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ABSTRACT

Carboxylesterases (CarEs) play key roles in metabolism of specific hormones and
detoxification of dietary and environmental xenobiotics in insects. We sequenced and
characterized CarE cDNAs putatively derived from two different genes named LmCesA 1 and
LmCesA2 from the migratory locust, Locusta migratoria, one of the most important
agricultural pests in the world. The full-length cDNAs of LmCesA1 (1892 bp) and LmCesA2
(1643 bp) encode 543 and 501 amino acid residues, respectively. The two deduced CarEs
share a characteristic o/p-hydrolase structure, including a catalytic triad composed of Ser-Glu
(Asp)-His and a consensus sequence GQSAG, which suggests that both CarEs are biologically
active. Phylogenetic analysis grouped both LmCesA1 and LmCesA?2 into clade A which has
been suggested to be involved in dietary detoxification. Both transcripts were highly expressed
in all the nymphal and adult stages, but only slightly expressed in eggs. Analyses of
tissue-dependent expression and in situ hybridization revealed that both transcripts were
primarily expressed in gastric caeca. RNA interference (RNAi) of LmCesAl and LmCesA2
followed by a topical application of carbaryl or deltamethrin did not lead to a significantly
increased mortality with either insecticide. However, RNAi of LmCesA1 and LmCesA2
increased insect mortalities by 20.9 and 14.5%, respectively, when chlorpyrifos was applied.
These results suggest that these genes might not play a significantly role in detoxification of
carbaryl and deltamethrin but are most likely to be involved in detoxification of chlorpyrifos

in L. migratoria.



1. Introduction

Carboxylesterases (CarEs, EC 3.1.1.1), which are widely distributed in microbes, plants
and animals, hydrolyze chemicals containing carboxylic esters to the corresponding
component alcohols and acids (Satoh and Hosokawa, 2006). They share a characteristic
o/B-hydrolase structure, including a catalytic triad composed of Ser-Glu (Asp)-His and the
nucleophilic elbow surrounding the active-site serine residue (GXSXG) (Oakeshott et al.,
1999). Mammalian CarEs play an important role in biotransformation of many drugs (Imai,
2006) and transesterification of xenobiotics such as insecticides (Ahmad and Forgash, 1976).
In insects, CarEs have diverse biological functions, such as metabolism of specific hormones
and detoxification of dietary and environmental xenobiotics (Kontogiannatos et al., 2011).
With the completions of genome sequences in various insect species, multiple CarE-encoding
genes have been identified in at least eight insect species, including Drosophlia melanogaster
(35 CarE genes) (Oakeshott et al., 2005), Anopheles gambiae (51) (Ranson et al., 2002), Aedes
aegypti (56) (Strode et al., 2008), Apis mellifera (24) (Claudianos, 2006), Nasonia vitripennis
(41) (Oakeshott et al., 2010), Tribolium castaneum (49) (Yu et. al., 2009), Bombyx mori (69)
(Tsubota and Shiotsuki, 2010a), and Acyrthosiphon pisum (28) (Tsubota and Shiotsuki,
2010b).

Multiple classification schemes of CarEs existed in a wide range of organisms, including
microbes, mammals and insects. Microbial CarEs have been classified into eight families
(Families [ to VII) based on their conserved sequence motifs and biological properties
(Arpigny and Jaeger, 1999). Mammalian CarEs have been classified into six main groups and

several additional subgroups based upon the extent of amino acid homology and substrate



selectivity (Satoh and Hoso, 2006; Holmes et al., 2009). Insect carboxyl/cholinesterases were
divided into three major classes on the basis of catalytic competence and cellular/subcellular
localization. By using phylogenetic analysis, insect CarEs have been partitioned into 14 major
clades, denoted A to N. The oldest group (I-N) is neurodevelopmental class. The next group
(D-H) is secreted catalytic class. The third and most derived group (A-C) is intracellular
catalytic class with dietary detoxification functions (Oakeshott et al., 2005).

The migratory locust, Locusta migratoria (Orthoptera: Acridoidea), is one of the most
important agricultural pests in many regions of the world (Chen et al., 2000a). It is widely
distributed in eastern and southern Asia and the Pacific region, including Thailand, Cambodia,
Indonesia, Japan, and China (Chen et al., 2000a). In recent years, the destructive outbreaks of
locust had been increasing in China due to climate changes and the deteriorated ecological
environment (Chen, 2000b; Xia and Huang, 2002). Three representative insecticides,
including deltamethrin (pyrethroid), carbaryl (carbamate), and chlorpyrifos (organophosphate)
have been used in locust control. However, frequent application of insecticides has led to the
occurrence of resistance in some field populations of the locust (Ma et al., 2004; He et al.,
2004; Yang et al., 2008, 2009). The major metabolic detoxification enzymes including
cytochrome P450 monooxygenases (P450), esterases (particularly CarEs), and glutathione
S-transferases (GSTs) have been found to be involved in detoxification of insecticides and
development of resistance in insect populations (Ahmad et al., 1991; Yu et al., 2009; Cohen et
al., 1992; Snyder et al., 1995). However, little is known about the roles of specific CarEs in
detoxification of different insecticides.

In this study, we sequenced two full-length cDNAs putatively encoding different CarEs



from L. migratoria, characterized the development- and tissue-dependent expression patterns
of the two genes, and evaluated their possible roles in detoxification of three commonly used
insecticides by RNA interference (RNAi) followed by bioassay. This study is expected to

better understand the functional importance of locust CarEs in insecticide detoxification.

2. Materials and methods
2.1. Insects

Eggs of L. migratoria were obtained from Insect Protein Co., Ltd. (Cangzhou, China) and
were hatched in a growth chamber (MGC-350NR2, Shanghai Permanent Science and
Technology Co., Ltd., China) at 30+1 C and 50% relative humidity (RH) for two weeks.
After hatching, locusts were fed on fresh wheat sprouts in plastic cages (22x22x22 c¢m) in the

laboratory at 28+1 “C with a light: dark cycle of 14:10 h.

2.2. ldentification and sequencing of cDNAs

The partial cDNA sequences of two locust CarE genes (EST number: LMS 002033
for LmCesAl and LMC 003789 for LmCesA2) were searched from the locust EST database on
the basis of the criteria of conserved motifs of CarEs presented in insects. These conserved
motifs are SEDCLYLNI, WIHGGG, FGESAG, NKQEFGW, G-DHGDE and IPYAEPP
(Satoh and Hosokawa, 1995).

The mRNA was isolated from about 800 pg of total RNA from gastric caeca of locusts
and 1 pg of mRNA was used to synthesize the first strand of cDNA for 5’-RACE and
3’-RACE-PCR by using SMARTer"™ RACE ¢cDNA Amplification Kit following the

manufacturer’s instructions. Advantage® 2 Polymerase (Clontech, MountainView, CA) and a



modified PCR procedure were applied to amplify 5’-end and 3’-end cDNA fragments and the
full length cDNA. The primers for RACE-PCR and full-length cDNA amplification were
shown in Table 1. The PCR products from each reaction were purified using Gel Mini
Purification Kit (TTANGEN, China) and subcloned into pPGEM-T Easy Vector (Promega, USA)
for sequencing from both directions by Beijing AuGCT Biotechnology Company. Complete
sequences were analyzed by using the BLAST web tools of NCBI

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).

2.3. Analysis of deduced amino acid sequences and phylogenetic tree
The molecular mass (MM) and isoelectric point (p/) for each of the two CarEs were

predicted by using ExPASy tools (http://www.expasy.ch/). The catalytic triad and substrate

binding pocket for each CarE were identified with BLASTp analyses in NCBI. The potential
N-glycosylation sites for the two CarEs were predicted by the NetNGlyc1.0 Server
(http://www.cbs.dtu.dk/services/ NetNGlyc/). Signal peptide of each of the two CarEs was
predicted by using SignalP4.0 program (http://www.cbs.dtu.dk/services/ signalp/).

For phylogenetic analysis, the deduced amino acid sequences of the two CarEs were aligned
and converted to the meg files using MEGAS.0 software. The phylogenetic tree based on
amino acid sequences of different insect CarEs was constructed by neighbor-joining method
(Saitou and Nei, 1987). The bootstrap analysis of 1000 replicates was performed to evaluate
branch strength. These two locust CarEs were named according to the major supported clade

in which they were located and the mammalian CES nomenclature.

2.4. Stage and tissue-dependent expression analysis



Reverse transcription quantitative PCR (RT-qPCR) was utilized for mRNA expression
analysis. For developmental expression studies, seven locust developmental stages, including
egg, first-, second-, third-, fourth-, fifth-instar nymphs and adults, were collected for total
RNA isolation. For tissue distribution studies, nine different tissues (brain, foregut, gastric
caeca, midgut, Malpighian tubules, hindgut, fat bodies, muscles and hemolymph) were
dissected from fifth-instar nynphs on day 3.

After total RNA was isolated with Trizol Plus reagent (Takara, Japan), 4 pg of total RNA
was used to synthesize the first strand cDNA by using First Strand cDNA Synthesis kit
(Fermentas, Glen Burnie, MD) with the oligo (dT)'® primer according to the manufacture’s
instructions. RT-qPCR was performed on ABI 7300 real-time PCR detection system (ABI,
USA). Each 20 uL-reaction consisted of 10 uL. SYBR® Green Real-time PCR Master Mix
(TOYABO, Japan), 0.4 uM of each primer, 2 uL of 20-fold diluted cDNA and 6.4 pL of
deionized water. The RT-qPCR program consisted of 95 °C for 1 min, then 40 cycles of 95°C
for 15 s, 60°C for 15 s and 72 °C for 45 s. , The melting curve was automatically added by
7300 System SDS software to detect a single gene-specific peak and check the absence of
primer-dimmer peak. Relative expression was calculated using the 2" method (Pfaffl, 2001)
with B-actin as an internal reference gene. The RT-qPCR was repeated three times for each
assay. Each replication was performed based on independent RNA sample preparation and
consisted of two technical replications. The amplification efficiency of each gene was
estimated from the slope given by amplification from serial 1:10 dilutions of cDNA samples
according to the equation: E=100"51°P< (Pfaffl, 2001). The investigated transcripts showed high

amplification efficiency rates, 2.09 for LmCesA1, 1.94 for LmCesA2 and 2.04 for S-actin (n=3).



The primers used for RT-qPCR analysis were shown in Table 1.

2.5. In situ hybridization

To localize the transcripts of LmCesA 1 and LmCesA2 in gastric caeca (GC), in situ
hybridization was performed. PCR products (457 bp for LmCesAl and 361 bp for LmCesA2)
were first subcloned into pEASY- T3 cloning vector (TransGen, Beijing, China), and RNA
sense and antisense probes were synthesized by using a T7/ Sp6 DIG RNA kit (Roche, USA).
The paraffin wax-embedded gastric caeca (GC) samples were then sectioned (4 pum) and
placed on Superfrost Plus slides. The tissues were dewaxed in dimethylbenzene and
rehydrated in a graded series of alcohol (100, 95, 80, and 70%) and DEPC-treated water.
Protein digestion was performed by incubating the samples with 20 pug/ml proteinase K
(Amresco, USA) for 15 min at 37°C. The sections were fixed in 10% neutral formaldehyde for
10 min, washed with PBS, incubated in 0.1 M triethanolamine-HCI buffer, and treated with
acetic anhydride (0.25%) for 10 min. Finally, the tissues were prehybridized with
prehybridization solution (Boster, China). Hybridization reactions were carried out at 52°C
overnight with hybridization mix (Boster, China) containing an appropriate concentration of
digoxigenin-labeled RNA probe in the hybridization oven. After hybridization, the slides were
washed in 4% standard sodium citrate (SSC, once), 2xSSC (twice), 1x SSC (twice) and 0.2x
SSC (once) at 42°C. The tissues were then blocked with 1% blocking reagent (Roche) in
Buffer I (100 mM Tris, 150 mM NaCl; pH 7.5) for 2 h at 42°C and incubated with
anti-digoxigenin-AP Fab fragments (Roche, 1:1000 dilution) for 2 h at room temperature.
After 30 min of washing in Buffer I, the tissues were visualized with NBT-BCIP and mounted

on slides. The pictures were acquired using Olympus BX51 microscope equipped with



Olympus U-DPT-2 CCD and ImagePro software. The integrity of the GC sections was

confirmed by staining with hematoxylin and eosin and reviewed by standard light microscopy.

2.6. RNAi to evaluate the roles of two CarE genes in insecticide detoxification

Our earlier studies demonstrated that LmCesA1 and LmCesA2 (previously named as
LmCarE9 and LmCarE25, respectively) were involved in malathion detoxification in L.
migratoria (Zhang et. al., 2011). To examine possible involvement of these genes in
detoxification of other commonly used insecticides (chlorpyrifos, carbaryl and deltamethrin),
we performed insecticide bioassays with each of the three insecticides after each of the two
genes was silenced by RNAI. The gene-specific primers and the lengths of the PCR products
that were used for double-stranded RNA (dsRNA) syntheses for these two genes are shown in
Table 1. The dsRNA were prepared as previously described by Zhang et al. (2011). Briefly,
after PCR products were purified, they were used as templates for dSRNA syntheses using T7
RiboMAX™ Express RNA1 System (Promega, USA) according to manufacturer’s instructions.
The synthesized dsRNA samples were dissolved in deionized water, and each dsRNA was
adjusted to a final concentration of 1.5 pg-uL~". RNAi experiments were conducted by
injecting 2 L of LmCesA1I or LmCesA2 dsRNA (treatment) or 2 uL of dsGFP (control) into
the abdomen between the second and third abdominal segments of each second-instar nymph
(2-day old) by using a microsyringe.

To examine silencing efficiency of each gene at different time points, 60 nymphs were
used for mRNA expression analysis at 12, 24 and 48 h after dSRNA injection. Nine nymphs
from control or each gene-specific dsSRNA treated group were randomly divided into three

subgroups and each subgroup was used as a biological sample for total RNA isolation by using



Trizol Plus reagent (Takara, China). The first strand cDNA was synthesized from 4 pg total
RNA using First Strand cDNA Synthesis kit (Fermentas), and 2 pL of 20-fold diluted cDNA
was used for RT-qPCR based on the same method as described in Section 2.4.

In order to examine any possible increases in insect susceptibility to each insecticide after
RNAI, we chose a relatively low dose (approximately LD3g) of each insecticide in our bioassay.
This low dose will allow a sufficient increase in insect mortality of the insects in response to
the insecticide treatment if the target CarE gene that is silenced by RNAi plays an important
role in detoxification of the test insecticide. For each insecticide bioassay after RNAi, 39
nymphs from each treated group (injected with LmCesA I or LmCesA2 dsRNA) or control
group (injected with GFP dsRNA) at 24 h were divided into three subgroups as replications,
and a droplet of 3 uL of acetone containing 60 ng carbaryl, 15 ng chlorpyrifos or 0.6 ng
deltamethrin was topically applied onto the abdomen between the second and third sterna of
each nymph. These insecticide doses were predetermined to be approximately LD3 by
bioassay. Mortality was recorded at 24 h after locusts exposed to the insecticide. Nymphs were
considered dead if they were not able to walk in a coordinative way when touched with a

brush.

3. Results
3.1. Identification and classification of two CarE genes

The full length cDNA sequences of two CarE genes were obtained by 3’-end and 5’-end
RACE-PCR using the cDNA template prepared from the insect gastric caecum. Phylogenetic
tree was constructed by using neighbor-joining method to investigate the evolutionary

relationships among the two locust CarE and other insect CarE proteins (Fig. 2). The two
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locust CarEs firstly grouped together and then clustered into clade A. Based on the
nomenclature of mammalian CarEs (Holmes et al., 2008), the two L. migratoria CarE genes
were named as LmCesAl and LmCesA2. The full-length LmCesAI cDNA consists of 1892
nucleotides, including an open reading frame (ORF) of 1629 nucleotides encoding 543 amino
acid residues, and 54 and 209-nucleotide non-translated regions at 5’ and 3’ ends, respectively
(Fig. 1). The complete cDNA of LmCesA2 consists of 1643 nucleotides, including an ORF of
1503 nucleotides encoding 501 amino acid residues, and 39 and 101- nucleotide noncoding
regions at 5° and 3’ ends, respectively. The nucleotide accession numbers are JX961710 for
LmCesAI and JX961711 for LmCesA2 in GenBank

Compared with other insect CarE amino acid sequences found in GenBank using
BLAST-P at NCBI website, the LmCesA1 shares 39% identity with Megachile rotundata
esterase E4-like (XP_003700585), whereas LmCesA?2 shares 38% identity with Bombyx mori
alpha-esterase 45 (NP_001104822). Both LmCesA1l and LmCesA2 display conserved motifs,
including CarE superfamily specific catalytic triad and substrate binding pocket. The triads are
Ser205-Glu338-His453 in LmCesAland Ser159-Glu291-His400 in LmCesA2. The multiple
noncontiguous residues, GGG126-128QSA204-206 A209M365ST374-375T407G454A457
for LmCesA1 and GGG78-80QSA158-160 M163A313PT321-322G355S401L404 for
LmCesA2, may form their substrate binding pockets (Tablel). The calculated molecular mass
and p/ are 59.4 kDa and 4.85 for LmCesAl, and 55.8 kDa and 4.37 for LmCesAZ2,
respectively, by using the ExXPASy Proteomics website. SignalP4.0 analysis predicted that
both LmCesAl and LmCesA2 have a signal peptide at their N-terminus (Fig. 1). Potential

N-glycosylation sites were observed at Asn261-Asn262-Thr263, Asn262-Thr263-Ser264 and
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Asn523-Leu524-Ser525 in LmCesAl and Asn392-Val393-Ser394 in LmCesA2 (Fig. 1).

3.2. Tissue and stage-dependent expression patterns of CarE genes in L. migratoria

Tissue-dependent expression patterns of LmCesA1 and LmCesA2 were analyzed by
RT-gPCR in nine tissues, including brain, foregut, gastric caeca, midgut, Malpighian tubules,
hindgut, fat bodies, muscles and hemolymph. As shown in Fig. 3, both LmCesAI and
LmCesA2 were highly expressed in intestine. However, LmCesA 1 was predominantly
expressed in gastric caeca and midgut, whereas LmCesA2 was mainly expressed in gastric
caeca, with only slight expressions in other tissues.

The stage-dependent expression patterns of LmCesA1 and LmCesA2 were also examined
in eggs, five different nymphal instars (first-, second-, third-, fourth- and fifth), and adults by
RT-qPCR. LmCesAl was highly expressed in all the nymphal and adult stages, with slight
expression in eggs. However, LmCesA2 was highly expressed in first- and second-instar

nymphs, but relatively low in other developmental stages examined.

3.3. Localization of LmCesAl and LmCesA2 transcripts in gastric caecum

The cellular localizations of LmCesAl and LmCesA2 transcripts in gastric caecum of L.
migratoria were examined by in situ hybridization. As shown in Fig. 4, both LmCesA 1 and
LmCesA?2 transcripts were detected in the basal of the columnar cells of gastric caecum (Fig.

4B and Fig. 4C).

3.4. Effect of gene silencing on locust susceptibility to insecticides
RT-qPCR analyses at different times after the injection of dSRNA for each target gene

showed significantly decreased transcript levels of LmCesAI at 24 h (about 87%) and 48 h
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(about 86%) and of LmCesA2 at 24 h (about 97%) as compared with those in the controls,
indicating an effective silencing of these two genes at 24 h after dsSRNA injection (Fig. 5A, Fig.
5B).

To investigate possible involvements of LmCesA1 and LmCesA2 in detoxification of three
commonly used insecticides (carbaryl, chlorpyrifos and deltamethrin), the susceptibility of the
dsRNA-injected locusts to each of these insecticides was assessed. Results from our
insecticide bioassays showed that the susceptibility of the nymphs to chlorpyrifos increased
from 34.2 to 55.1% when LmCesAI was silenced, and from 34.2 to 48.7% when LmCesA2
was silenced (Fig. 5C). In contrast, the susceptibility of the nymphs to deltamethrin decreased
from 33.3 to 19.3% after LmCesA1 was silenced and from 33.3 to 18.5% after LmCesA2 was
silenced (Fig. 5C). However, the susceptibility of the insects to carbaryl did not change

significantly when LmCesAI or LmCesA2 was silenced.

4. Discussion

In our previous studies, we identified 25 cDNA fragments putatively derived from
different CarE genes from locust EST database, and arbitrally named them from LmCarE1 to
LmCarE2)5 because it was difficult to provide systematic nomenclature only based on their
cDNA fragments (Zhang et al., 2011). In this study, we obtained the full-length cDNAs of two
locust CarE genes and evaluated their phylogenetic relationships with other known insect
CarEs. Based on the nomenclature of mammalian CarEs (Holmes et al., 2008), we named
these two locust CarE genes as LmCesAl and LmCesA2.

The predicted amino acid sequences of the two CarE genes were found to be highly

similar to the known insect CarEs and displayed conserved motifs for substrate binding pocket
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and catalytic triad (Cygler et al., 1993) when analyzed by BLASTp with credible expectation
values (E-value<4e"” for LmCesAl, E-value<5e'” for LmCesA2). The predicted signal
peptide cleavage sites of their proteins were found using the SignalP4.0 Server. Thus, both
CarEs might be secreted enzymes. The potential N-glycosylation sites for mammalian CarEs
have been observed at one or several positions (Kroetz et al., 1993; Fleming et al., 2005;
Holmes et al., 2010). Interestingly, these sites were also found in the two locust CarEs. It has
been reported that the role of the N-glycosylated carbohydrate group is to maintain CarE
stability and catalytic efficiency (Kroetz et al., 1993). Such a property is likely to be shared by
both mammalian and insect CarEs. This is particularly true for LmCesA1 that contains two
such sites for N-glycosylation.

Different tissue distributions of CarE family members may imply the diverse roles of
CarE family members in both mammalians and insects (Pindel et al., 1997; Xu et al., 2002;
Holmes et al., 2010; Yu et al., 2009). Indeed, several studies have demonstrated that midgut is
the first barrier of xenobiotics in peroral toxicity (Ahmad et al., 1991; Yu et al., 2009; Cohen
et al., 1992; Snyder et al., 1995). It has been reported that gastric caeca are supplementary
structures of the midgut for increasing the surface area for food absorption, water uptake and
waste expulsion (Akpan and Okorie, 2003). Similarly, our investigation of the expression
patterns of two locust CarE genes in nine tissues showed that both LmCesA I and LmCesA2
were highly expressed in gastric caeca, whereas LmCesAl was also expressed relatively higher
in the midgut than in other tissues except for gastric caeca. Therefore, we propose that these
two CarEs may play important roles in detoxification of xenobiotics including insecticides that

are ingested by the insect. Stage-dependent expression patterns of two locust CarE genes were

14



determined in all developmental stages by RT-qPCR. Both genes were highly transcribed
across all the feeding stages including five nymphal instars and adult stage when the insect is
likely to come in contact with xenobiotics. The lowest expression levels of both genes were
found in eggs, particularly for LmCesAl whose expression level was undetectable by
RT-gPCR. Our results support our notion that these two genes may contribute to the
detoxification of xenobiotics derived from their food.

Organophosphates (OPs), carbamates and pyrethroids are three major classes of
insecticides used for pest control. CarEs are important in the hydrolysis of a broad range of
endogenous and xenobiotic ester-containing compounds, such as OPs, carbmates, and
pyrethroids. Extensive application of these insecticides resulted in the development of
resistance against these insecticides in many insect species. In many cases, insecticide
resistance is mediated by CarEs with the molecular mechanisms of gene overexpression (e.g.,
gene amplification) and mutations of the genes (Li et al., 2007). In Myzus persicae, the
overexpression of a CarE (E4) gene by gene amplification contribute to the enhanced
degradation and sequestration of many insecticides including OPs, carbamates and pyrethroids
(Field and Devonshire, 1998). Previous studies have demonstrated that the increased CarE
activity is responsible for malathion resistance in L. migratoria (Yang et al., 2008b). Although
carbamates and pyrethroids have been used for locust control, little is known about
detoxification of these insecticides by CarEs in the locust. Nevertheless, it is relatively
difficult to pinpoint the detoxification roles of individual CarE genes since several dozens of
CarE genes have been identified in each insect species (Ranson et al., 2002; Oakeshott et al.,

2005; Strode et al., 2008).
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We took the advantage of using RNAI to evaluate possible detoxification roles of
LmCesAl and LmCesA2 in locusts. If silencing of a particular gene by RNAi significantly
increases the susceptibility of the insect to an insecticide, it is possible that this gene may play
a role in detoxification of this insecticide because silencing of the gene can ultimately
diminish the detoxification of the insecticide by the enzyme encoded by the gene. Base on this
principle, our previous studies have demonstrated that many genes encoding detoxification
enzymes, including LmGST and LmCYP, play key roles in the detoxification of different
insecticides (Qin et. al., 2012; Guo et. al., 2012). To evaluate whether or not LmCesAl and
LmCesA2 played a role in detoxifying the three representative insecticides (carbaryl,
chlorpyrifos and deltamethrin) in the locust, we performed RNAi for LmCesAI and LmCesA2
followed by bioassay with each of the three insecticides. Our results suggested that both genes
play an important role in detoxification of chlorpyrifos in the locust. Thus, it is reasonable to
predict that the increased expression of LmCesA I and LmCesA2 in L. migratoria might lead to
the elevated tolerance to chlorpyrifos or other xenobiotics, which may consequently result in
difficulties in controlling the locust in the field.

However, silencing LmCesA1 or LmCesA2 showed significantly lower mortality when the
locusts were exposed to deltamethrin as compared with the controls (dsGFP injection). We
proposed that these two genes did not play a role in deltamethrin detoxification. However, we
don’t know how silencing LmCesAl or LmCesA2 can reduce the susceptibility of L.
migratoria. A possible explanation is that LmCesA I and LmCesA2 may also play an important
role in insect physiology and silencing these genes by RNAi may modify the insect response

to deltamethrin. Further studies are needed to clarify this outcome of RNAi. Nevertheless, our
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results support the notion that both LmCesAl and LmCesA2 play a significant role in
chlorpyrifos detoxification as validated by RNAi followed by insecticide bioassay. Our present
studies may help us better understand functions of the insect CarE genes and provide a
roadmap to use RNAI techniques to evaluate possible functions of detoxification genes in

nsects.
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Table 1. Primers used for full-length ¢cDNA sequencing, qRT-PCR analysis and dsRNA

synthesis of LmCesAl and LmCesA2

Gene Application Primer sequences (5'-3") Product size (bp)
LmCesA1 RT-PCR F: CAGAACCTCCTGTTGGAACACA 77
R: CAGAGCATCTCTTACACCATTCCAT
5'-RACE R: CATGTTGTCCAGTGATATGAGGCAC 102
3-RACE F: GAATGGGATTTGGTCCTGACTACTT 1440
Full length amplication F: ACGCGGGGTAAGGAAGAAAGT 1842
R: AGTGTAGTCATGGAACAGAACGTG
In situ hybridyzation F: CTTCTGTCTCAGGGGGCTTAC 457
R: GTTGCAGATTCTCACCACCTC
dsRNA F: TAATACGACTCACTATAGGG 311
AAAGTGCTGGTGGTGCTTCT
R: TAATACGACTCACTATAGGG
ATGCTGTGGCTCAACACTTG
LmCesA2 RT-PCR F: CTCATCTCCTACGGCGTCATC 74
R: TCACCAGTCGTGAGGAAACCT
5-RACE R: TCGGTATCGGAGCCGCTGTTGTAGT 443
3-RACE F: ACGGACGATTCGCAACAGTTGGTAG 968
Full length amplication F: GACAACATTGACCATGGAACT 1536
R: AAGGTGTCAGTCTTATTTTACAC
In situ hybridyzation F: AACAGCAGCAGGAGGCG 361
R: GTAGGGTTTCCGTATTTAGCG
dsRNA F: TAATACGACTCACTATAGGG 331
CGGGTGGAATGTCTGTATCC
R: TAATACGACTCACTATAGGGG
ATTGGAGACTCCGGCATTA
GFP dsGFP F: TAATACGACTCACTATAGGG 712
GTGGAGAGGGTGAAGG
R: TAATACGACTCACTATAGGG
GGGCAGATTGTGTGGAC
B-actin RT-PCR F: CGAAGCACAGTCAAAGAGAGGTA 156

: GCTTCAGTCAAGAGAACAGGATG
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Figure Legends:

Fig. 1. Nucleotide and deduced amino acid sequences of the two CarE cDNAs from L.
migratoria. Red letters denote the catalytic triad. Letters in grey shadow represent substrate
binding pocket. The stop codon at the end of the ORF is highlighted in bold. Putative signal

peptides predicted by the SignalP4.0 program (http://www.cbs.dtu.dk/services/SignalP/) are

shown in green. Potential N-glycosylation sites are highlighted in blue. The sequences were

deposited in the GenBank (Accession No.: JX961710 (A) and JX961711(B)).

Fig. 2. An unrooted neighbor-joining tree showing phylogenetic relationships of selected
insect CarEs. The tree was generated by MEGA 5 based on amino acid sequences. Nodes

with > 50% bootstrap values (1000 replicates) are indicated. The nomenclatures of the clades
are based on Oakeshott et al. (2005). Blue triangles indicate Anopheles gambiae CarEs, purple
squares Drosophila melanogaster CarEs, red rhombus Locusta migratoria CarEs, black circles
other insects CarEs (including AAL09822 Aphis gossypii, CAA88030 Culex quinquefasciatus,
AF153367 Choristoneura fumiferana, P12992 Heliothis virescens, AF287267 Bombyx mori,
AF327882 Manduca sexta). The GenBank accession numbers for various insect CarEs used in
this tree were generally taken from the National Center for Biotechnology Information (NCBI)

database (http://www.,ncbi.nl.nih.gov/Genbank/). The five clades were named as A, C, G, H

and N.

Fig. 3. Tissue- and stage-dependent expression patterns of LmCesAI and LmCesA2 in L.

migratoria. A, Nine tissues were selected to examine the mRNA expresion levels of two CarE
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genes. Brain (BR), foregut (FG), gastric caeca (GC), midgut (MG), hindgut (HG), Malpighian
tubules (MT), fatbodies (FB), muscles (MU) and hemolymph (HE). B, Stage-dependent
expression patterns of two CarE genes. Tissue- and Stage-dependent expressions of two genes
were evaluated by qRT-PCR. B-actin was used as an internal reference gene. Vertical bars
indicate standard errors of the mean (n = 3). Different letters on the bars indicate that the
means are significantly different among tissues or different stages in Fisher’s LSD multiple

comparison test (P < 0.05).

Fig. 4. In situ hyhybridizition of LmCesAl and LmCesA2 on gastric caeca (GC) sections of L.
migratoria. A) paraffin-embedded thin section of gastric caecum showing the overall
structure and corresponding regions where the transcripts were detected as shown in Panels
B and C. B) LmCesAl transcript was detected in the basal membrane of columnar cell of
gastric caeca shown by purple color. C) LmCesA2 transcript was detected in the basal
membrane of columnar cell of gastric caecca shown by purple color. B') and C’) represent the
enlarged regions with abundant LmCesAl and LmCesA2 transcripts, respectively. Cc,

Columnar cell; Bm, basal membrane; Cm, Ciliated membrane.

Fig. 5. Susceptibility of L. migratoria to each of three selected insecticides after LmCesAl and
LmCesA2 were silenced. A, B: Silencing efficiency of LmCesAl and LmCesA2 after the locust
nymphs were injected with 3 pg dsRNA (dsGFP as control). RNA was extracted and
quantified by qRT-PCR at 12, 24 and 48 h after the injection. f-actin was used as an internal

reference gene. A: LmCesAl; B: LmCesA2; Vertical bars indicated standard errors of the mean
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(n = 3). Different letters on the bars indicate that the means are significantly different among
controls in Fisher’s LSD multiple comparison test (P < 0.05). Significant differences were
statistically separated by #-test (xP < 0.05, **P < 0.01 ). (C) Susceptibility of the locusts to
different insecticides after dSSRNA injection in second-instar nymphs. Insecticides bioassays
were conducted by topical application at 24 h after dsSRNA injection. Mortality of the locusts
was assessed at 24 h after each insecticide treatment. Averaged data from three independent
experiments were analyzed together with S.E. Asterisks on the bars indicate that the means are
significantly different among the control and treatments (student’s t-test, *P < 0.05, **P <

0.01).
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Fig. 1.

A ACGCGGGGTAAGGAAGAAAGTACACATCCCAAGTGCCTCATATCACTGGACAAC 54
ATGATATGTAATTTACAAGATTGCTTTTTAATATTTTTACTAATTCCATACTGTGTGGCACAAAATTATGTCACAGTT 132

[M 1 ¢ N LQDCFLIFLLTIPJYCVA|QNYVTYV
GAGACACCTCTTGGCAGTCTTAGAGGCCAAGCAGAATGGGCTGTAACAGGGCAAGTTATGTATACTTTCAAAGGAGTG 210
ETPLGSLRG QAEWAVTGOQVMYTFTKG GV
CCCTATGCAGAACCGCCTGTTGGAACACAGCGGTTCCAGCCCCCTGTGGCAAAGCAACCATGGAATGGTGTAAGAGAT 288
PYAEPPVGTQRFQPPV AKIOQPWNGVRD
GCTCTGTCAGCTGGATCAATGTGTGTTCAGCAGAATAATGGAGTCTTTAGTGGACAGGAAGATTGTCTATTTCTAAAT 366
AL SAGSMCVYQQNNGVYFSGQETDTE CTLFTLN
GTATACACACCTGAGCTACCAAGTGGATCAACTACCCTGAGACCAGTAATGGTATTCATTCATGGAGGTGGTTTTATA 444
VY TPELPSGSTTLRPVMVYFIHGGGF.I
AATGGACAAGGAATGGGATTTGGTCCTGACTACTTTTTGGAAGCTGGAGTTGTATATGTTTCTATTAACTATCGCTTG 522
NGQ GMGFGPDYTFLEAGVYVVYVSINYRHL
AGTGTATTAGGTTTCTTGAGTACAGAAGATCTTGTAGTGCCGGGAAACATGGGACTGAAGGATCAAGTGCAAGCCTTA 600
SVLGFLSTEDLVYVVPGNMGTLEKT DR QVQAL
CGATGGGTTCAACAGAACATTGCTGCATTTGGAGGTGACCCTAATAGTGTCACCATTTTTGGACAAAGTGCTGGTGGT — 678
RWVQQNTIAATFGGDPNSVTIFGQSATGSG
GCTTCTGTCCATTACCTTGTACTATCACCCTTAGCAAAAGGATTGTTCCACAGAGCAATAGCTGAAAGTGGGGCTGCA 756
ASV HY LV LSPLATIKSGTLTFHTRAIAETSTG GAA
CTCAACCCATGGGCGTTTGCTAGAAACACAAGAGACAGAGCTTACCGGCTAGCCCAAAGTTTAGGCTATTATGGTTCC 834
LNPWAFARNTRDPRAYRLAQ QSLTGYYGS
AACAACACATCAGAAATAGTACAATTCTTGTTAAATGTTGATGCTTACCAACTTATCTCGAATACATATGCTGCTCTG 912
NN TSETIVQFLLNVDAYQLISNTYAA- AL
CCTACAGAGGATGTCATGGGTATCTTTCAAATGGTATTTGTGCCAAGTGTTGAGCCACAGCATGATGGAGCCTTACTA 990
PTEDVMGIFQMVFVPSVETPR QHTDGATLIL
ACAGGAGAGCCAGCAGTACTTCTGTCTCAGGGGACT TACAACGATGTTCCATATATGACTGGTGGAACATCTGCAGAG 1068
TGEPAV LLS QGTYNDVTPYMTGGTSATE
TGCTTGTTTTATGTTGCACCTTCAGGAGGCCTTTCAACAGCTGAGCAGATAGCACAGTTGGATCAGAACTTTGAGCGG 1146
CLFYVAPSGGLSTAET® QI AQLDZ QNTFER
ATGATTGGACCTGACTTAAGGCTATCCACAGCAGAGCAGAGAACACAAGGTGCACGTGAAGTAAGGAGCTTTTACTAT 1224
M1 GPODLRLSTAEQRTQGATREVR RSTFVYY
GGAGATGCAACCATAACTCTCCAGCAGAACAGCACAACAGTTGCTTGCACAAGTGCTCTTCTCTTTGGTGAAGGAATT 1302
GDATI TLQQNSTTVACTSALTLTFGEG.I
GATGTTGTTGTACAGAGAATGGCACAGCATTCAACACAGCCCATTTATTATTACTATTTCTCCTATGTTGGACCTCTG 1380
DVV VQRMAQHSTQPIYYYYFSYVGPL
ACTAGCTATCCCAATTTAGAAGGTGCTGGCCATGGTAATGAAGCAAACTACATGTTTTATTTTGGAGGTGGTGAGAAT 1458
TSYPNLEGAGHG GNTEANYMFYTFGGGEN
CTGCAACCAGGGTCTGAAGGAGCTATAACAAGGAGCAGGTTGATACAGATGTGGACAAATTTTGCAAGATACGGAAAT 1536

LQ PGS EGAI1I TRSRLIQMWTNFARYGN
CCCACACCAAATGTGGACTCAGTGATTGCCCAGTACTGGACTCCATACACCACAGGTGGAAAAGCATATCTGCATTTT 1614
PT PNV DSVI AQYWT®PYTTGGI K AY L HTF
GATGTGAACTTGTCTATTGAAAGCAACTTGAAGAATGATGAATTTAGTTTTTGGCACAACCTACTGCCATAGATGATT 1692
DVv N LS I ESNLKNDEFSFWHNLLP

TAATGAAGGCTACACAATACATGGACCTTAACAATATGCAACCTTCATTGTAATGATTATATATTTTATATTTAATCA 1770
CTATTATTACCAATCAGTGTTGTTTAATATGTAATACCTTGCCTTTCACGTTCTGTTCCATGACTACACTTTTGTCAG 1848
TTGCATTATTATGAAACAAGAAAAAAAAAAAAAAAAAAAAAAAA 1892
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E3 ACGCGGGGGCAGTTGTCTTTTGACGCGACAACATTGACC

ATGGAACTCCGCGGCACCAAACTGGTGCCCGTCCTGCTGCTTCAACTCCTTGTCTATGCCAAGGACCCTCTGCCGGCT
|M ELRGTW KLV PV LLLOQLULV Y AIKDUPLPA
GATGGCTGGGAAGGCGTCCGCGACGCCACGGAGTACGGCAGCGACTGCATCCAGCCCGACGGCAGCGGCTCAGAGGAC
bGWEGVRDATEYGSODT CI QPDGSG S ED
TGCCTCTACCTGAACGTGTACGTGCCGGACGTGCCCGAGGAAGGCGCTAAGTTGCCCGTGCTCTTCTGGGTACACGGC
cLY~LNVYVPDVZPEES GAKILWPVLFWVHGEG
GGCGGCTTCTACTACAACAGCGGCTCCGATACCGAACACGGGCCCGACTTTCTCATCTCCTACGGCGTCATCCTCGTC
GG FYYNSGSDTEMHG®PDF FLISY GV I LV
ACCATCAACTACCGGCTATCTCAGCTAGGTTTCCTCACGACTGGTGACGAGGTTGTTCCGGGTAACGCGGGTCTGAAG
TI1 NYRLSQLGFLTTSGDEVVPGNAGTLK
GACCAGCACCTGGCGCTCGTGTGGGCCAAGCAGAACATCGCCAGCTTCGGTGGAGACCCGGACCAGATCACTCTCTGG
DQ HL AL VWAKOQNIASFGSGDWPDOQ I T LW
GGACAGAGCGCGGGTGGAATGTCTGTATCCCTGCACCTCGTCTCCCCGCTGTCCACAGATCTGTTCTCAAGGATTATC
GQ S AGGMSVSLHLVSUPLSTHDLTFSRII
ATCCAGAGTGGTAACTTCATCGGACAACCAGCTTCTCTTGAAATGGCTCGTCAGAATGCCTTCAAACTTGGAGCAGTT
1 Q S GNFI1I G QP ASLEMARAOQNATFIKLGAYV
CTGGGTTTGGAGACGGACGATTCGCAACAGTTGGTGGACTTCCTGCGCTCTGTCGATGTTGCGGACCTGTTGGTGGAC
L6GLETODUDSQQLVDFLRSVDVAUDTILTLUVTD
AACACCCTTGTGATGACAGACGAGCAAAAAGAGATGTATTCGTACAATCCTTGGTGGCCTTCCATCGAACCAGACTTG
NTLVMTDEQ KEMYSYNPWWPS 1T EZPTDIL
GAGGGAGCACTAATGCCGGAGTCTCCAATCCAGAGGCTTATTGACGGCCGATTCCTCCAGATTCCGATCTTCACTGGA
EGALMPES®PI1IQRULIDGRFLOQIPI FTSG
GTGACGTCTGGTGAGATGGGTTCTGGAATGTTATCTAGTACTGCCCAGATCGACACACTGAACAACAGGTTTGTCGAG
v TS GEMGSGMULSSTAOQIDTILNNR RTFVE
GCTGTGGGACCAAACTTGCACTTACCGACTGTGGAACAGCAGCAGGAGGCGGCTGCCAAGCTGAGGCAATTCTACTTC
AVGPNULHLPTVEQQQEAAAKTULRZGQFYF
GGAGACGACGTTATCTCTGCAGACAATCCCAAGCCTCTTGTTGATTTCGGCAACGACATGAGTATGTTCGCGTCAACG
¢GbDVISADNUZPK®PLVDFGNTIDMMSMFAST
GACGCTCTCGTCAGGAAAGTGACTGAAATCACGGATCTACCAGTTTTCTACTACGAGTTTGACTATCACGTGGAAAGC
DALVRKVTEITDLZPVFYYEFUDYHVES
GTCAACGTTTCAGAGTGGGGTGCCCCCCACTCCAGTGACTTGCCATTCCTTTTCTTAAGAAAGGATACGGTGTATAAT
VNVS EWGAWPHSSDLUPFLZFLRIKDTVYN
TTGGATCCCAATTCCGACGAAGACAAAGTACGAAGAAATTTACTCCGATGCTATACTAACTTCGCTAAATACGGAAAC
LDPNSDEDI KV RRNTILILRCYTNFAZKYGN
CCTACTCCAAAAGCAGACCCCGTGGTGTGGGAGGCCTACAACAACGAGACTCGCAGCTACATGCTCATGCAGGCCACC
PTPKADUPVVWEAYNNETHRSYMLMOQAT
TTCACACTTTCGCAAGACAAGGATGCGGAACGTATGGATTTCTGGGAAGAAAATGTGCCGCTACTGCCTTATGCAAAT
FTLS QDI KDAERMDEFWETENVPLLPY AN
ACCTACTCAAAGCACAACGTGTAAAATAAGACTGACACCTTTTTATGTATGAAAACGGAACTTACTGCTTGTAAATAA
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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