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Alkaline phosphatases and aminopeptidases are altered in a
CryllAa resistant strain of Aedes aegypti

Su-Bum Leel2 Karlygash G. Aimanova?, and Sarjeet S. Gill1:2*
1Environmental Toxicology Graduate Program, University of California, Riverside, CA, 92521,
USA

2Department of Cell Biology and Neuroscience, University of California, Riverside, CA, 92521,
USA

Abstract

Bacillus thuringiensis subsp. israelensis (Bti) has been widely for the biological control of
mosquito populations. However, the mechanism of Bti toxins is still not fully understood. To
further elucidate the mechanism of Bti toxins, we developed an Aedes aegypti resistant strain that
shows high-level resistance to Cryl1Aa toxin. After 27 selections with Cry11Aa toxin, the larvae
showed a 124-fold resistance ratio for Cry11Aa (strain G30). G30 larvae showed cross-resistance
to Cry4Aa (66-fold resistance), less to Cry4Ba (13-fold), but not to Cry11Ba (2-fold). Midguts
from these resistant larvae did not show detectable difference in the processing of the Cryl1Aa
toxin compared to that in susceptible larvae (WT). Brush border membrane vesicles (BBMV)
from resistant larvae bound slightly less Cry11Aa compared to WT BBMV. To identify potential
proteins associated with Cry11A resistance, not only transcript changes in the larval midgut were
analyzed using Illumina sequencing and qPCR, but alterations of previously identified receptor
proteins were investigated using immunoblots. The transcripts of 375 genes were significantly
increased and those of 208 genes were down regulated in the resistant larvae midgut compared to
the WT. None of the transcripts for previously identified receptors of Cry11Aa (Aedes cadherin,
ALP1, APN1, and APN2) were altered in these analyses. The genes for the identified functional
receptors in resistant larvae midgut did not contain any mutation in their sequences nor was there
any change in their transcript expression levels compared to WT. However, ALP proteins were
expressed at reduced levels (~40%) in the resistant strain BBMV. APN proteins and their activity
were also slightly reduced in resistance strain. The transcript levels of ALPs (AAEL013330 and
AAEL015070) and APNs (AAEL008158, AAEL008162) were significantly reduced. These
results strongly suggest that ALPs and APNSs could be associated with Cry11Aa resistance in Ae.

aegypti.
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Introduction

Aedes aegypti is an important vector of human diseases such as dengue, chikungunya and
yellow fevers that are transmitted through blood feeding by the mosquito (Ligon, 2005;
Ligon, 2006; Tomori, 2004). An approach used to decrease the prevalence of these diseases
is by controlling the vector mosquito utilizing Bacillus thuringiensis subsp. israelensis (Bti),
which also has high toxicity to Smulium species, a vector for onchocerciasis (Bravo et al.,
2011; Gill et al., 1992; Margalith and Ben-Dov, 2000). The high insecticidal activity and the
low toxicity to other organisms led to increased use of Bti for the control of mosquito and
black fly populations. However, its mechanism is still not fully understood, in part because
Bti produces a number of mosquitocidal toxins.

This bacterium contains a megaplasmid, pBtoxis, which encodes for the Cry4Aa, Cry4Ba,
Cry10Aa, Cryl1Aa, CytlAa, CytlCa and Cyt2Ba proteins (Berry et al., 2002). Of these,
Cry4Aa, Cry4Ba and Cry11Aa, have been identified as the primary active toxins against
mosquitoes (Chilcott and Ellar, 1988), while Cyt1Aa has low mosquitocidal activity. Cyt1A,
however, synergizes Cry toxins activity by apparently acting as a surrogate receptor for
these toxins in the mosquito midgut (Perez et al., 2005; Perez et al., 2007).

Among the Bti toxins, Cry11Aa is important for the control of Ae. aegypti because it is one
of the more active toxin (Chilcott and Ellar, 1988), and shows high affinity to the brush
border membrane vesicles (BBMV) of Ae. aegypti (Chen et al., 2013). Cry11Aa binds a
number of BBMV proteins (Fernandez et al., 2006). Among them are the Aedes cadherin
(AAEL018140) and two aminopeptidases N (APNs) (AAEL012778 and AAEL008155), all
binding Cry11Aa with high affinity (Chen et al., 2009a; Chen et al., 2009b; Chen et al.,
2013). These proteins are also present in the posterior midgut epithelial cells and/or the
gastric caeca (Chen et al., 2009b; Chen et al., 2013). RNAi-mediated silencing of cadherin
and of APN (AAEL012783) increased tolerance for Cryl1Aa (Lee et al., 2014; Rodriguez-
Almazan et al., 2012) and Cry4Ba toxicity (Saengwiman et al., 2011), respectively. These
data collectively suggest that cadherins and APNs may be functionally important for Cry
toxicity in mosquitoes.

In addition, ALPs have also been observed to bind a number of Cry toxins, as in Manduca
sexta, Heliothis virescens and Soodoptera frugiperda (Flores-Escobar et al., 2013; Jurat-
Fuentes and Adang, 2004; McNall and Adang, 2003). Importantly, ALP expression was
significantly reduced in resistant strains of H. virescensand S. frugiperda implying that
ALPs mediate Cry1 resistance in these insects (Jurat-Fuentes and Adang, 2004; Jurat-
Fuentes et al., 2011). Further, RNAi-mediated silencing of ALP in M. sexta led to decreased
Cry1Ab toxin binding (Flores-Escobar et al., 2013).
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Ae. aegypti ALPs also play a role in Cry toxicity. ALP (AAEL009077) was shown to bind
Cry11Aa, and moreover, it is expressed in the same midgut regions to which Cry11Aa binds
— microvilli of gastric caeca and the posterior midgut (Fernandez et al., 2009). This ALP
also binds Cry4Ba (Jiménez et al., 2012), but other ALPs also bind this toxin. Proteomic
analysis showed Cry4Ba toxin was localized in lipid rafts from larval BBMV and bound
three ALPs (AAEL003298, AAEL003313, and AAEL015070) (Bayyareddy et al., 2009;
Bayyareddy et al., 2012). Moreover, the ALP (AAEL015070) bound Cry4Ba with high
affinity and mediated Cry4Ba toxicity in Sf9 cells expressing the ALP (Dechklar et al.,
2011; Thammasittirong et al., 2011). Thus, these ALPs are functionally important for Cry
toxicity to mosquito larvae since RNAi-mediated silencing of ALP (AAEL009077) in the
midgut resulted in reduced Cry11Aa and Cry4Ba toxicity (Jiménez et al., 2012).

While Bti has been used for more than three decades, field resistance to Bti has not been
reported, but resistance to other Bt toxins has been observed in a number of lepidopteran
insects (Bravo and Soberon, 2008; Tabashnik et al., 2008). Therefore, to further elucidate
the mechanism of action of Bti toxins, resistant lab strains have been developed. As a
laboratory-selected mosquito, Culex quingquefasciatus was selected with single or multiple
Bti toxins (Georghiou and Wirth, 1997). After 28 generations, the strain selected with a
single toxin, Cry11Aa, showed the highest resistance ratio (at least 1,000 fold), but selection
with four toxins, including Cyt1Aa, resulted in the lowest resistance level (3.2 fold). The
cross-resistance patterns of these strains were observed with combinations of mosquitocidal
Cry toxins, and all four strains showed cross resistance to Bti toxins as well as Cry11Ba
from Bacillus thuringiensis subsp. jegathesan (Btj) (Cheong et al., 1997; Wirth et al., 1998).
For example, the Cryl1Aa-resistant strain revealed a high resistance to Cry4Aa and Cry4Ba
(41.6 fold), but very low resistance to Bti (1.1 fold) and Btj (2.8 fold) strains. These results
suggest that single Cry toxins trigger the development of more rapid resistance, but Cyt1Aa
prevents resistant development because it apparently functions as a surrogate receptor for
Bti Cry toxins in mosquitoes (Perez et al., 2005).

A field collected Ae. aegypti strain that was selected with toxic leaf litter containing Bti for
30 generations (LiTOX strain) showed low resistance ratio (3.5 fold) to a Bti mixture
(Tetreau et al., 2012). But this strain showed 67-fold, 9-fold, and 9-fold resistance for
Cry4Aa, Cry4Ba, and Cry11Aa compared to susceptible Ae. aegypti. Transcript changes and
differential protein expression analyses with LiTOX showed ALP (AAEL003298) and APN
(AAELO012776) in LiTOX larvae midgut were down-regulated. These results imply that
ALP and APN are possible receptors mediating Cry toxin resistance in mosquitoes.

In this study we describe a strain of Ae. aegypti selected for resistance to the Cry11Aa toxin.
We show that alkaline phosphatases and aminopeptidases N play a role in the Cryl1Aa
resistance observed, but the proteins identified are different from those observed previously
(Tetreau et al., 2012).

Insect Biochem Mol Biol. Author manuscript; available in PMC 2015 November 01.
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Materials and Methods

Rearing CryllAa-treated Aedes aegypti

Adult Ae. aegypti were reared in a 29°C, 8:12 h light:dark cycle at 50% humidity and fed
10% sugar water. After blood feeding, eggs were collected on moist filter paper. Larvae
were reared in deoxygenated tap water at the same photoperiod and fed a mixture of dog
food and yeast (3:1 w/w).

Selection of a Cry11A resistant mosquito colony and bioassays

Adult Ae. aegypti males (1560) were fed sugar water for 24 h containing 10 mM ethy!l
methansulfonate (EMS) to cause random mutations, thereby increasing heterogeneity. The
EMS-treated male adults were mated with untreated virgin females (1750), which after
mating were allowed to blood feed and lay eggs.

To monitor the development of Cry11Aa resistance and to determine Cryl1Aa
concentrations needed for selection, bioassays were performed for each generation selected.
In brief, 25 early fourth-instar larvae were placed in 200 ml tap water containing Cry11Aa at
different concentrations for 24 h. Bioassay results were analyzed by Probit (EPA) or Origin
program (Origin Lab, Northampton, MA). Then early fourth-instar larvae were treated at the
levels that were determined to be the LCgqq for that generation. Selection was performed
using crude spore/crystal Cryl1Aa prepared as described below. Approximately 8,000
larvae of the original generation (G0), 4,000 larvae of G1 to G10, and 2,000 larvae of G11 to
G29 were treated. Larvae that survived toxin treatments were transferred to fresh water and
reared until the next generation. Survival levels varied from 5-30% but usually were around
20% for most generations.

Cry toxins preparation

B. thuringiensis strains producing Cry4Aa, Cry4Ba, Cry11Aa, or Cry11Ba (Chang et al.,
1993; Delecluse et al., 1995) were grown in nutrient broth sporulation medium containing
erythromycin (25 pg/ml) at 30°C for 4-5 days for cell autolysis to occur (Lereclus et al.,
1995). For crude Cry toxin preparations, spores and crystal inclusions were harvested,
washed twice with sterilized water at 10,000xg for 10 min at 4°C, and stored in water at
—80°C until used. For purified Cry toxins, the inclusion bodies for Cry11Aa were isolated as
previously reported using NaBr gradients (Cowles et al., 1995). The purified Cry11A
inclusions were washed, solubilized in 50 mM Na,CO3 pH 10.5 buffer, and activated by
trypsin (1:20 w/w) at 37°C (Dai and Gill, 1993). For biotin-labeled Cry11Aa, the activated
Cry11Aa was biotinylated and then purified using a Sephadex G25 column following the
manufacturer’s protocol (GE Healthcare Life Science, Pittsburgh, PA).

Preparation of Brush Border Membrane Vesicles (BBMV)

BBMV were isolated from dissected midguts of early fourth-instar Ae. aegypti larvae as
reported (Nielsen-Leroux and Charles, 1992). Briefly, frozen midguts were resuspended and
homogenized in ice-cold buffer A (0.3 M mannitol, 0.5 M EGTA, 20 mM Tris-Cl, pH 7.4)
including a protease inhibitor cocktail (Roche, Madison, WI) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). MgCls (final concentration 12 mM) was added to

Insect Biochem Mol Biol. Author manuscript; available in PMC 2015 November 01.
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the homogenate and then kept on ice for 20 min. The mixture was centrifuged at 3,000 x g
for 15 min at 4°C and the supernatant was collected and kept on ice. The pellet was
resuspended in ice-cold buffer A and treated as above for the first homogenization. The
combined supernatants were then centrifuged at 14,000 x g for 60 min at 4°C. The pellet
was resuspended in buffer A and protein concentration was quantified using the BCA assay
(Pierce, Rockford, IL). BBMV were prepared and used the same day.

In vitro processing of Cryl1Aa

The processing of Cryl1Aa toxin was determined in wild-type (WT) and resistant (G30)
strains using published methods (Forcada et al., 1996). Briefly, early fourth-instar larvae
were dissected to obtain midguts including gastric caeca, but excluding the foregut and
hindgut. Approximately 200 dissected midguts were resuspended and homogenized in ice-
cold extraction buffer (50 mM Tris-Cl, pH 7.4). After centrifugation at 10,000 x g for 15
min at 4°C, the supernatant was transferred to a fresh tube and quantified using the BCA
assay (Pierce) following the manufacturer’s protocol. The Cry11Aa protoxin (10 pg) was
mixed with 0.1 pg midgut extract in 50 mM Na,COs, pH 10 including 10 mM dithiothreitol
(DTT) and incubated for 5, 10, 15, 20 min at 37°C. A control was incubated with buffer only
for 20 min at 37°C. Proteolytic processing was stopped by adding SDS-PAGE sample buffer
and heating the samples for 5 min at 100°C. Digested samples were analyzed in SDS
polyacrylamide gel (10%). SDS polyacrylamide gels were stained in Coomassie stain
solution (0.1% Coomassie brilliant blue, 10% acetic acid, and 40% methanol) and
subsequently incubated in destain solution (10% acetic acid and 20% methanol). The stained
band densities were measured and quantified with Image J software (NIH) and analyzed
with Origin program (Origin Lab).

Alkaline phosphatase and aminopeptidase activity

Alkaline phosphatase (ALP) and aminopeptidase N (APN) enzymatic activities were
measured using p-nitrophenyl phosphate and leucine-p-nitroanilide (Sigma, St. Louis, MO)
as substrates following previous methods (Chen et al., 2009b; Fernandez et al., 2006; Jurat-
Fuentes and Adang, 2004). Freshly prepared BBMVs (5 pg) were mixed with ALP buffer
(100 mM Tris/HCI, pH 9.5, 100 mM NaCl, 5 mM MgCl2, 1.25 mM p-nitrophenyl
phosphate) or APN buffer (20 mM Tricine, pH 8.0, 0.4% methanol, 0.005% bovine serum
albumin, 0.18 mM leucine-p-nitroanilide) in a final volume of 200 pl. The same
concentration of bovine serum albumin (BSA) in ALP or APN buffer was used as a
background control. Enzymatic activities were monitored as the change in the absorbance at
405 nm for three min at room temperature in a microplate reader (Molecular Devices,
Sunnyvale, CA).

Cryl1Aatoxin binding to BBMV

The kinetics of Cry11Aa binding were performed with BBMV prepared above in a 96-well
format as previously described (Likitvivatanavong et al., 2011; Chen et al., 2013). In brief, 4
pg BBMVs in 50 mM NaHCO3 pH 9.6 coating buffer were added into each well of a 96-
well plate (Thermo Scientific, Lafayette, CO) and incubated overnight at 4°C. The plate was
then washed three times with PBST (PBS and 0.1% Tween 20) and blocked with PBST for 1

Insect Biochem Mol Biol. Author manuscript; available in PMC 2015 November 01.
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h at 37°C. For total binding, biotin-labeled Cry11Aa (0.1-100 nM) in 100 pl binding buffer
(PBST and 0.1% bovine serum albumin) was added into the BBMV-coated plates and
incubated for 2 h at 37°C. For nonspecific binding, parallel wells were incubated under
identical conditions, except in the presence of 10 M cold Cry11Aa. The plates were washed
with PBST three times and then incubated with streptavidin-horseradish peroxidase (HRP)
conjugate (1:1,500, GE Healthcare Life Science) for 1 h at 37°C. After washing three times
with PBST, HRP activity was detected with a luminol substrate (Thermo Scientific) and the
plate exposed to an X-ray film in a darkroom. The spot densities were measured and
quantified with Image J software (NIH) and analyzed with Origin program (Origin Lab).
Specific binding was obtained as total binding minus nonspecific binding, and the
dissociation constant (Kd) was obtained from the concentration corresponding to half the
saturation response of specific binding.

Transcriptome sequencing and bioinformatics

Transcript changes in the midgut of WT and resistant (G30) strains were analyzed by RNA-
seq (BGI Americas, Cambridge, MA). Early fourth-instar larvae were dissected to obtain
midguts including gastric caeca. Three hundred midguts of WT and G30 strains (100
midguts for each repeat) were sent to BGI for RNA-seq analysis. Total RNA was extracted
by BGI from dissected midguts and mRNA was isolated with magnetic beads. The mRNA
was fragmented into short fragments, and then the cDNA was synthesized using the mRNA
fragments as templates. The cDNA was purified, resolved for end repair and single
nucleotide A (adenine) addition, and connected with adapters. Suitable cDNA were selected
for the PCR amplification as templates. The samples were quantified and assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and ABI StepOnePlus
Real-Time PCR System (Invitrogen, Grand Island, NY). The library was sequenced using
Illumina HiSeq™ 2000 (1llumina, San Diego, CA) for 30 million paired-end reads (~100 bp
paired end) for each sample. Three biological repeats were performed for each of the two
strains. All sequence reads were assembled using de novo transcriptome assembly (Grabherr
etal., 2011) and the identified genes were functionally annotated using blastX (Evalue <
0.0001) with a variety of databases including Gene Ontology, Nr, KeGG, SwissProt, COG
as well as the Ae. aegypti genome, Aedes-aegypti-
Liverpool_TRANSCRIPTS_AaeglL 1.3.fa.gz (https://www.vectorbase.org) (Nene et al.,
2007). Gene expression levels were calculated using the FPKM method (Fragments Per kb
per Million fragments) (Mortazavi et al., 2008) and differential gene expression analyzed
with significantly expressed genes (Qvalue > 0.8) between each group using NOISeq
method (Tarazona et al., 2011). In order to avoid library size bias, NOISeq method corrects
the counts by a factor closely related to the sequencing depth (SD); the number of counts per
million reads (the number of read counts for each gene x 10%/SD). To screen gene mutations
of Aedes cadherin (AAEL018140) and aminopeptidase Ns (APN1, AAEL012778 and
APN2, AAEL008155), the identified genes were clustered and aligned to other similar genes
(more than 70% identity) and the number of gaps quantified.

Mutation screening with direct sequencing

Aedes cadherin (AAEL018140) and alkaline phosphatase (ALP1, AAEL009077) were
directly sequenced to screen for mutations (Institute for Integrative Genome Biology,
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University of California, Riverside, CA). Primers were designed based on gene and
transcript sequences of the Ae. aegypti genome (Vectorbase, http://www.vectorbase.org).
gDNA was extracted from G30 larvae with DNAzol (Molecular Research Center,
Cincinnati, OH) following the manufacture’s protocol. Exons regions of ALP in G30 were
amplified and sequenced for comparison of WT and resistant larvae midgut genes. Because
the Aedes cadherin gene sequence was not completely annotated (Vectorbase, http://
www.vectorbase.org) at the time of this study, mutation screening of the Aedes cadherin was
performed on the cDNA, which was prepared from fourth-instar larvae midgut using TRIzol
and SuperScript 11 (Invitrogen). Five fragments covering the whole Aedes cadherin
sequence were amplified, sequenced and compared.

Quantitative Real-time PCR (qPCR)

Total RNA was extracted from WT and resistant larvae midgut using TRIzol and analyzed
by Nanodrop ND-1000 Spectrophotometer (Institute for Integrative Genome Biology,
UCR). For each sample cDNA was synthesized from total RNA with SuperScript 111
(Invitrogen), diluted, and 5-pl aliquots were used as template for qPCR. Respective primers
specific to the target genes (Aedes cadherin, alkaline phosphatases, aminopeptidase Ns) were
designed to have similar properties in terms of nucleotide length and %GC content (Table
S1). As a reference gene, actin (Actin-S and Actin-A, AAEL011197) was used as a
reference gene for quantification and 40S ribosomal S7 gene (S7-S and S7-A,
AAEL009496) that spanned a 114-bp intron was analyzed on every run to check for gDNA
contamination in RNA preparations. Our microarray data showed the actin (AAEL011197)
and 40S ribosomal S7 (AAEL009496) expressions were not changed (Actin: —0.05, —0.06.
and —0.07 fold change; 40S ribosomal S7: 0.17, —0.08, or 0.09 fold change) in Cryl1Aa-
treated larvae midgut at LCyq, LCsg, LCqp 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 pl) contained the following components: 10 ul iQ
SYBR Green supermix (Bio-Rad), 5 ul cDNA and 10 uM each primer. The gPCR 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 gPCR, the homogeneity
of the PCR product was confirmed by melting curve analysis. Quantification of the
transcript levels or relative copy number of the genes was conducted according to the Pfaffl
method (Pfaffl, 2001): ratio = (Etarget)ACttarget(ControI-Sample)/(Eref)ACtref(ControI-SampIe) where,
Etarget, amplification efficiency of the target gene, Eyef; amplification efficiency of Actin; Ct,
threshold cycle. Quantitative PCR was performed three times using independently prepared
midgut cDNA.

Western blotting

Antibodies to the cadherin peptide (Aedes cadherin-specific antibody), and ALP and APN
proteins were previously reported (Chen et al., 2009a; Chen et al., 2009b; Fernandez et al.,
2009). The cadherin peptide antibody is specific for Aedes cadherin, but the ALP
(AAEL009077) antibody cross reacts with a number of other ALPs (Jiménez et al., 2012).
Freshly prepared BBMVs from WT and resistant larvae midgut were quantified by the BCA
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assay (Pierce). BBMVs (10 pg) were heated at 70°C for 5 min, separated by SDS
polyacrylamide gels and electrotransferred to nitrocellulose membranes. The membranes
were blocked with blocking solution (PBST and 5% Skim milk) for 1 h at room temperature
and then washed with PBST. The blocked membranes were incubated overnight at 4°C with
primary antibody (1:3,000), washed with PBST, and then subsequently incubated with anti-
rabbit HRP (1:5,000) secondary antibody (Sigma) for 1 h at room temperature. After
washing with PBST, the HRP activity was revealed with a luminol substrate (Thermo
Scientific) and exposed to an X-ray film in a darkroom. The band densities of target proteins
were measured and quantified using Image J software (NIH) and analyzed with Origin
program (Origin Lab).

Ae. aegypti developed high-level resistance to Cry11A

An Ae. aegypti lab colony that included populations that were collected from Malaysia was
further treated with EMS to increase heterogeneity. Early fourth-instar Ae. aegypti larvae
were then selected with Cry11Aa toxin at the LCs level with GO generation and then at the
LCqq concentration levels in subsequent generations. For each selection, a bioassay was
performed with susceptible (WT) and resistant larvae to determine the LCsg and LCgqq
values. After 20 generations, resistant larvae developed at least a 30-fold resistance ratio
compared to WT larvae at the LCsq level (Figure 1). A few of the generations (G17, G22
and G26) were not selected to maintain a robust population. After 30 generations (G30), a
124-fold resistance was observed compared to WT at the LCs level (Figure 2B).

The CryllAaresistance strain showed cross resistance to Cry4Aa and Cry4Ba

To investigate if the Cryl1Aa-resistant larvae were cross resistant to other Bti toxins, the
Cryl1A-resistant larvae were bioassayed with the Cry4Aa, Cry4Ba, and Cry11Ba toxins
(Figure 2). G30 larvae showed resistance ratios of 124, 66, 13, and 2 fold for Cry11Aa,
Cry4Aa, Cry4Ba, and Cryl11Ba toxins, respectively (Figure 2B). Thus, the Cryl1Aa-
resistant larvae showed substantial cross resistance at the LCsgq level for Cry4Aa, a lesser
amount to Cry4Ba, but not to Cry11Ba. Dose-response bioassay also showed that G30
larvae have increased tolerance to Cry11Aa and Cry4Aa toxins, but lower tolerance to
Cry4Ba (Figure 3). Notably the LCsq values for Cry4Ba and Cry11Ba do not change much
from generations 24 to 30, but do for Cry11Aa and Cry4Aa (Figure 2A).

In vitro processing of Cryl1Aa in resistant larval mosquito midgut

In order to investigate if resistance was associated with altered toxin processing, cleavage of
the Cry11Aa protoxin with midgut homogenates was determined. Total midgut extracts
were obtained from WT and resistant larvae midgut, and incubated with Cry11Aa protoxin
for 5-20 min. The band densities of three Cry11Aa proteins (72, 36, 32 kDa) were measured
using Image J program. No substantial difference in the cleavage patterns of the Cryl1Aa
toxin was observed between WT and resistant larvae (Figure 4, Table S2). Moreover, the
sum of three proteins was similar at each time point implying Cry11Aa protoxin degradation
was not significantly changed between WT and resistant larvae (Table S2).

Insect Biochem Mol Biol. Author manuscript; available in PMC 2015 November 01.
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Cry11A binding affinity to BBMV is slightly altered in resistant Aedes aegypti

A competitive binding assay was performed to measure Cry11Aa binding affinity to the
larval midgut BBMV. To determine specific binding affinity, BBMVs from WT and
resistant larvae were incubated with biotin-labeled Cry11Aa in the absence or presence of
unlabeled Cry11Aa. Dissociation constant (Kd) values were calculated corresponding to half
the saturation value. The resistant larvae showed reduced binding affinity (Kd = 30.5 nM)
for Cry11Aa compared to that of the WT midgut (Kd = 13.4 nM) (Table 1).

Analysis for mutations in known receptors

To analyze if any of the previously identified Cry11Aa receptors were mutated, we analyzed
these genes by direct sequencing and analyzing transcripts by lllumina and Sanger
sequencing. In RNA-seq analysis, one gap (three nucleotides insertion) in the Aedes
cadherin (AAEL018140) transcript of resistant larvae was observed but not in APN1
(AAELO012778) and APN2 (AAEL008155) transcripts (Table 2). However, Sanger
sequencing of resistant larval midgut cDNA showed there was no mutation in the cadherin
transcript. Surprisingly, RNA-seq did not detect the ALP1 (AAEL009077) sequence but its
presence was observed in gPCR. Further, Sanger sequencing of the exons of these genes did
not show any mutation that would lead to a change in protein sequence.

Transcriptome analysis of Cry11A resistant Aedes aegypti

To determine if there were any changes in midgut transcript expression in the resistant
Aedes larvae, RNA-seq was performed with the WT and G30 strains. Differentially
expressed genes were identified by comparing WT and resistant larvae transcripts, and the
significantly up-regulated or down-regulated genes in resistant larvae midgut were
determined (Tables S3 and S4). A total of 375 genes in the resistant larvae midgut were
significantly up-regulated compared to WT, and 191 of these genes were functionally
annotated (Table S3). A total of 208 genes in resistant larvae midgut were significantly
down-regulated compared to WT, and 137 of these genes were functionally annotated (Table
S4). Among them, proteins possibly linked to Cryl11Aa resistance in mosquitoes are listed in
Table 3. Two ALPs (AAEL013330, AAEL015070) and two APNs (AAEL008158,
AAEL008162) were significantly down-regulated in resistant larvae and one ALP
(AAEL003286) was significantly up-regulated. Two ABC transporters (AAEL012700,
AAEL013833) were reduced and two kinases (AAEL009937, AAEL001442) were
significantly up-regulated in resistant larvae midgut. In addition, a caspase (AAEL014658)
and three serine proteases (AAEL005753, AAEL006627, and AALE007938) were up-
regulated and a number of trypsins, peptidases, and serine-type proteases were down-
regulated. However, none of the known receptor proteins for Cry11Aa were altered.

Cadherin, ALP, and APN transcript changes and protein expression

Changes in cadherin transcripts were determined in resistant larvae midgut using RNA-seq
analysis and gPCR. Four cadherins were analyzed, but their expression levels were
unchanged in resistant larvae midgut (Table 4). Expression of Aedes cadherin
(AAEL018140) was also analyzed by gPCR. Aedes cadherin expression was unchanged
when compared to WT (Table 4). This result was confirmed by immunoblot (Figure 5).

Insect Biochem Mol Biol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Leeetal.

Page 10

RNA-seq analysis revealed 9 ALPs and 17 APNs were expressed in the midgut. Comparing
levels of these transcripts revealed that two ALPs (AAEL013330 and AAEL015070) in
resistant larvae were significantly down-regulated compared to that in WT by Illumina
sequencing and these data were confirmed using gPCR (Table 4). One ALP (AAEL003286)
was highly up-regulated in resistant larvae midgut, but ALP1 (AAEL009077), a receptor
protein for Cry11Aa (Fernandez et al., 2009), was not significantly changed in gPCR
analysis (Table 4). Differential expression of ALPs resulted in no change of total ALP
activity between WT (306 + 41.7 pM x ml~1 x min~1/ug) and G30 (285 + 44.7 uM x mlI~1 x
min~1/ug) larvae midgut. However, immunoblot assays with anti-ALP polyclonal antibody
showed that a 65 kDa band, the size for ALPs, in the resistant larvae was greatly reduced
(—40%) compared to WT (Figure 5). In case of APNSs, two APNs (AAEL008158 and
AAEL008162) were significantly reduced in resistant larvae (Table 4). However, previously
identified APN receptors for Cry11Aa (APN1, AAEL012778 and APN2, AAEL008155)
(Chen et al., 2009b; Chen et al., 2013) were not significantly changed or only slightly up-
regulated and these results were confirmed by gPCR (Table 4). Total APN activity was
slightly decreased in the midgut BBMV of the G30 resistant strain (195 + 35.2 uM x ml~1 x
min~1/ug) compared to that in the WT (273 + 76.2 uM x mI~1 x min~/pg). Additionally,
140 kDa bands with anti-APN polyclonal antibody were detected and slightly lower protein
levels (—11%) were observed in the G30 strain compared to that in the WT.

Discussion

Ae. aegypti larvae selected with Cry11Aa toxin for 30 generations showed a 124-fold
resistance ratio at the LCsq level compared to susceptible larvae (WT). However, this
resistant strain (G30) had lower resistance levels to the other Bti mosquitocidal Cry toxins,
namely Cry4Aa, Cry4Ba, and Cry11Ba, a homologous Cry11 toxin from Btj. These results
are consistent with previous research with Cx. quinquefasciatus (Georghiou and Wirth,
1997). Cry11Aa-resistant Cx. quinquefasciatus showed high resistance to Cry11Aa (at least
1,000 fold) and to a mixture of Cry4Aa and Cry4Ba (41.6 fold), but low resistance to
Cryl11Ba (6.8-9.2 fold) (Cheong et al., 1997; Wirth et al., 1998; Wirth et al., 2010). These
results suggest that Ae. aegypti and Cx. quinquefasciatus appear to have similar mechanisms
for Cry11Aa toxin action. Further, Cry11Aa and Cry4Aa likely share some common
mechanisms of toxicity in Ae. aegypti because of substantial cross-resistance. The low cross
resistance to Cry4Ba suggests that although some mechanisms may be similar, there are
likely differences in how Cry11Aa and Cry4Ba exert their toxicity. In contrast, Cry11Ba
showed negligible cross-resistance, implying that even though the toxins are quite
homologous, some of their key molecular mechanisms of toxicity likely differ. Thus
competition binding data that we and others have generated does not fully explain the
mechanisms of these toxins in vivo.

To determine the resistance mechanisms involved, we analyzed the processing of the
Cryl1Aatoxin and its ability to bind midgut BBMV from WT and G30 larvae midgut.
Proteases have been demonstrated to play a role in Cry toxin resistance in some insect
species (Forcada et al., 1996; Oppert et al., 1997). However, the resistant and WT strains
showed similar protoxin processing patterns implying toxin processing was probably not
involved in Cry11Aa resistance observed here. In contrast, there was a two-fold decrease in
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Cryl11Aa binding affinity in the midgut of the resistant strain compared to that of the WT.
This minor difference likely does not explain the resistance observed, but implies that with
higher Cry11Aa resistance levels, toxin binding may be reduced in Ae. aegypti Cryl1Aa
resistant strains. The most common mechanism of resistance observed in lepidopteran
involved changes in binding affinities of toxin receptors (Bravo and Soberon, 2008). Cry
toxin resistance in Lepidoptera is associated with mutations in receptor proteins such as
cadherin, ALP, APN or ABCC transporter (Atsumi et al., 2012; Gahan et al., 2001; Herrero
et al., 2005; Jurat-Fuentes and Adang, 2004). Based on these data, we focused on finding a
receptor protein linked to Cry11Aa resistance.

Previously identified receptor proteins of Cry11Aa in Aedesare cadherin (AAEL018140),
APN1 (AAEL012778), APN2 (AAEL08155), and ALP1 (AAEL009077) (Chen et al.,
2009a; Chen et al., 2009b; Chen et al., 2013; Fernandez et al., 2009). These receptors were
further analyzed to determine if there were any mutations or if receptor expression was
altered. In addition, RNA-seq was used to determine if the transcripts of these receptors or
other previously unidentified receptors were altered in the resistant strain. These analyses
showed that the expression of ALPs and APNs was significantly changed in the Cryl1Aa
resistant strain. Fernandez et al previously showed ALPs bound Cry11Aa, and these ALPs
are involved in Cry11Aa toxicity in Ae. aegypti (Fernandez et al., 2006; Fernandez et al.,
2009). Likewise, APNs were previously shown to bind the Cry11Aa toxin (Chen et al.,
2009b; Chen et al., 2013). Thus, reduced ALP and APN expression in G30 resistant larvae
suggests that both of these protein families could be associated with Cry11Aa resistance in
Ae. aegypti. It has been previously shown that in a H. virescens Cry1A resistant strain, ALP
alteration was linked to reduced Cry toxin binding, decreased pore formation, and finally
increased resistance to Cry1 toxins (Jurat-Fuentes and Adang, 2004; Jurat-Fuentes et al.,
2011). Also, a deletion mutant in an APN1 was associated with CrylAc resistance in
Helicoverpa armigera (Zhang et al., 2009).

Whole genome sequence identified 14 alkaline phosphatases in Ae. aegypti (Nene et al.,
2007). Previous studies investigated three ALPs as a receptor of Bti Cry toxins and found
that ALP1 (AAELO009077) is a functional receptor of Cryl1Aa and Cry4Ba (Fernandez et
al., 2009; Rodriguez-Almazén et al., 2012). In transcriptome analysis, AAEL013330 and
AAEL015070 are likely putative Cry11Aa receptors, since both of these ALPs were
significantly reduced in the resistant larvae midgut. In addition, AAEL015070 was
previously found in Aedes lipid rafts where Cry4Ba localized (Bayyareddy et al., 2012) and
was identified as a functional receptor of Cry4Ba (Dechklar et al., 2011; Thammasittirong et
al., 2011). Because the G30 strain shows high resistance to Cry11Aa and low cross-
resistance to Cry4Ba, this data implies the ALPs AAEL009077 and AAEL015070 may not
be associated with Cry11Aa resistance in the G30 strain, since both of these ALPs bind
Cry4Ba. Further, our transcript analysis and mutation screen also showed no alteration in
this ALP in this strain. On the other hand, AAEL01330 is a newly identified putative
receptor of Cry toxin in mosquitoes. It is still unknown if AAEL01330 could be a functional
receptor of Cry11Aa and Cry4Aa. We continue to investigate the functional role of
AAELO013330 in Cryl1Aa and Cry4Aa toxicity.
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There were no changes in the transcript levels of APN1 AAEL008155 and APN2
AAELO012778 in the resistant strain. These were shown to be binding proteins for Cryl11Aa
(Chen et al., 2009b; Chen et al., 2013). However, it is possible that other APNs may be
involved in Cryl1Aa resistance because APN enzymatic activity and protein levels were
slightly reduced in the G30 strain. In transcriptome analysis, AAEL008158 and
AAEL008162 were significantly reduced in the resistant larvae midgut, implying these
APNSs are likely putative receptors of Cryl1Aa. However, AAEL008162 may not be
associated with Cryl1Aa resistance in the G30 strain, since this APN bound Cry4Ba in
Aedes lipid rafts (Bayyareddy et al., 2012) and only low cross resistance to Cry4Ba was
observed here. On the other hand, AAEL008158 is a newly found putative receptor of Cry
toxin and could be involved in Cry11Aa and Cry4Aa toxicity in mosquitoes. However,
future investigations are required for both APNSs.

Based on Bt resistance mechanisms in Lepidoptera, we further investigated candidate genes
that could possibly be linked to Cry11Aa resistance in Ae. aegypti. The most recently
identified are ABC transporters that are associated with Cry1A resistance in lepidopterans,
including Heliothis virescens, Bombyx mori, and Plutella xylostella (Atsumi et al., 2012;
Gahan et al., 2010; Hernandez-Martinez et al., 2012; Tanaka et al., 2013). We show here
that two ABC transporters (AAEL012700 and AAEL013833) were significantly reduced in
G30 larvae midgut even though neither of these ABC transporters contained any mutation.
However, further investigation is needed to determine if an ABC transporter is a functional
receptor of Cryl1Aa. Further, several proteases are differentially expressed in the G30
resistant larval midgut. In Lepidoptera, proteases trigger proteolytic activity of Cry toxin and
altered protease expressions are linked in Bt resistance in Lepidoptera (Choma et al., 1990;
Forcada et al., 1996; Oppert et al., 1997). However, we did not observe any difference in the
processing of the Cry11Aa toxin in the G30 strain. Additionally, in a previous report, Cry
toxin binding to cadherin was shown to activate a G protein and adenylyl cyclase increasing
cAMP levels, which turns on a kinase A that finally causes cell death (Zhang et al., 2005;
Zhang et al., 2006). In the Aedes resistant larvae midgut, two kinases, (AAEL009937 and
AAEL001442), were highly up-regulated. Alteration of kinase expression could contribute
to Cryl1Aa resistance by regulating cell apoptosis, but additional investigation is needed.

In summary, Cry11Aa resistance in the Ae. aegypti G30 strain was associated with
decreased expression of ALPs, APNs and ABC transporters, all proteins known to mediated
Cry toxicity in a number of insect species. However, future investigations are needed to
determine if the genes identified here are indeed involved in the toxicity of Cryl1Aa.
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Figure 1.

Aedes aegypti developed a high level of Cry11Aa resistance after twenty generations. Early
fourth-instar larvae were selected at the LCgqq concentration, except for generations 17, 22
and 26 that were not selected to maintain a health colony. Resistance ratios were obtained by
comparing the LCgq values of the resistant strain to that obtained with susceptible larvae

(WT). Bioassays showed the G30 larvae had a 124-fold resistant ratio.
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Figure 2.
Aedes larvae developed resistance to Cryl1Aa and Cry4Aa but not to Cry4Ba and Cryl11Ba.

Resistance ratios for individual toxins from mosquitocidal Bacillus thuringiensisisraelensis
(Bti) and Bacillus thuringiensis jegathesan (Btj) were tested at four generations during
resistance development to Cry11Aa (A). G30 showed 124-, 66-, 13-, and 2-fold resistance
ratio to Cry11Aa, Cry4Aa, Cry4Ba, and Cryl11Ba (B). Cryl1Aa (M), Cry4Aa (@) and
Cry4Ba (A) from Bti, and Cry11Ba (¥) from Btj. Resistance ratios for individual toxins
were obtained by comparing the LCsq of the resistant strain to that of susceptible WT.
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Probit analysis of Cry11Aa and Cry4Aa toxins showed significant differences in the toxicity
to WT (H) and the G30 resistant strains (Aa) but these were not observed with Cry4Ba and
Cryl1Ba. Resistance levels of G30 to mosquitocidal Cry toxins were determined with
individual Cry toxins; Cry11Aa, Cry4Aa, and Cry4Ba from Bacillus thuringiensis
israelensisand Cry11Ba from Bacillus thuringiensis jegathesan. (A) Cry11Aa, (B) Cry4Aa,

(C) Cry4Ba, (D) CryliBa.
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Figure 4.
The in vitro processing of the Cry11Aa toxin was the same in WT and resistant G30 larvae

midgut. Cry11Aa protoxin was incubated with midgut protein extract that included midgut
proteases and then analyzed in SDS-PAGE gel. Lanes: C - control; lanes - 1, 2, 3 and 4: 5,
10, 15 and 20 min with WT midgut extract, respectively; lanes — 5, 6, 7, and 8: 5, 10, 15 and
20 min with G30 resistant strain midgut extract, respectively. The stained band densities (the
sum of the gray values of all the pixels in the selection divided by the number of pixels)
were measured and quantified with Image J software (NIH) and analyzed with Origin
program (Origin Lab). Band densities of the 72 kDa protoxin incubated at same time were
similar; lane 1 (28) and 5 (30) of 5 min, 2 (23) and 6 (20) of 10 min, 3 (21) and 7 (17) of 15
min, 4 (20) and 8 (18) of 20 min (Table S2).
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Figure 5.
ALPs and APNs show reduced levels in the resistant larvae midgut compared to that in the

wild-type strain. However, Aedes cadherin is not changed between the resistant and WT. (A)
To determine the expression of target proteins in WT and G30 larvae midgut, BBMVs were
extracted, loaded (10 pg) and separated in SDS-PAGE gel, transferred to a membrane and
then incubated with the anti-AaeCad peptide antibody (lanes 1 and 2), anti-ALP polyclonal
antibody (lanes 3 and 4), and anti-APN polyclonal antibody (lanes 5 and 6). (B) The band
densities of target proteins were measured and quantified using Image J software and
compared using Origin program. Lanes and columns 1, 3 and 5 — wild type and 2, 4 and 6 —
resistant G30 strains. The expression of ALP (~40%) in G30 was reduced (lane and column
4) compared to that in WT (lane and column 3). The expression of APN in G30 (lane and
column 6) was also reduced but less (~11%).
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Table 1

Cryl11Aa has a lower affinity to midgut membrane prepared from the G30 larvae than those from wild type.

WT midgut  G30 midgut

Kd (nM)a 13.4 305

Binding affinity of WT and G30 was tested with early fourth-instar larvae midguts. Specific binding of biotin-labeled Cry11Aa to BBMV was
obtained from total binding minus nonspecific binding. Cry11Aa binding affinity for G30 BBMV was slightly reduced. K¢ values were obtained

from the concentration corresponding to half the saturation response of specific binding.

aThe Kd values reported are the mean of three separate experiments.
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Table 2

Previously identified receptors do not contain any mutations in the G30 larvae. Mutations in target genes were
screened using RNA seq and direct sequencing.

Name Aedes ID Gap in illumina sequencing®  Mutation screening®
AaeCad AAEL018140 1 X

ALP1 AAEL009077 NI X

APN1  AAEL012778 0 ND

APN2  AAEL008155 0 ND

a R . . . Lo .
NI: non-identified gene in Illumina sequencing. X: no mutation in screened gene. ND: not-determined.
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Table 4

Transcriptome analysis of cadherins, ALPs, and APNs in resistant larvae midgut.

Name Aedes ID Log,® Qvalue RT-gPCR (Log,)P

Cadherin
AAEL012421 0.13 0.12
AAELO011164 -0.11 0.13
AAEL007299 -0.29 0.14

AaeCadC AAEL018140 -061  0.41 0.53+0.22
ALP
ALP1  AAEL009077 - - 0.27+0.37

AAEL003286  5.16 0.84
AAEL003905  0.73 0.32
AAELO003309  0.23 0.22
AAEL003298  0.05 0.10
AAEL003313 -0.53 0.38
AAEL003297 -1.43 0.46
AAEL003289 -1.63 0.69

ALP5 AAEL015070 -3.06 0.84 -3.03+0.54
ALP4 AAELO013330 -4.23 0.86 -3.88+0.12
APN

AAEL012217  2.27 0.74
AAELO012774  1.33 0.67
AAEL003227 0.71 0.40
APN1 AAEL012778  0.37 0.30 0.50+0.45
AAEL012781  0.36 0.27
AAEL012779  0.27 0.23

AAELO012776  0.24 0.22
AAEL011292  0.08 0.10
AAEL012099  0.05 0.09
APN2 AAEL008155  0.58 0.40 0.90+0.28
AAEL008163 -0.11 0.15
AAEL009108 -0.41 0.31

AAEL012783  -0.73 0.47
AAELO013899 -0.76 0.48
APN5 AAEL008162 -2.26 0.81
APN4 AAEL008158 -2.33 0.81
AAEL012110 -2.81 0.76

aLogz and Q values were obtained as described in Table 3.

bLogzratio = Logo{ (EtargepCltarget(Control-Sample) g, . ACtref(Control-Sample)yhere, Etarget, amplification efficiency of target gene,
Eref; amplification efficiency of Actin; Ct, threshold cycle.
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One ALP (AAEL003286) was significantly up-regulated, two ALPs (AAEL013330 and AAEL015070) were significantly down-regulated, and two
APNs (AAEL008158 and AAEL008162) were significantly down-regulated compared to WT.

CPrevioust identified receptor proteins of Cry11Aa toxin are bold and underlined.
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