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Abstract 

Two alternative splicing variants of chitin synthase 1 gene (BdCHS1) were cloned and characterized 
from the oriental fruit fly, Bactrocera dorsalis (Hendel). The cDNA of both variants (BdCHS1a and 
BdCHS1b) consisted of 5,552 nucleotides (nt), with an open reading frame (ORF) of 4,776 nt, 
encoding a protein of 1,592 amino acid residues, plus 685- and 88-nt of 5′- and 3′-noncoding re-
gions, respectively. The alternative splicing site was located between positions 3,784–3,960 and 
formed a pair of mutually exclusive exons (a/b) that were same in size (177 nt), but showed only 
65% identity at the nucleotide level. During B. dorsalis growth and development, BdCHS1 and 
BdCHS1a were both mainly expressed during the larval–pupal and pupal–adult transitions, while 
BdCHS1b was mainly expressed during pupal–adult metamorphosis and in the middle of the pupal 
stage. BdCHS1a was predominately expressed in the integument whereas BdCHS1b was mainly 
expressed in the trachea. The 20-hydroxyecdysone (20E) induced the expression of BdCHS1 and 
its variants. Injection of dsRNA of BdCHS1, BdCHS1a, and BdCHS1b into third-instar larvae sig-
nificantly reduced the expression levels of the corresponding variants, generated phenotypic de-
fects, and killed most of the treated larvae. Furthermore, silencing of BdCHS1 and BdCHS1a had a 
similar result in that the larva was trapped in old cuticle and died without tanning completely, while 
silencing of BdCHS1b has no effect on insect morphology. These results demonstrated that BdCHS1 
plays an important role in the larval–pupal transition and the expression of BdCHS1 in B. dorsalis is 
regulated by 20E. 

Key words: Chitin synthase 1; Alternative splicing; Bactrocera dorsalis; RNA interference; 
20-hydroxyecdysone. 

Introduction 
Chitin, a linear polymer of β-(1, 4)-linked 

N-acetylglucosamines, is one of the most crucial 
component in the cuticle, cuticular lining of the fore-
gut, hindgut, trachea, and peritrophic membrane 
(PM) in insects [1-2], and widely distributed in fungi, 
nematodes and other arthropods [3]. During each 
molting cycle in insect development, part of the old 
cuticle is digested, while new chitin is synthesized 
and deposited [4]. Chitin synthase (CHS) is a crucial 

enzyme involved in the final step of the chitin bio-
synthetic pathway. CHSs are large proteins embed-
ded in the plasma membrane and belong to family 2 
of the glycosyltransferases, which catalyze the trans-
fer of sugar moieties from activated sugar donors to 
specific acceptors resulting in a glycosidic bond [5].  

Based on amino acid sequence similarity, dis-
tribution, and function, insect chitin synthase occurs 
in two types: CHS1 and CHS2 (also known as CHS-A 
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and CHS-B) [6-9]. These two genes are closely related, 
but belong to different phylogenetic clades [2]. CHS1 
and CHS2 have different functions during insect 
growth and development. CHS1 is responsible for 
production of chitin required in cuticle and cuticular 
lining of the foregut, hindgut and trachea, whereas 
CHS2 specializes in chitin synthesis in the PM [1, 10]. 
However, only CHS1 has been found in hemipterans 
such as pea aphids, triatomine bugs, and brown 
planthoppers, while the CHS2 gene was absent, con-
sistent with the lack of PM in these insects [11, 12]. 
The hemipterans may have lost CHS2 during their 
evolution. In addition, insect CHS1 consists of two 
alternative splicing variants, CHS1a and CHS1b, 
which differ in a 177-nt region that encodes 59 amino 
acids forming the predicted second to last transmem-
brane helix [7, 13-15]. No alternative splicing variants 
have been reported for CHS2 in insects [3, 16].  

Due to the fact that chitin is absent in plants and 
vertebrates [5], CHS represents a potential target for 
selective insecticidal agents. Many insect growth reg-
ulators, such as diflubenzuron and chlorfluazuron, 
have been reported to disrupt chitin synthesis in in-
sects [17, 18]. In addition, 20-hydroxyecdysone (20E) 
and the ecdysone agonist RH5992 may be able to in-
terfere with insect cuticle formation by inhibiting 
CHS1 [19]. In a recent study, serious cuticular mal-
formations were observed and CHS1 expression was 
up-regulated as a result of 20E treatment of a lepi-
dopteran [20]. There have been no reports on the ef-
fects of 20E on CHS1 in tephritid fruit flies to date. 

The oriental fruit fly, Bactrocera dorsalis (Hendel) 
(Diptera: Tephritidae), is one of the most economically 
important pests in tropical and subtropical areas of 
the world, where it causes serious damage to fruit 
production [21, 22]. Females typically oviposit in fruit, 
and the developing larvae tunnel through the fleshy 
mesocarp on which they feed, causing fruit damage 
and drop [23]. Current control techniques mainly rely 
on spraying chemical insecticides. Because of the high 
economic and environmental costs of chemical con-
trol, together with the evolution of insecti-
cide-resistant populations, there is an urgent need to 
develop new pest management strategies. In recent 
years, RNA interference (RNAi)-based technology has 
shown great potential in controlling insect pests by 
silencing vital genes [24, 25]. RNAi has also been 
successfully used to investigate the developmental 
function of CHS1 in holometabolous and hemimetab-
olous insects, such as Tribolium castaneum (Coleoptera) 
[26], Drosophila melanogaster (Diptera) [27, 28], 
Spodoptera exigua (Lepidoptera) [29], Ostrinia furnacalis 
(Lepidoptera) [30], Locusta migratoria manilensis (Or-
thoptera) [14], and Nilaparvata lugens (Hemiptera) [11]. 
These results showed that CHS1 is required for sur-

vival, egg hatching, and molting. Therefore, clarifying 
the functions of CHS1 in B. dorsalis will aid in identi-
fying a suitable gene for developing RNAi-based 
technology for pest control.  

In this study, we reported (1) a full-length cDNA 
encoding chitin synthase 1 (BdCHS1) from B. dorsalis; 
(2) two alternative splicing variants of BdCHS1 
(BdCHS1a and BdCHS1b); (3) the expression patterns 
of BdCHS1 and two alternative variants at different 
developmental stages and in different tissues; (4) the 
effects of 20E on the expression of BdCHS1 and its 
variants; and (5) a functional analysis of BdCHS1 and 
its variants by RNAi. 

Materials and Methods 
Insect culture 

Bactrocera dorsalis was originally collected in 
August 2009 from Fujian Province, China. Larvae 
were reared in the laboratory at 27 ± 1°C, 70 ± 5% rel-
ative humidity, and 14:10 h light:dark on an artificial 
diet as described previously [31]. The developmental 
stages were synchronized at each molt by collecting 
new larvae or pupae.  

cDNA cloning of BdCHS1 
Total RNA was isolated from the integument of 

the third-instar larvae of B. dorsalis with a TRIzol kit 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. First-strand cDNA was 
synthesized using PrimeScript® 1st Strand cDNA 
synthesis Kit (TaKaRa, Dalian, China) with oligo 
(dT)18 primers and used as a template for PCR. 

Based on the results of high-throughput tran-
scriptome sequencing of B. dorsalis [32], three cDNA 
fragments encoding chitin synthase 1 were obtained 
(GenBank ID: JN036718, JN036719, and JN036720). 
The PCR strategies and the sequences of the 
gene-specific primers designed to obtain overlapping 
PCR products are shown in Fig. 1 and Supplementary 
Material: Table S1, respectively. The full-length 
BdCHS1 cDNA sequence was determined by se-
quencing four overlapping PCR fragments. The ends 
were amplified by 5′- and 3′-RACE using the 
SMARTerTM RACE cDNA Amplification Kit follow-
ing the instructions of the manufacturer (Clontech, 
Palo Alto, CA, USA). PCR was carried out with 
rTaq™ polymerase (TaKaRa) in a 25 μL reaction 
mixture containing 1 μL cDNA templates, 1 μL each 
primer (10 μM), 2 μL dNTP (2.5 mM each), and 2.5 μL 
10 × PCR buffer (Mg2+ plus). Thermal cycling was 
performed on C1000TM Thermal Cycler (BIO-RAD, 
Hercules, CA, USA) under the following conditions: 
initial denaturation at 95°C for 3 min; followed by 34 
cycles of denaturation at 95°C for 30 s, annealing at 
55–65°C (based on the primer annealing tempera-
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tures) for 30 s, and extension at 72°C for 2–3 min 
(based on the size of expected fragment); with a final 
extension at 72°C for 10 min. Amplified PCR frag-
ments from each reaction were separated in an aga-
rose gel and purified using the Gel Extraction Mini Kit 
(Watson Biotechnologies, Shanghai, China). Purified 
DNA was ligated into pGEM®-T Easy vector 
(Promega, Madison, WI, USA) and sequenced com-
pletely from both directions using an ABI Model 3100 
automated sequencer (Life Technologies, Shanghai, 
China). 

Identification of alternative splicing exons of 
BdCHS1 

The expected fragments, including alternative 
exon sequences, were predicted by aligning them 
with CHS1 genes of other insect species. To identify 
alternative splicing exons of BdCHS1, two 
gene-specific primers, BdF, 5′-GGAAATGGAAGCG 
GAAAAG-3′, and BdR, 5′-TGCCGAAACGATG 
GAACAA-3′, were designed based on the full-length 
cDNA sequence of BdCHS1. cDNAs from the integ-
ument and trachea were used as templates for 
BdCHS1a and BdCHS1b, respectively. Thermal cycling 
conditions were: initial denaturation at 95°C for 3 
min; followed by 34 cycles of 95°C for 30 s, 55°C for 30 
s, and 72°C for 1 min; with a final extension at 72°C 
for 10 min. Each PCR product amplified from either 
integument or trachea cDNA was purified and se-
quenced as described above. 

Sequence and phylogenetic analyses  
Sequence similarity and analysis for conserved 

domains were performed using NCBI BLAST pro-
grams (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
ExPASy Proteomics Server (http://cn.expasy.org/ 
tools/pi_tool.html) was used to compute the isoelec-
tric points and molecular weights of deduced protein 
sequences. The signal peptide was predicated by 
SignalP 3.0 (http://www.cbs.dtu.dk/service/ 
SignalP/), and transmembrane helices were analyzed 
using TMHMM v.2.0 (http://www.cbs.dtu.dk/ 
services/TMHMM-2.0/) [33]. Putative coiled-coils 
sites were predicted with PAIRCOIL [34]. NetNGlyc 
1.0 Server (http://www.cbs.dtu.dk/services/ 
NetNGlyc/) was used to analyze the N-glycosylation 

sites [35]. Alignments of nucleotide and amino acid 
sequences were made using ClustalW software [36]. 
Phylogenetic tree was constructed by the programs of 
MEGA5.04 [37] using the neighbor-joining method. 
Bootstrap values were calculated with 1000 replica-
tions.  

Developmental stage and tissue-specific ex-
pression patterns of BdCHS1 and its two al-
ternative splicing variants 

B. dorsalis were sampled at 1 d intervals from 
newly-molted third-instar larvae to adults to investi-
gate developmental-stage expression profiles. In-
tegument, midgut, Malpighian tubules, fat body, and 
trachea were dissected from day-4 third-instar larvae 
to determine tissue-specific expression patterns. Total 
RNA was isolated from whole bodies of five insects at 
each stage using TRIzol reagent and treated with 
DNase (TaKaRa) for DNA digestion. Total RNA was 
isolated from isolated tissues (pooled from 10 insects) 
using RNeasy® Plus Micro Kit (with gDNA Elimator 
spin columns, Qiagen, Valencia, CA, USA). First 
strand cDNA was synthesized in a 10 µL reaction 
mixture using random hexamer primers and oli-
go-(dT) by PrimeScript® RT reagent Kit (TaKaRa). 
Primer sequences used for qPCR analysis are shown 
in Supplementary Material: Table S2. The qPCR was 
carried out in a Mx3000P thermal cycler (Stratagene, 
La Jolla, CA) with 20 μL reaction volumes containing 
1 μL of template cDNA, 10 μL iQTM SYBR® Green Su-
permix (BIO-RAD), 1 μL each of forward and reverse 
primers (0.2 mM), and 7 μL ddH2O. Amplification 
conditions were: initial denaturation at 95°C for 2 
min; followed by 40 cycles of denaturation at 95°C for 
15 s, 60°C for 30 s, and 72°C for 30 s. After each reac-
tion, a melting curve analysis from 60–95°C was 
conducted to ensure consistency and specificity of the 
amplified product. All of these experiments involved 
three biological replications. α-Tubulin (GU269902) 
was used as an internal reference gene [38]. Relative 
gene expression data was analyzed using the 2–ΔΔCT 
method [39]. The significance of difference in the tar-
get gene expression was determined by student’s 
t-test. 

 
Figure 1. Schematic diagram of the strategy to amplify the BdCHS1 cDNA. The upper bar represents the cDNA. Lower bars indicate each of 
the PCR fragments listed in Supplementary Material: Table S1. Fragments 1 and 2 were amplified using specific primers. Fragments 3 and 4 were obtained 
by 3′-RACE and 5′-RACE, respectively. JN036718, JN036719, and JN036720 were obtained from the transcriptome data of Bactrocera dorsalis. 
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Effect of 20E treatment on the expression of 
BdCHS1 and its two alternative splicing vari-
ants 

A 10 μg/μL stock solution of 20E (Sig-
ma-Aldrich, St. Louis, MO, USA) dissolved in 95% 
ethanol was diluted to 1 μg/μL with distilled water as 
a working solution. The 20E treatment group of 
2-d-old third-instar larvae was injected with 20E so-
lution at doses of 500 ng/larva. The control group was 
injected with an equivalent volume of 0.1% ethanol. 
Five injected larvae were randomly selected from each 
group at 1, 4, 8, and 12 h after injection, and total RNA 
was isolated to analyze relative expression levels by 
using qPCR, as described above. Each group con-
tained 30 individual larvae, and the experiment was 
repeated three times. 
Specificity of RNAi for BdCHS1 and its two 
alternative splicing variants 

RNAi was applied to further explore the biolog-
ical functions of BdCHS1 and its two alternative 
splicing variants, BdCHS1a and BdCHS1b. The most 
unique nucleotide regions of BdCHS1, BdCHS1a, and 
BdCHS1b were selected for specific double-stranded 
RNA (dsRNA) synthesis (the synthesized regions are 
shown in Fig. 2 and 3), and dsGFP was used as a neg-
ative control. The primers used to synthesize dsRNA 
are listed in Supplementary Material: Table S2. All of 
the reagents and enzymes used for the dsRNA syn-
thesis were from the MEGAscript® RNAi kit (Ambion, 
Carlsbad, CA, USA). The size of the dsRNA products 
was confirmed by electrophoresis on a 1% agarose gel. 
The final concentration of dsRNA was 1.2 μg/μL.  

To detect the knock-down effect of dsRNA for 
BdCHS1, BdCHS1a, and BdCHS1b, approximately 1 μg 
of dsRNA was slowly injected into the antepenulti-
mate abdominal segments of 2-d-old third-instar lar-
vae with a Nanoject II Auto-Nanoliter Injector 
(Drummond Scientific, Broomall, PA, USA). Control 
larvae were injected with equivalent volumes of 
dsGFP. Injected larvae were reared on an artificial diet 
under conditions described above until pupation, and 
morphological changes were observed. Photos were 
taken using a Leica M165C microscope (Leica Mi-
crosystems, Wetzlar, Germany). Forty-five larvae 
from each group were treated with three replications. 
Total RNA was isolated from five randomly-selected 
insects from each (treated and control) group after 
injection, and the levels of transcripts were measured 
using qPCR as described above.  

Results 
cDNA cloning and sequence analysis of 
BdCHS1  

The full-length cDNA sequence of BdCHS1 was 
obtained from DNA fragments amplified by PCR 
from cDNA from the integument and from 5′ and 
3′-RACE (Supplementary Material: Table S1). The 
full-length cDNA consisted of 5,552 nucleotides (nt) 
with an open reading frame (ORF) of 4,776 nt encod-
ing a protein of 1,592 amino acid residues. The 
BdCHS1 cDNA included a 5′-untranslated region 
(UTR) located 685 nt upstream of the start codon 
(ATG) and a 3′ UTR of 88 nt ending in a poly (A) tail. 
The complete nucleotide and deduced amino acid 
sequences of BdCHS1 are shown in Fig. 2. Based on 
the deduced amino acid sequence, BdCHS1 had a 
theoretical molecular mass of 180.7 kDa, an isoelectric 
point of 6.50, and no signal peptide. BdCHS1 was 
predicted to contain three domains: an N-terminal 
domain (domain A) with 10 transmembrane helices; a 
highly conserved central domain (domain B) with two 
motifs, EDR and QRRRW, regarded as signatures of 
chitin synthases; and a C-terminal domain (domain C) 
with an additional seven transmembrane helices. 
PAIRCOIL identified one coiled-coil, a principal 
subunit oligomerization domain in proteins and a 
feature not seen in CHS2 proteins. Four potential 
N-glycosylation sites (N-X-S/T) at positions 21, 911, 
955, and 1311 were predicted using NetNGLyc 1.0 
software from the ExPASy Proteomics website.  

Multiple protein alignments showed that 
BdCHS1 had homology to known and predicated 
CHS1 in other insects. For example, BdCHS1 shared 
88.0%, 87.8%, 78.2%, 68.7%, and 67.2% identity with 
the CHS1 of Lucilia cuprina (AAG09712; Diptera), D. 
melanogaster (NP_524233), Anopheles quadrimaculatus 
(ABD74441; Diptera), S. exigua (AAZ03545), and L. 
migratoria manilensis (ACY38588), respectively. Phy-
logenetic analysis showed that BdCHS1 was grouped 
into the CHS1 family, but the two splicing variants, 
BdCHS1a and BdCHS1b, fell into distinct phyloge-
netic groups (CHS1a and CHS1b) (Fig. 3). 
Comparative analysis of alternative splicing 
exons of BdCHS1 

Analysis of the BdCHS1 sequence and its corre-
sponding cDNA sequence revealed two alternative 
splicing variants that were highly conserved among 
CHS1 genes of other insect species. These two alter-
native splicing exons, BdCHS1a (JN207848) and 
BdCHS1b (JX170758), were equal in length (177 nt), 
encoded a 59-amino acid residue, and occurred at 
identical consensus cDNA alignment positions 
(3784–3960 nt; Fig. 4). BdCHS1a and BdCHS1b shared 
65% identity. 
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Figure 2. Nucleotide and deduced amino acid sequences of BdCHS1a cDNA from Bactrocera dorsalis (JN207848). The start codon is 
indicated in bold and the stop codon in bold with an asterisk. The two chitin synthase signature motifs (EDR and QRRRW) are boxed, and the putative 
N-glycosylation sites are underlined. Transmembrane regions predicted are shaded. The putative coiled-coil site is indicated in bold with a dotted line. 
Primers of BdCHS1 for dsRNA synthesis are in white with black background. 
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Figure 3. Phylogenetic trees of the known insect chitin synthases. (A) Tree of the known chitin synthases. (B) Tree of the alternative exons of 
insect CHS1s. The tree was constructed with MEGA 5.04 using the neighbor-joining method. Bootstrap support values are indicated on branches. The 
following insect chitin synthases sequences were used: Aedes aegypti (Aa), Anopheles gambiae (Ag), Apis mellifera (Am), Culex quinquefasciatus (Cq), Drosophila 
melanogaster (Dm), Daphnia pulex (Dp), Ectropis oblique Prout (Eo), Lucilia cuprina (Lc), Locusta migratoria manilensis (Lm), Laodelphax striatella (Ls), Manduca 
sexta (MS), Ostrinia furnacalis (Of), Pediculus humanus corporis (Ph), Plutella xylostella (Px), Spodoptera exigua (Se), Spodoptera frugiperda (Sf), Tribolium castaneum 
(Tc). GenBank ID are as follows: AaCHS1 (XP_001651163), AaCHS2 (EAT46081), AgCHS1a (XP_321336.5), AgCHS1b (XP_321336.4), AmCHS1 
(XP_395677), AmCHS2 (XP_001121152), CqCHS1 (XP_001866798), CqCHS2 (XP_001864594), DmCHS1 (NM_079509), DmCHS2 (NM_079485), 
DpCHS2 (EFX80669), EoCHS1a (ACA50098), EoCHS1b (ACD10533), LcCHS1 (AF221067), LmCHS1a (GU067730), LmCHS1b (GU067731), LsCHS1a 
(JQ040012), LsCHS1b (JQ040011), MsCHS1 (AY062175), MsCHS2 (AY82156), OfCHS2 (ABB97082), PhCHS2 (XP_002423604), PxCHS1a (AB271784), 
PxCHS1b (AB281490), SeCHS1 (DQ062153), SeCHS2 (EU622827), SfCHS2 (AY525599), TcCHS1a (AY291475), TcCHS1b (AY291476), and TcCHS2 
(AY291477). 

 

 
Figure 4. Comparative analysis of alternative splicing exons of BdCHS1 in Bactrocera dorsalis. (A) Schematic diagram of the structure of 
BdCHS1 cDNA. The black box indicates nucleotide positions 3784–3960 that splice alternatively. ClustalW alignment of nucleotide (B) and deduced amino 
acid (C) sequences of the alternative exons a and b of BdCHS1. Symbols below the alignments indicate identical (*), highly conserved (:), and conserved (.) 
residues. Primers for dsRNA synthesis are highlighted in dark (for BdCHS1a) and light (for BdCHS1b) gray. Primers for qPCR analysis are underlined. 
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Developmental-stage and tissue-specific ex-
pression patterns of BdCHS1 and its alternative 
splicing variants 

Expression levels of BdCHS1 and two alternative 
variants in different developmental stages and tissues 
were examined by qPCR. The results showed that 
BdCHS1 and its alternative variants mRNA expres-
sion levels were constant from day-1 third-instar lar-
vae to day-1 adults. However, BdCHS1 was mainly 
expressed during the larval–pupal and pupal–adult 
transitions, with the highest expression level in day-1 
adults (Fig. 5A). During the feeding stage of 
third-instar larvae and in day 2–4 pupae, BdCHS1 was 
expressed, but at lower levels. BdCHS1a had a similar 
expression pattern, but a high expression level was 
observed in day-5 third-instar larvae (Fig. 5B). In 
contrast, BdCHS1b was expressed differently, mainly 
during pupal–adult metamorphosis and in the middle 
of pupal stage (Fig. 5C).  

Analyses of different tissues of third-instar lar-
vae showed that BdCHS1 was highly expressed in the 
integument, followed by the trachea, then the midgut, 
fat body, and Malpighian tubules. BdCHS1a was also 
mainly expressed in the integument, whereas 
BdCHS1b was predominantly in the trachea (Fig. 6). 

Effects of 20E treatment on the expression of 
BdCHS1 and its alternative splicing variants 

Application of 20E to day-2 third-instar larvae 
caused a precocious and incomplete molt within 25 h, 
serious malformations, and death. However, in the 
control groups, the larvae grew normally and devel-
oped into pupae after 3 d. After 20E injection, the rel-
ative expression levels of BdCHS1 and its alternative 
variants were determined by qPCR. The results 
showed that both BdCHS1 and BdCHS1a were 
up-regulated dramatically at 8 h post-injection com-
pared with control insects, whereas the expression of 
BdCHS1b was up-regulated as early as at 1 h 
post-injection (Fig. 7), indicating that BdCHS1b 
quickly responded to 20E. 

Specificity of RNAi for BdCHS1 and its alter-
native splicing variants 

To verify the specificity of RNAi for BdCHS1 and 
its alternative variants, corresponding se-
quence-specific dsRNAs were synthesized and in-
jected into B. dorsalis. Subsequently, qPCR was carried 
out using templates prepared from insects injected 
with BdCHS1, BdCHS1a, or BdCHS1b dsRNA. The 
results showed that RNAi effectively inhibited the 
expression of each corresponding transcript com-
pared to control groups injected with dsGFP (Fig. 8). 

Furthermore, RNAi of BdCHS1a or BdCHS1b did not 
decrease the expression level of the other variant (Fig. 
8). 

 
 
 

 
Figure 5. Relative expression levels of BdCHS1 and its two al-
ternative splicing variants in different developmental stages of 
Bactrocera dorsalis. Expression levels at 16 different time points in 
third-instar larvae, pupae, and adults were detected by qPCR. (A) BdCHS1; 
(B) BdCHS1a; (C) BdCHS1b. α-Tubulin was used as an internal reference 
gene. Data are means ± SE of three biological replications. The relative 
expression was calculated based on the value of the lowest expression 
which was ascribed an arbitrary value of 1. The age in days of the insects is 
indicated, e.g., 3L1, first day of third-instar larvae; P1, first day of pupae; A1, 
first day of adults. 
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Figure 6. Relative expression levels of BdCHS1 and its two al-
ternative splicing exons in different tissues of Bactrocera dorsalis. 
Expression levels in integument (IN), trachea (TR), midgut (MG), Mal-
pighian tubules (MT), and fat body (FB) were detected by qPCR. (A) 
BdCHS1; (B) BdCHS1a; (C) BdCHS1b. α-Tubulin was used as an internal 
reference gene. Data are means ± SE of three biological replications. The 
relative expression was calculated based on the value of the lowest ex-
pression which was ascribed an arbitrary value of 1. Different letters above 
the bars indicate significant differences among tissues (P < 0.05, t test). 

 
 
dsRNAs were injected into day-2 third-instar 

larvae to investigate their effects on larval–pupal 
transition. When injected with dsRNA of BdCHS1, 50 
± 2.3% of individuals failed to develop into larvae and 
later died. They were trapped in old cuticle, died 
without tanning completely, had abnormal pigmen-
tation (Fig. 9). Following injection with BdCHS1a 
dsRNA, 28 ± 3.5% of larvae died and exhibited the 
same phenotypic malformations as those injected 
with dsBdCHS1. However, treatment with BdCHS1b 

dsRNA caused no visible abnormal morphological 
changes, and the larvae molted to pupae. No change 
in phenotype was observed in the dsGFP control. 

 
 
 
 

 
Figure 7. Influence of 20E on expression of BdCHS1 and its two 
alternative splicing exons. The insects were injected with 
20-hydroxyecdysone (20E) at day-2 of third-instar larvae, and five indi-
viduals each were analyzed 1, 4, 8, and 12 h after treatment using qPCR. 
α-Tubulin was used as an internal reference gene. Data are means ± SE of 
three biological replications. (A) BdCHS1; (B) BdCHS1a; (C) BdCHS1b. CK: 
control insects; 20E: insects injected with 20E. Significantly differences 
between treatment and control are indicated with * (P < 0.05) or ** (P < 
0.01, t test). 
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Figure 8. Relative expression levels of BdCHS1 in third-instar larvae after RNAi. Expression levels of (A) BdCHS1 in larvae injected with GFP or 
BdCHS1 dsRNA; (B) BdCHS1a in larvae injected with GFP, BdCHS1a, or BdCHS1b dsRNA; and (C) BdCHS1b in larvae injected with GFP, BdCHS1a, or 
BdCHS1b dsRNA. α-Tubulin was used as an internal reference gene. Data are means ± SE from three independent experiments. Significant differences 
between treatment and control are indicated with * (at P < 0.05, t test).  

 

 
Figure 9. Representative phenotypes of Bactrocera dorsalis after injection of day-2 third-instar larvae with BdCHS1, BdCHS1a and 
BdCHS1b dsRNA. Injection of BdCHS1 and BdCHS1a dsRNAs resulted in the same lethal phenotype: the larva was trapped in old cuticle and died without 
tanning completely, whereas insects injected with BdCHS1b dsRNA seemed normal. 

 

Discussion 
Chitin synthases play major roles in chitin for-

mation during insect growth and development. Many 
CHSs have been cloned and characterized in various 
insect species [11]. To date, most insects are known to 
possess two different chitin synthases, CHS1 and 
CHS2. CHS1 is mainly expressed in the epidermis and 
tracheal cells, while CHS2 is expressed in the midgut 
epithelial cells [7, 40-41]. To explore the potential of 
chitin-synthesis inhibition as a pest management tool, 
CHSs have received much attention in recent years. In 
this study, we reported the first full-length cDNA 
encoding chitin synthase 1 from tephritid fruit flies. 

Alternative splicing expands protein diversity 
and vastly augments the coding potential via complex 
regulation of gene expression [42]. Investigations of 
many insects have shown that CHS1 contains two 

alternative exons and produces two splicing variants, 
unlike CHS2. Specifically, an alternative site in the 
middle of the ORF has been reported in T. castaneum 
[3], Manduca sexta (Lepidoptera) [16], Plutella xylostella 
(Lepidoptera) [43], and L. migratoria manilensis [14]. In 
addition to the known alternative splicing exons, an-
other recently discovered site involving the second 
exon was found in lepidopterans such as O. furnacalis 
and Bombyx mori [20]. Interestingly, no alternate forms 
had been identified the genome of pea aphid; only 
exon b was found. Whether the function of exon a has 
been taken over by exon b or whether exon a is not 
necessary for chitin synthesis in pea aphid is un-
known [12]. In this paper, our finding of the two al-
ternative splicing exons of CHS1 in B. dorsalis supports 
the presence of only one splicing site in the middle of 
the ORF. 

The different expression patterns of the two 
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variants of CHS1 indicated that they might play dis-
tinct roles during insect growth and development. In 
O. furnacalis, OfCHSA-2a was mainly expressed in 
newly-laid eggs and during larval–larval molting and 
larval–pupal transformation, while OfCHSA-2b was 
expressed only during larval–larval molting [30]. In 
recent studies of N. lugens, transcription of NlCHS1a 
reached its highest level just after molting, whereas 
NlCHS1b expression peaked 1–2 days before molting 
[11]. Furthermore, the developmental expression pat-
tern of LmCHS1A was reported to be similar to that of 
LmCHS1, but different from that of LmCHS1B [14]. 
The expression levels of LmCHS1A were much higher 
than those of LmCHS1B during most developmental 
stages. Our results suggested that BdCHS1a and 
BdCHS1b likely play different roles in chitin synthesis 
during molting, when the insects needed significantly 
more exoskeletal chitin to form new cuticle.  

Expression of BdCHS1 and its two alternative 
forms was also observed in different tissues. Our data 
indicated that BdCHS1 expression was high in the 
integument and tracheae and lower in the midgut, fat 
body, and Malpighian tubules. BdCHS1a was highly 
expressed in the integument, whereas BdCHS1b was 
predominantly expressed in the trachea, consistent 
with observations in L. migratoria manilensis, M. sexta, 
and T. castaneum [14, 16, 26]. Taken together, these 
data demonstrated that CHS1a and CHS1b are associ-
ated with chitin synthesis in the integument and tra-
chea, respectively. However, in Anopheles gambiae 
larvae, AgCHS1A and AgCHS1B showed the same 
expression patterns and were predominately ex-
pressed in the carcass [15]. Further investigations are 
required to clarify the precise roles of the two alterna-
tive variants in different insects. 

In insects, 20E mediates a cascade of gene regu-
latory events that control molting and metamorphosis 
[44]. Previous studies found that CHS1 expression 
could be regulated by 20E in several insect species. 
Here, substantially up-regulation of BdCHS1 and 
BdCHS1a was detected at 8 h and BdCHS1b was sig-
nificantly up-regulated at 1 h after 20E injection into 
larvae. This suggested that 20E acted as a positive 
regulator of BdCHS1, BdCHS1a, and BdCHS1b expres-
sion during the larval–pupae molting. In agreement 
with our present study, significant up-regulation of 
CHS1 expression by 20E has also been observed in 
other insects, including D. melanogaster, S. exigua and 
O. furnacalis [20, 45-46]. Moreover, up-regulation of 
CHS1 in D. melanogaster by 20E may be due to an in-
direct interaction between the ecdysone receptor 
complex and ecdysone-responsive elements within 
the CHS1 promoters [45]. However, 20E could also 
suppress the expression of CHS1 in Choristoneura fu-

miferana (Lepidoptera), suggesting that 20E may facil-
itate the digestion and separation of old cuticle from 
the epidermis during molting [19]. Further studies are 
required to confirm the precise relationship between 
chitin synthase genes and hormone regulation of in-
sect molting. 

RNAi has been successfully used to ascertain the 
function of CHS1 during the development of many 
insects. To identify functional difference among 
BdCHS1 and two variants, three specific dsRNAs tar-
geting BdCHS1, BdCHS1a, and BdCHS1b were injected 
into third-instar larvae. During the larval–pupal 
transformation, both BdCHS1 and BdCHS1a dsR-
NA-mediated silencing affected larval growth and 
development, leading to a lethal phenotype. Howev-
er, no visible morphological abnormality was ob-
served when BdCHS1b dsRNA was injected compared 
with the GFP dsRNA control. This result suggested 
that BdCHS1 and BdCHS1a were essential for lar-
val–pupal growth and development, an observation 
that is partly supported by phenotypes observed in N. 
lugens [11]. In T. castaneum, TcCHS1a dsRNA dis-
rupted larval–larval, larval–pupal, and pupal–adult 
moltings, while TcCHS1b was required only for pu-
pal–adult molting [7, 26]. In L. migratoria manilensis, 
LmCHS1A dsRNA resulted in three different lethal 
phenotypes, including translucent new cuticle, trou-
ble shedding old cuticle, and stunted development, 
whereas injection of LmCHS1B dsRNA caused crum-
pled cuticle [14]. In O. furnacalis, silencing of 
OfCHSA-2a caused incomplete molting, while silenc-
ing of OfCHSA-2b influenced only the formation of 
head cuticle in third-instar larvae [30]. Thus, dsRNAs 
of CHS1 can disrupt its function, leading to severe 
disorders in insects. However, ingestion of bacte-
ria-expressed dsSeCHSA by S. exigua during lar-
val–pupal and pupal–adult phases caused no signifi-
cant phenotypic changes [29], either because the 
amount of ingested dsRNA was not sufficient or be-
cause RNAi in this species is not effective. Future 
studies will be needed to show how knockdown of 
BdCHS1 and its variants affects other developmental 
stages of B. dorsalis. 

Outbreaks of B. dorsalis have occurred with in-
creasing frequency in south China, causing significant 
losses in citrus yield. Currently, control of oriental 
fruit fly relies on spraying chemical insecticides and 
induces the evolution of resistance [47, 48]. In addi-
tion to traditional pesticides, chitin synthase genes 
could be targeted through an RNAi-based approach. 
Injection of dsRNA for doublesex gene in female flies 
led to the under-development of ovary and reduced 
the number of matured eggs, suggesting that admin-
istering dsRNAs corresponding to important genes 
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may be a means for pest control [49]. However, con-
tinuously feeding dsRNA led to over-expression of 
target genes in the oriental fruit fly [50], so not all 
dsRNAs effectively suppress the expression of target 
genes. Therefore, there is an urgent need to clarify the 
functions of vital candidate genes. In summary, in-
jecting dsRNA of BdCHS1 and its variants into B. dor-
salis larvae not only resulted in a strong decline in 
target gene expression, but also affected larval growth 
and development, leading to an increasing mortality 
rate over time. These results can advance our under-
standing of the biological functions of CHS1 in B. 
dorsalis, and showed that CHS1 dsRNA may be useful 
as a means of insect pest control. 

Abbreviations 
CHS: Chitin synthase; PM: Peritrophic mem-

brane; qPCR: Quantitative real-time PCR; UTR: un-
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