consists of one or more proteins, called Cry or Cyt 

toxins [21]. As these proteins are highly selective to the target insect, and harmless to 

humans and vertebrates, this species has been used for the control of insect pests in 

agriculture and public health [14].

One subsp., B. thuringiensis subsp. israelensis (Bti), has been used for the control of insect 

vectors of human diseases, including Simulium damnosum, a vector of onchocerciases, and 

Aedes and Culex mosquito species, that can be vectors for dengue fever, chikungunya and 

yellow fever, and filariasis and West Nile fever, respectively [33]. These control programs 

are possible because Bti, while having high insecticidal activity, has low toxicity to non-

target organisms. Consequently, it is an important alternative and environmental-friendly 

method for control of mosquito and black fly populations.

While Bti has high activity, its mechanism of action is still poorly understood. The 

bacterium has a megaplasmid, pBtoxis, which encodes a number of toxins (Cry4Aa, 

Cry4Ba, Cry10Aa, Cry11Aa, Cyt1Aa, Cyt1Ca and Cyt2Ba) [4]. Among them, Cry11Aa is 

one of the more active toxins towards Ae. aegypti [11]. Fernandez et al. [19] reported 

domain II of Cry11Aa is important in receptor recognition and binding. Domain II contains 

four putative loop regions, α-8, 1, 2 and 3. Using competitive binding assays, peptide-

displaying phages and mutagenesis, it was revealed that loop α-8 in Cry11Aa was involved 

in toxicity and receptor binding.

Many putative Cry toxin receptors have been identified in mosquitoes [31]. An 

aminopeptidase N (APN) from Anopheles quadrimaculatus bound Cry11Ba, and a cadherin 

receptor from An. gambiae was identified and bound Cry4Ba [1, 26, 39]. In Ae. aegypti, 

Cry11Aa bound four proteins (200, 100, 65 and 62 kDa) in brush border membrane vesicles 

(BBMV) isolated from Ae. aegypti midgut epithelia [18]. Among them, the 65 kDa protein 

was identified as a glycosylphosphatidyl-inositol (GPI)-anchored alkaline phosphatase 

(ALP) and was a functional receptor of Cry11Aa toxin in Ae. aegypti midgut cells. The 100 

kDa protein was identified as an APN and two of these have been characterized [9, 10]. In a 

previous study, we showed that the Aedes cadherin (AAEL007478 and AAEL007488), 

which is homologous to the lepidopteran Bt-R1 and mediates Cry1A toxicity in Lepidoptera, 

bound Cry11Aa with high affinity [8]. This finding suggests that the cadherin is associated 

with the insecticidal activity of the Cry11Aa toxin.

Based on these results, we investigated further whether Aedes cadherin mediates Cry11Aa 

toxicity in vivo. We established a cell line expressing Aedes cadherin and a transgenic 

mosquito line that silences Aedes cadherin. We determined the ability of the Cry11Aa 

protein to cause cytotoxicity with cells expressing Aedes cadherin, and showed that the 

transgenic mosquitoes showed increased tolerance to Cry11Aa toxicity.
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2. Materials and Methods

2.1 Cell culture

C6/36 (Aedes albopictus) cells were grown and maintained in L15 medium (Gibco, Grand 

Island, NY) supplemented with 10% FBS (Gibco), 1% L-glutamine (Gibco) and 1% 

penicillin-streptomycin (Gibco) at 27°C. The cells were grown as a monolayer in T-25 

culture flasks (BD Falcon, Franklin Lakes, NJ), 6-well tissue culture plates, or 96-well tissue 

culture plates (Corning, Tewksbury, MA).

2.2 Construction of cadherin in pACTIN.SV

The pACTIN.SV and pIE1.SV vectors used, including enhanced GFP gene ORF (EGFP) 

(Fig. 1B), were obtained from Drs. Huynh and Zieler (National Institutes of Health, 

Bethesda, MD) [27].

A full-length Aedes cadherin cDNA (AaeCad) cloned into pCR2.1 vector was previously 

reported [8]. To remove the 5′ and 3′ UTRs, partial AaeCad fragments (5EM and 3EM) 

were prepared with a set of primers (Supplementary Table S1). The 5′ end modified 

fragment (5EM) was amplified using a sense primer (5EM-S), which contained the 

restriction enzyme sites NotI and StuI, a Kozak sequence (CCACC) and a start codon, and 

an antisense primer (5EM-A) with a restriction enzyme site, Bstz17I. The 3′ end modified 

fragment (3EM) was amplified using a sense primer (3EM-S), containing a BlpI restriction 

enzyme site and an antisense primer (3EMA), which had a HA-tag 

(TACCCATACGACGTCCCAGACTACGCT), a stop codon, and the restriction sites NheI, 

PmeI and SacI. All PCR products were cloned into the pCR2.1 vector (Invitrogen, Grand 

Island, NY) and fully sequenced (Institute for Integrative Genome Biology, University of 

California, Riverside, CA). To construct the modified AaeCad, the 5EM and AaeCad were 

each digested with NotI and Bstz17I (New England Biolabs, Ipswich, MA), the fragments 

then gel-purified and ligated. Next, this construct and the 3EM were digested with BlpI and 

SacI, gel-purified, and ligated. To construct an expression vector, the modified AaeCad in 

pCR2.1 vector and pACTIN.SV vector were separately digested with XbaI and SacI, gel-

purified and ligated (Fig. 1A).

The blasticidin-resistance gene (bla) from pCoBlast vector (Invitrogen) was amplified using 

a sense primer (BLA-S), with a restriction enzyme site (BglII), a Kozak sequence, and a 

start codon, and an antisense primer (BLA-A), which had a stop codon and a restriction 

enzyme site (PmlI). To construct an antibiotic selection vector to be used for co-expression, 

the Bla gene and pIE1.SV were separately digested with BglII and PmlI, gel-purified, and 

then ligated (Fig. 1C).

2.3 Cell transfection

To construct a stable cell line expressing Aedes cadherin, pACTIN.SV containing the cloned 

AaeCad (5 μg) together with pIE1.SV containing a blasticidin-resistance gene (1 μg) for 

selection, were co-transfected into C6/36 cells using the FuGENE6 transfection reagent 

(Roche Applied Science, Madison, WI) following the manufacturer’s protocol. Another 

stable C6/36 cell line expressing GFP was made using pACTIN.SV containing an EGFP 
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gene ORF (5 μg) together with pIE1.SV containing a blasticidin-resistance gene (1 μg), 

using identical conditions. In brief, 1.5 × 105 C6/36 cells/well in a 6-well plate were 

incubated overnight at 27°C. To these cells the plasmid transfection mixtures in FuGENE 6 

transfection reagent were added and the cells incubated for an additional 3 days at 27°C. 

Media was removed and replaced with fresh medium containing blasticidin (15 μg), and a 

week later, the media was replaced with media with additional blasticidin (7.5 μg). The 

selecting media was replaced every 3-4 days until cell colonies were observed. Colonies 

were picked, diluted, and transferred to 96-well plates in order to obtain a single cell in each 

well. These single cells were grown and maintained in the fresh medium containing 

blasticidin (7.5 μg) at 27°C. Homogeneous cell lines were analyzed by western blotting to 

find a cell line highly expressing AaeCad.

2.4 Western blotting with cells

Cells expressing AaeCad or EGFP were harvested, washed with phosphate buffered saline 

(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH7.4) twice and 

resuspended in SDS-PAGE sample buffer. The collected cells were boiled for 10 min and 

centrifuged at 10,000×g for 10 min to remove insoluble material. The supernatants were 

loaded in SDS polyacrylamide gel (10%), and then electrotransferred to nitrocellulose 

membrane. The membrane was blocked with blocking solution (PBS, 5% skim milk and 

0.1% Tween-20) for 1 h at room temperature, and washed with PBST (PBS and 0.1% 

Tween-20). The blocked membrane was incubated with an anti-HA antibody (a rabbit 

polyclonal IgG, Santa Cruz Biotechnology, Dallas, TX) or an anti-cadherin fragment 

antibody detecting AaeCad CR7-11 [8] (1:3,000) overnight at 4°C. The membrane was 

washed with PBST, and then subsequently incubated with anti-rabbit horseradish peroxidase 

(HRP, 1:5,000) secondary antibody (Sigma, St. Louis, MO) for 90 min at room temperature. 

After washing with PBST, the HRP activity was revealed with a luminal substrate (Thermo 

Scientific, Lafayette, CO) and exposed to an X-ray film in a darkroom.

2.5 Immunolocalization of AaeCad

C6/36 cells (1 × 105 cells) were plated in a slide chamber (Fisher, Hampton, NH) and 

incubated overnight at 27°C, then washed three times with PBS, and then fixed in 4% 

paraformaldehyde in PBS for 1 h at room temperature. The fixed cells were treated with a 

blocking solution (PBS, 2% BSA) for 1 h at room temperature. The cells were then 

incubated with anti-cadherin fragment antibody (1:200 dilution) in PBS containing 1% BSA 

for 1 h at room temperature, washed three times with washing buffer (PBS, 0.1% BSA, and 

2% goat serum), and incubated with Cy3-conjugated goat anti-rabbit IgG (1:1000, Jackson 

Immuno Research, West Grove, PA) in PBS containing 0.1% BSA and 2% goat serum for 1 

h at room temperature in dark condition. The fluorescence was observed using Zeiss 510 

confocal microscope (Institute for Integrative Genome Biology).

2.6 Purification of Cry toxins

For crude Cry toxin production, B. thuringiensis strains producing Cry4Aa, Cry4Ba, 

Cry11Aa, or Cry11Ba [7, 15], were grown in nutrient broth sporulation medium containing 

erythromycin (25 μg/ml) at 30°C for 4-5 days for cell autolysis to occur [30]. Spores and 
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crystal inclusions were harvested 10,000xg for 10 min at 4°C, washed twice with sterilized 

water, and stored in water at −80°C until used.

For purified Cry toxins, the inclusion bodies for Cry toxins were isolated as previous 

reported [13]. The purified inclusions were washed, solubilized in 50 mM Na2CO3 pH 10.5 

buffer, and then activated by trypsin (1:20 w/w) at 37°C. Solubilized Cry toxins were 

quantified using the BCA assay (Pierce, Rockford, IL). Activated Cry toxins were filtered 

using 0.2 μm syringe filter and stored at −80°C until needed.

2.7 Cytotoxicity test with Cry toxins

The toxicity of Cry toxins to C6/36 cells expressing AaeCad or EGFP was analyzed by 

using a MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) cytotoxicity 

assay [12]. In brief, 6 × 104 cells were plated in each well of a 96-well cell culture dish and 

incubated overnight at 27°C. The plate was centrifuged at 1,000xg for 5 min. The medium 

was removed and replaced with the fresh medium containing the activated Cry toxins (final 

concentration 50 – 400 nM) and the cells were incubated for 3 h at 27°C. After 

centrifugation at 1,000xg for 5 min, the medium was removed and replaced with a mixture 

of 200 μl fresh medium and 20 μl MTT solution (5 mg/ml MTT in PBS), and the cells were 

incubated for 2 h at 27°C. The plate was centrifuged at 1,000xg for 5 min and the medium 

was removed. Isopropanol-HCl-SDS solution (120 μl) was added to each well and the 

absorbance was read at 570 nm with a microplate reader (Molecular Devices, Sunnyvale, 

CA).

2.8 Cry11Aa toxin oligomerization

The oligomerization of Cry11Aa was performed by incubation with cells expressing AaeCad 

or EGFP [34, 35]. The activated Cry11Aa toxin (final concentration 400 nM) or the mixture 

of Cry11Aa protoxin (final concentration 1,400 nM) and midgut juice from Ae. aegypti 

larvae were incubated with 1 × 106 cells in 100 μl L15 medium for 1 h at 37°C. The mixture 

of Cry11Aa and cells was harvested at 500xg for 10 min and washed with PBS twice. The 

pellets were resuspended in SDS-PAGE sample buffer, boiled for 10 min, and centrifuged at 

10,000xg for 10 min. The supernatants were loaded in SDS polyacrylamide gel (10%) and 

immunoblotted with anti-Cry11Aa antibody as noted above.

2.9 Construction of transformation vector and transgenic mosquitoes

The pBAC[3xP3-EGFP afm] transformation vector containing 3xP3 (eye-specific 

promoter), TATA box, and enhanced GFP [24] and the phsp-pBac helper plasmid [23] were 

obtained from Drs. Alexander Raikhel and Vladimir Kokoza, Department of Entomology, 

University of California, Riverside, CA. The hairpin dsRNA construct of AaeCad was made 

by using an Aedes heat shock promoter (689 bp), a cadherin (700 bp, AAEL007478) 

cadherin invert repeat having an APN intron (140 bp, AAEL008155), and SV40 (250 bp), 

and cloned into pBAC[3xP3-EGFP afm] transformation vector in GenScript company, 

Piscataway, NJ (Fig. 6).

The mixture of pBAC[3xP3-EGFP afm, AaeCad dsRNA] and phsp-pBac helper plasmid 

were injected into Ae. aegypti embryos (Insect Transformation Facility, University of 
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Maryland, Rockville, MD). G0 eggs were hatched and reared with a mixture of dog food 

and yeast (3:1) in deoxygenated tap water at 29°C, 8:12 h light:dark, and 50% humidity. 

Adult G0 were backcrossed with wild-type females or males and G1 progeny were screened 

for green fluorescent eye using fluorescence microscopy (Nikon SMZ1500). Homozygous 

larvae were obtained by subsequently mating individual male and female showing green-

fluorescent eyes until all progeny larvae contained green-fluorescent eyes. To express the 

hairpin dsRNA of AaeCad regulated by the Aedes heat shock promoter in larvae, 2nd instar 

wild-type and transgenic larvae were incubated for 1 h at 37°C.

Bioassays were performed with crude Cry4Aa, Cry4Ba, Cry11Aa, and Cry11Ba. In brief, 20 

early fourth-instar larvae were transferred to plastic cups containing 200 ml tap water and 

then fed Cry toxins at different concentration for 24 h. Bioassays were performed twice and 

the dose-response values were analyzed by probit (EPA) or Origin program (Origin Lab, 

Northampton, MA).

2.10 Quantitative Real-time PCR (qPCR)

Total RNA was extracted from wild-type or transgenic larvae using TRIzol. cDNA was 

synthesized from total RNA of each sample with SuperScript III (Invitrogen), diluted, and 5-

μl aliquots were used as template for qPCR. Respective primers specific to AaeCad 

(AaeCad-S and AaeCad-A, AAEL007478) and Actin (Actin-S and Actin-A, AAEL011197) 

or 40S ribosomal protein S7 (S7-S and S7-A, AAEL009496) as reference genes for 

quantification were designed to have similar properties in terms of nucleotide length and 

%GC content (Supplementary Table S1). Our microarray data showed the actin expression 

(AAEL011197) and 40S ribosomal protein S7 (AAEL009496) were not changed (−0.05, 

−0.06. or −0.07 / 0.17, −0.08, or 0.09 fold) in Cry11Aa-treated larvae midgut at LC10, LC50, 

LC90 compared to untreated larvae midgut. PCR conditions, including the template cDNA, 

primer concentrations and annealing temperatures, were adjusted for amplification 

efficiencies (Efficiency 90 – 110%) for all genes. Optimized PCR master mix (20 μl) 

contained the following components: 10 μl iQ SYBR Green supermix (Bio-Rad, Irvine, 

CA), 5 μl cDNA, 2 μl 10 μM of each primer, and 1 μl water. The qPCR was performed using 

CFX Real-time PCR (Bio-Rad). Optimized thermal program consisted of: one cycle of 

95°C/1 min and 40 cycles of 95°C/1 min, 62°C/1 min, and 72°C/1 min, followed by a final 

extension of one cycle 72°C /5 min. Following qPCR, the homogeneity of the PCR product 

was confirmed by melting curve analysis. To check for gDNA contamination in RNA 

preparation, the melting curve of 40S ribosomal protein S7 using primers that spanned a 

114-bp intron was analyzed on every run. Quantification of the transcript levels or relative 

copy number of the genes was conducted according to the Pfaffl method [37]. Quantitative 

PCR was performed three times using independently prepared whole body cDNA.

3. Results

3.1 AaeCad are stably expressed in cells

A stable cell line expressing the Aedes cadherin under control of the actin promoter was 

obtained using a co-expressed selection vector. Analysis of these cells by western using anti-

HA antibody and anti-cadherin fragment antibodies showed the presence of a band around 
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200 kDa in AaeCad-transfected cells. This size band was not detected in control cells 

expressing only EGFP (Fig. 2). Since the cadherin protein in the midgut of Aedes is also of 

this size [8] the full length cadherin is expressed in these cells (Fig. 2C).

To determine the sub-cellular location of AaeCad the cells were analyzed using an anti-

cadherin fragment antibody and a secondary antibody conjugated with Cy3. Cells expressing 

AaeCad and control cells expressing EGFP were stained without permeabilization to detect 

AaeCad localized in the plasma membrane. Control cells did not show any specific 

immunofluorescence staining (Fig. 3A). However, red immunofluorescence was observed in 

the plasma membrane of AaeCad expressing cells (Fig. 3B).

3.2 Cells expressing AaeCad are more sensitive to Cry11Aa, Cry4Aa, and Cry11Ba toxins

Since Aedes cadherin binds the Cry11Aa and Cry11Ba toxins and hence should mediate Cry 

toxicity [8, 32], the toxicity of Cry proteins to AaeCad expressing cells was analyzed at final 

concentrations of 50 - 400 nM. Control cells expressing the EGFP protein were insensitive 

to all Cry toxins tested even at concentrations of up to 400 nM. However, cells expressing 

AaeCad showed significant sensitivity to the Cry11Aa toxin from 200 nM (29% death). 

Cry11Aa toxin at 400 nM killed approximately 37% of the cells in 3 h (Fig. 4). Moreover, 

these cadherin-expressing cells showed significant sensitivity to Cry4Aa (37.2% death) and 

Cry11Ba (25.7%) toxins, but were insensitive to Cry4Ba toxin (Table 1).

3.3 Cells expressing AaeCad trigger Cry11Aa oligomerization

It has been previously demonstrated that the toxicity of Cry toxins depends on the ability of 

these toxins to oligomerize in the presence of its receptor [22, 28]. Therefore, to determine 

whether the full-length AaeCad expressed in the C6/36 cells triggers Cry11Aa 

oligomerization within a cellular context, trypsin activated Cry11Aa toxin at concentrations 

that causes cytotoxicity was analyzed. Alternatively, a higher concentration of the Cry11Aa 

protoxin activated with Aedes midgut juice was used as reported [36]. Both of these toxins 

were incubated with control cells or cells expressing AaeCad. In Cry11Aa incubations with 

cells expressing AaeCad, 140 kDa (intermediate) and 200 kDa (oligomer) bands from both 

activated toxin and protoxin were detected (Fig. 5, lane 2 and 4). However, only the 

Cry11Aa protoxin activated with midgut juice showed a 36 kDa (monomer) band (Fig. 5, 

lane 3 and 4) in both control and AaeCad expressing cells. Potentially this could be detected 

in lanes 3 and 4 because of the higher toxin concentrations used. Nevertheless, these data 

demonstrates that Cry11Aa oligomers are formed in the membranes of viable Aedes cells by 

both the trypsin activated Cry11Aa and midgut juice activated Cry11Aa protoxin.

3.4 Transgenic mosquitoes with silenced AaeCad are tolerant to Cry11Aa toxin

As noted above the Aedes cadherin has been previously shown to bind mosquitocidal Cry 

toxins [8] and our data above shows that Aedes cells expressing cadherin increased 

susceptibility to these toxins. To analyze whether the cadherin gene plays a role in the in 

vivo toxicity of the Cry toxins, we silenced AaeCad expression in Aedes larvae. A hairpin 

dsRNA construct of the AaeCad was produced under control of the Aedes heat shock 

promoter and transgenic mosquitoes expressing this construct were obtained using pBAC 

transformation (Fig. 6, S1).
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To silence AaeCad expression, wild-type and transgenic larvae were heat-shocked at 2nd 

instar for 1 h at 37°C. After this heat shock, the larvae were allowed to develop to the 4th 

instar. The transcript levels of AaeCad in whole larvae and in the midgut were significantly 

reduced in transgenic larvae compared to wild-type larvae (Table 2). Transgenic larvae with 

silenced AaeCad showed increased tolerance to Cry11Aa toxicity (Fig. 7C). However, 

silencing AaeCad did not show any difference in toxicity to Cry4Aa, Cry4Ba, and Cry11Ba 

(Fig. 7A, 7B, 7D).

4. Discussion

In Lepidoptera, binding of Cry1 toxins to cadherin causes a mild denaturation of Cry toxin 

and proteolytic cleavage of helix α-1 which results in a toxin conformational change [22, 

28]. This conformational change is thought to cause the formation of oligomers that bind to 

a secondary receptor, which can be APN or ALP anchored to the membrane by a GPI anchor 

[6, 17]. Similarly, in Aedes mosquitoes, either Cry11Aa protoxin in the presence of BBMV 

or proteolytically activated Cry11Aa toxin incubated with AaeCad receptor fragment 

(CR7-11) alone can trigger toxin oligomerization [36, 38]. Here we also showed that C6/36 

cells expressing full-length AaeCad can cause Cry11Aa oligomerization by the use of 

trypsin-activated Cry11Aa toxin directly or Cry11Aa protoxin in the presence of midgut 

juice (Fig. 5). There are some differences in the oligomeric forms obtained with these two 

toxins. Further, oligomerization of the Cry11Aa toxin is observed in cells at toxin 

concentration levels at which cytotoxicity is observed. Also, it is reported that the partial 

Tenebrio molitor cadherin (TmCad1) can promote the coleopteran-specific Cry3A toxin 

oligomerization [16]. Therefore, various cadherin receptors from three major insect pest 

orders have a conserved function leading to toxin oligomerization, which has been 

demonstrated as an important step for Cry toxicity.

In this study, AaeCad expressed in cells can not only trigger Cry11Aa oligomerization 

mentioned afore, but also the cells expressing AaeCad are susceptible to Cry11Aa, Cry4Aa, 

and Cry11Ba toxin (Fig. 4 and Table 1). Cry11Aa, Cry4Aa, and Cry11Ba toxins at 400 nM 

can cause about 37%, 37.2% and 25.7% cytotoxicity and Cry4Ba shows no cytotoxicity at 

the same dose. Our previous toxin binding competition assays showed Cry11Ba readily 

competes with Cry11Aa binding to AaeCad, while Cry4Aa slightly competes, and Cry4Ba 

does not compete [8]. In this study, Cry11Aa and Cry11Ba also showed significant 

cytotoxicity and Cry4Ba caused no cytotoxicity. However, Cry4Aa cytotoxicity is higher 

than expected since its binding with AaeCad is much weaker than Cry11Aa and Cry11Ba 

[8]. We continue to investigate this difference between the toxin binding assay and 

cytotoxicity for Cry4Aa.

In a similar approach, Heliothis cadherin transiently expressed in Drosophila S2 cells 

showed low cytotoxicity, maximum 20% and 5% cytotoxicity were caused by Cry1Ac and 

Cry1Ab, respectively at 330 nM [29]. However, only 180 nM Cry1Ab toxin is required to 

kill most of Trichoplusia High Five cells stably expressing Manduca cadherin [40, 41]. 

Notably, High Five cells apparently have a much higher level of cadherin expression 

compared with the AaeCad in C6/36 cells, and with Heliothis cadherin in S2 cells. Thus, it is 

very likely that the different cadherin expression levels could contribute to the different 
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sensitivities of cell lines to the corresponding toxins. On the other hand, it appears that 

Cry11Aa and Cry1A toxins shared the same mechanism of action because Cry11Aa can also 

bind to the same kinds of protein receptors as Cry1A toxin, for example, cadherin, APN and 

ALP. According to sequential binding model [5], in addition to cadherin, the secondary 

receptors are essential for the full toxicity in vivo. Thus it is understandable that C6/36 cells 

expressing only AaeCad show only limited sensitivity to mosquitocidal toxins. To obtain 

more sensitive cell lines, secondary receptors may have to be introduced into these cells 

expressing AaeCad.

Although AaeCad RNAi-mediated silencing had been done in Aedes mosquitoes by dsRNA 

feeding [38], a transgenic Aedes mosquito line with silenced AaeCad was established in 

order to obtain more homogeneous animals that can be used to screen a number of other 

toxins. Importantly, these transgenic mosquitoes revealed a higher tolerance to Cry11Aa 

(about 13 fold) at LC50 value than Aedes larvae fed AaeCad dsRNA, where only a 50% 

reduction in Cry11Aa toxicity was obtained compared to wild-type mosquitoes [38].

Our bioassay data suggests AaeCad is involved in the toxicity of Cry11Aa but not in the 

toxicity of Cry4Aa, Cry4Ba, and Cry11Ba (Fig. 7). These bioassay data for Cry11Aa and 

Cry4Ba are consistent with toxin binding competition assay performed by Chen et al, 2009 

[8] and cytotoxicity data from C6/36 cells expressing AaeCad in this study. Thus, while 

cadherin is critical for Cry11Aa toxicity it is not important for in vivo Cry4Ba toxicity. 

However, Cry4Aa and Cry11Ba in vivo toxicity in cadherin-silenced mosquiteos is quite 

different from the in vitro binding assays performed in earlier studies [8, 32] and the 

cytotoxicity test data reported here. These different results suggest that receptors other than 

AaeCad could be involved and may be more important for the toxicity of Cry4Aa and 

Cry11Ba, than they are for Cry11Aa.

Collectively, our data suggest that AaeCad clearly mediates the in vivo Cry11Aa toxicity to 

Ae. aegypti mosquitoes, and that AaeCad is not involved in Cry4Ba toxicity. In Anopheles 

gambiae, two Anopheles cadherins, AgCad1 and AgCad2, were identified as putative 

receptors for Cry4Ba and Cry11Ba toxins, respectively [25, 26]. It is possible a cadherin 

receptor other than AaeCad is involved in Cry4A or Cry11Ba toxicity. In contrast, Cry4Ba 

can form oligomer spontaneously in the presence of small unilamellar vesicles [38], and 

thues it is quite likely that no cadherin receptor is required for Cry4Ba cytotoxicity. Thus, 

Cry4Ba is a unique toxin and its mechanism of action appears to differ from that of 

Cry11Aa. Recently an ATP-binding cassette (ABC) transporter was shown to play a vital 

role in Cry1A toxicity and toxin resistance in lepidopteran insects [2, 3, 20]. It is still 

unknown if any ABC transporter is also involved in the mechanism of action of 

mosquitocidal toxins, including Cry4Aa, Cry4Ba and Cry11Ba. We believe novel RNAi 

technology and genome editing tools could be used for further elucidating the mechanism of 

action of these toxins
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Aedes cadherins were stably expressed in a mosquito cell line and silenced in transgenic 

mosquitoes.

Cells expressing Aedes cadherin are more sensitive to Cry11Aa, Cry4Aa, and Cry11Ba 

toxins, but not Cry4Ba.

Cells expressing Aedes cadherin trigger Cry11Aa oligomerization just as with 

lepidopteran cadherins.

Transgenic mosquitoes with silenced Aedes cadherin show increased tolerance to 

Cry11Aa toxin
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Fig. 1. 
Construction of expression vectors. (A) pACTIN.SV-AaeCad. Modified Aedes cadherin 

(AaeCad) cDNA from Ae. aegypti larvae of 5301 bp in length was cloned into pACTIN.SV 

vector. (B) pACTIN.SV-EGFP. The pACTIN.SV vector, including the EGFP gene, was 

used for selection of a control cell line. (C) pIE1.SV-Bla. A blasticidin-resistance sequence 

(bla gene) from the pCoBlast vector was cloned into pIE1.SV vector. To make a stable cell 

line, pACTIN.SV-AaeCad and pIE1.SV-Bla / pACTIN.SV-EGFP and pIE1.SV-Bla were 

co-transfected into C6/36 (Aedes albopictus) cells and then cells were grown and maintained 

in fresh medium containing blasticidin.
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Fig. 2. 
AaeCad is stably expressed in AaeCad-transfected cells. To determine the expression of 

Aedes cadherin cloned into pACTIN.SV, non-soluble proteins were extracted and detected 

with an anti-HA antibody (1: EGFP-transfected cells, 2: AaeCad-transfected cells) or an 

anti-cadherin fragment antibody (3: EGFP-transfected cells, 4: AaeCad-transfected cells, 5: 

Brush border membrane vesicles from Ae. aegypti midgut). In all cases, we detected a band 

around 200 kDa in AaeCad-transfected cells. The 200-kDa protein corresponds to the full-

length cadherin.
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Fig. 3. 
Aedes cadherin is localized in the plasma membrane. To determine the sub-cellular location 

of Aedes cadherin, the expression was determined by immunofluorescence staining under 

confocal microscopy. Red immunofluorescence staining without permeabilization showed 

that Aedes cadherin were localized in the plasma membrane (B). (A) Immunostaining of 

control cells using anti-cadherin fragment antibody. (B) Immunostaining of cells expressing 

Aedes cadherin using anti-cadherin fragment antibody.
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Fig. 4. 
Cells expressing Aedes cadherin are more sensitive to Cry11Aa toxin. The toxicity of 

Cry11Aa to these cells was analyzed in a MTT cytotoxicity assay using activated Cry11Aa 

toxin at final concentrations of 50 - 400 nM. After cells were incubated with activated 

Cry11Aa for 3 hours, live cells were analyzed by measuring reduced MTT. Control cells 

expressing the EGFP protein (black) were insensitive to Cry11Aa toxin up to 400 nM. 

However, cells expressing AaeCad (red) showed sensitivity to the toxin and Cry11Aa toxin 

at 400 nM killed approximately 37% of the cells in 3 hours (n=3, t-test, p < 0.05).
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Fig. 5. 
Cells expressing Aedes cadherin trigger Cry11Aa oligomerization. Control cells expressing 

EGFP and cells expressing Aedes cadherin were incubated with activated Cry11Aa (final 

concentration 400 nM) and with trypsin or Cry11Aa protoxin (final concentration 1,400 nM) 

with midgut juice. After 1 h at 37°C, cells were washed, boiled for 10 min, and separated in 

10% SDS-PAGE gel. Cry11Aa oligomerization was detected with an anti-Cry11Aa 

antibody. Lane 1: EGFP-transfected cells and active Cry11Aa, 2: AaeCad-transfected cells 

and active Cry11Aa, 3: EGFP-transfected cells and Cry11Aa protoxin with midgut juice, 4: 

AaeCad-transfected cells and Cry11Aa protoxin with midgut juice.
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Fig. 6. 
Construction of the mosquito transformation vector. The hairpin dsRNA construct of Aedes 

cadherin was made by arranging Aedes heat shock promoter, Aedes cadherin, APN, Aedes 

cadherin inverted repeat (IR), and SV40. This construct was cloned into pBAC[3xP3-EGFP 

afm] transformation vector containing 3xP3 (eye-specific promoter), TATA box, and 

enhanced GFP.
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Fig. 7. 
Transgenic mosquitoes with silenced Aedes cadherin expression show increased tolerance 

against Cry11Aa toxin. Bioassay was performed with early 4th instar larvae heat shocked at 

2nd instar. Wild-type larvae (■) and transgenic larvae ▲ were incubated with Cry4Aa (A), 

Cry4Ba (B), Cry11Aa (C), and Cry11Ba (D) and mortalities were analyzed in Probit and 

Origin.
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Table 1

Cells expressing Aedes cadherin are more sensitive to Cry11Aa, Cry4Aa and Cry11Ba toxins.

EGFP-transfected cell
(% survival)

AaeCad-transfected cell
(% survival)

Cry11Aa 99.7±11.4 79.0±6.70 *

Cry4Aa 94.4±3.68 62.8±6.32 *

Cry4Ba 114±8.76 107±5.67

Cry11Ba 114±16.5 74.3±11.5 *

The toxicities of Cry4Aa, Cry4Ba, and Cry11Ba to these cells were analyzed in a MTT cytotoxicity assay using activated toxins at a final 
concentration of 400 nM. After cells were incubated with activated toxins for 3 h, live cells were analyzed by measuring reduced MTT. Control 
cells expressing the EGFP protein were insensitive to all toxins at 400 nM (94.4 – 114% survival compared to non-treated control cells). However, 
cells expressing Aedes cadherin showed significantly sensitivity to Cry4Aa (37.2% death) and Cry11Ba (25.7% death) toxins compared to non-
treated cells expressing Aedes cadherin (n=3, t-test, p < 0.05). Values given are relative to the Cry11Aa toxicity to EGFP-transfected cells.
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Table 2

Transgenic mosquitoes down-regulate Aedes cadherin expression in whole body.

Transcript change in whole body Transcript change in midgut

AaeCad 0.20 ± 0.23 0.49 ± 0.31

The larval AaeCad transcript levels were determined by qPCR. Transcript levels are relative to the transcript levels in wild-type larvae where the 
value is 1.0.
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