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Abstract: Chitin synthase (CHS), a potential target for eco-friendly insecticides, plays an
essential role in chitin formation in insects. In this study, a full-length cDNA encoding
chitin synthase 2 (BdCHS2) was cloned and characterized in the oriental fruit fly,
Bactrocera dorsalis. The BACHS2 cDNA had 4417 nucleotides, containing an open
reading frame of 4122 nucleotides, which encoded 1373 amino acid residues with a
predicted molecular weight of 158.5 kDa. Phylogenetic analysis with other insect CHSs
suggested that BACHS2 belongs to insect CHS2. The BdCHS? transcript was predominately
found in midgut but was detected at low levels in fat body, Malpighian tubules,
integument, and trachea. Moreover, BdCHS2 was expressed in all developmental stages,
and highly expressed in the feeding stages. There was a positive relationship between
BdCHS?2 expression and total chitin content during development. Furthermore, both the
gene expression and chitin content in midgut decreased when the insect was fed for 24 h,
then starved for 24 h, while they increased dramatically and rapidly under the condition of
starvation for 24 h then feeding for 24 h. These results suggest that BACHS2 may play an
important role in regulating chitin content of the midgut, and subsequently affect the
growth and development of B. dorsalis.
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1. Introduction

The oriental fruit fly, Bactrocera dorsalis (Hendel), is one of the most damaging horticultural
pests in Asian and Pacific countries [1], causing enormous losses in a wide variety of fruits and
vegetables [2]. In recent years, it has become an especially troublesome pest because of its ability to
develop resistance to various insecticides [3,4]. Therefore, more potential and powerful approaches are
urgently needed for B. dorsalis control.

Chitin, widely distributed in fungi, nematodes and arthropods, is an especially abundant natural
biopolymer, second only to cellulose. It is an important structural component of the insect trachea,
cuticle, cuticular lining of the foregut, hindgut, and peritrophic membrane (PM) that lines the lumen of
the midgut [5,6]. Chitin is a linear polymer of B-(1,4)-N-acetyl-D-glucosamine (GlcNAc), which plays
a key role in protecting insects against external invasion of microorganisms, and the abrasion of food [7].
Based on the site of synthesis, the PM has two types: type I PM is only formed in response to feeding
and the type of meal ingested which delaminated from the entire midgut epithelium (e.g., Coleoptera,
Orthoptera, and larval Lepidoptera); type II PM presented throughout the life cycle is produced by a
specialized tissue at the anterior midgut (e.g., Dermaptera, Isoptera, and larvae of Diptera) [6].
The presence of the chitin in the insect cuticle and the PM as well as the absence of chitin in plants and
animals make chitin a potential selective target for insect control.

Chitin synthase (CHS) is a critical enzyme for synthesis of chitin and thus for subsequent growth
and development in insects. It belongs to a large family of glycosyltransferases that catalyze the
transfer of sugar moieties from activated sugar donors to specific acceptors resulting in a glycosidic
bond [5,7]. Insect chitin synthases can be classified into two different types: CHS1 and CHS2. These
two chitin synthases are very close to each other and have some basic properties in common. In the
catalytic center, the two chitin synthases share some conserved motifs such as “DXD”, “EDR?”,
“CATMWHXT” and “QRRRW” which contribute to divalent cation binding, catalysis, and substrate
binding, respectively [7]. During insect growth and development, CHSI! and CHS2 have different
functions. CHS is predominantly expressed in the epidermis and tracheal cells that are responsible for
chitin synthesis in cuticle and trachea [8]. CHS2 is mainly expressed in the midgut and is presumably
responsible for synthesizing the chitin in the PM at the feeding stage [9,10]. However, a recent study
showed that both enzymes were detected in newly formed compound eyes of 4. gambiae pupae by
using immunohistochemical analysis [11]. Moreover, CHS2 has no alternative splicing variants,
whereas CHS! is known to have alternative exons, producing two splicing variants. To date, the genes
encoding CHS2 protein have been characterized in several insect species, including Aedes aegypti [12],
Drosophila melanogaster [13], Tribolium castaneum [14], Manduca sexta [15], Spodoptera exigua [10],
Ostrinia furnacalis [16], Spodoptera frugiperda [9], Locusta migratoria [17], and Anopheles gambiae [11].
The insect CHSs have received much attention and represent potential targets for developing
selective insecticides.
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A few studies showed that feed-mediated conditions played a role for gut CHS in controlling
chitin-content, including the expression level of the CHS2 gene; chitin contents were changed by insect
feeding or not [18,19]. If this gene is involved in the nutrient processing in midgut, the PM will be a
candidate target site in pest management for disrupting the function to decrease the efficiency of the
digestive process [18]. The part of chitin in the old cuticle needs to be digested followed by the
synthesis of chitin for the formation of new cuticle during molting. Inhibition of CHS2 activity will
result in insect death due to starvation [20].

In this study, we reported cloning and characterization of a chitin synthase 2 gene (BdCHS?2) from
B. dorsalis. The expression patterns of BACHS2 at various developmental stages and in different
tissues of the third instar larvae were examined. Moreover, feeding-mediated changes in transcription
levels of BACHS?2 were also investigated, and correlations of BACHS2 expression and chitin content in
the midgut of B. dorsalis were analyzed.

2. Results and Discussion
2.1. Identification and Characterization of BACHS2

The full-length cDNA sequence of BdCHS2 was obtained by PCR (Polymerase Chain Reaction)
and 5' and 3' RACE. The complete cDNA of the BACHS?2 (GenBank ID: KC354694) consisted of 4417
nucleotides with an open reading frame (ORF) of 4122 nucleotides encoding 1373 amino acids. The
cDNA included a 5'-untranslated region (UTR) located 116 nucleotides upstream of the start codon
(ATG) and a 3' UTR of 179 nucleotides ending in a poly (A) tail. The complete nucleotide and
deduced amino acid sequences of BdCHS2 were shown in Figure 1. A possible consensus signal
sequence for polyadenylation (AATAAA) was located 79 nucleotides upstream of the poly (A) tail.
The theoretical molecular weight of BACHS?2 based on the deduced amino acid sequence was calculated to
be 158.5 kDa, with an isoelectric point of 6.83.

BdCHS2 was predicted to have three domains: an N-terminal domain (residues 1-645) with
eight transmembrane helices; a catalytic domain (residues 646-930); and a C-terminal domain
(residues 931-1373) with an additional five transmembrane helices. The signature sequence
“QRRRW”, “WGTRE”, and “EDR” for chitin synthases were also found in BdCHS2. Five potential
N-glycosylation sites was predicted using NetNGLyc 1.0 software (Technical University of Denmark,
Copenhagen, Denmark), suggesting that the protein was glycosylated. However, no signal peptide
was found.

Multiple protein alignments showed that BACHS2 protein had homology to the known and
predicted CHS2 in other insect species. For instance, the BACHS?2 protein shares 87% identity with the
CHS2 of Drosophila mojavensis (XP_002008568), 85% identity with the CHS2 of D. persimilis
(XP_002027231), 84% identity with the CHS2 of D. melanogaster (NP_001137997), and 81% identity
with the CHS2 of Culex quinquefasciatus (XP_001864594). A phylogenetic tree was constructed
based on the neighbor-joining method using complete CHSs proteins deposited in NCBI by MEGA
5.04 (Figure 2). The tree showed that BACHS2 was classified into the CHS2 family, and was most
closely related to DmCHS?2 and DpCHS2 with these three genes clustering together.
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Figure 1. Nucleotide and deduced amino acid sequences of BJCHS2 cDNA from
Bactrocera dorsalis (KC354694). The start codon is indicated in bold and the stop codon
in bold with an asterisk. The putative polyadenylation signal (AATAA) is boxed. The
putative transmembrane regions are shaded. The five potential N-glycosylation sites are
double underlined. The amino acid sequence of the putative catalytic domain is in gray
with black background. The signature sequences (EDR and QRRRW) are in white with a

wavy line.

1 acatggggagttttgcettaaaatgttgaacgtgaaagtcattttgagagaataattgttcacattttaaatcaaacataatagaaaaat
91 aggtgtacataaaaaagctcatagttATGAATAGCTACACTACAGAGTGTAATGATGATGGCTATATTAAAAATCGAAAATCAAAGGACA
1 M N S ¥ T T E CNUDUDG Y I K NRIKS KD
181 AGCCACCTCTATGGGACACTTTTCAAGATCCCCCATCAAGAAGGGCGACAGGATCGGCAGCGAGTTGGGCGAAGTTAGGATGTCTTTTGA
22 K PP LWUDTU FQD PP S RIRA AT G SO AASWAI KT LTGT CTULL
271 AGTTTTTTAAGTTGCTAACATATGTGTTTGTCTTTGTTGTGGTTCTTGGAACTGCCGTAACGTCTAAGTTATCATTGCTAATGATGGTAG
52 K F F K L L T YV F V F VV VL GTTA2UV T S KL S L.L MMV
361 CGCAAGCTCGTGCCAATGCTCATGTGAAGATTTGCAACACTATGGATGTAAATGGTTTGTTTACAGCATTTTTGCCCAAGGAGGAACAGT
82 A Q A RANAHVYVI EKTICNTMDUVNSGTLVFTA AT FTULUZPI KEE Q
451 ACGCATGGCTTTGGGCTCTGATCTTTGCATTTTCGGCCCCTGAGGTATTTACATTTTTTCGAGCTCTGCGAATTTGCACTTTCAAAGACG
112 Y A W L W AL I F A F S A PEV F TV FF RALI RTIU GCGTU FI KD
541 TAAAATCTCCCACTTGGACGGAGGTTATGCTGGTTATATTATTTGATGTTCTACACACGATTGGTTTGGCAATTTTACTCTTTTTCGTAA
142 vV K $s P T wWTE VML VI L FD VL ETI 6GL AI L L F F V
631 TGCCTCAACTGGATTCAGTTCGCGCATTGATGCTTTGTAATGGAGTTTGTTTCATACCAAGCATCTTAAACCTCGGATTCGAACATCATT
172 M P Q LD SV RALMTILTCNTUGVCU FTIUZPSTITULNIULTGTE FEHH
721 TCACTTGGAGATCTGTTTGTCAATTAATAATAAGCGTTTCGGCATGTGTTGCCCAACTGAGTGCCTTTTTGGTGTGGCCATTATTTTCAA
202 F TWR SV CQ@QLTII S VS ACVAQLSATFTULVWZPTLF S
811 CAAACTTGCGGTTACAAATAATCGCCCTCCCATTAATACTTGTTTCGATGCGTTGGTGGGARAACTACATTACTTCATATAGTTTCGTTG
232 T N L RLQ I I AL PULTITULV SMQRWWENYTITS Y S FV
901 CGCAAATATTGCAAACGGTTCGCCGTAGTCGTTCTAGATATCAGACATATCTTTATCTTTCGCCAGCARAAAATTATTGTCTTCTCTTTGC
262 A Q I L Q T V RU RS RSP R Y QT YL ¥ L S P A KTI I V F S L
991 TTGGATTTTATCTTCATGGTCAACCTCTAACCGAATACTTCTCTTGTTTCATGGAAGCATGGCAGTCGCATGATATATTGGTGTACCGAA
292 L 6 F YL HGOQ?PULTEYVFSCU FME AW GQSUHDTIIULUVYR
1081 ATACGGTAGCGAATGAATCGATCTTTCCTGTACGTAGTCCGAATTATTCATCACGAATTTTTAAAATATCAACCAATGCTAATACAGTTA
322 N T V A N E S I F P VRS PN Y S S RTIVFIKTISTN ANTUV
1171 TTTACGTTTTATTATTACAAATATGTTCGTCATATTTATGTTATATATTTGCGARATTTGCTTGTAAAATAAAAATACAAGAATTTAGTT
352 I ¥ vL.L L.L QI C S S Y LCUYTIVF AU KU FATZCI KTII KTIUGQTETF S
1261 TTTCTCTGCCATTGAACTTGGTGGGGCCTGCTTCTGTTGCCGTTGCTATGTGGCTGACAACTTTACAAGGCGTCAATGTTTGTGCTTTTC
382 F S L P L N LV GG P A SV AV AMWULTTULIGQSGVNVCATF
1351 ATGCATTTGTTCCTGATTATATGGGACTAATATTAAGTGACCACAATAACTTATTCGACACAATTATCTCAGATAAGCTTTGGTTGTGGC
412 H A F YV PD YMGUL I UL SDHDNNULU FIDTTITISDI KU LWIULW
1441 CCTTATGGTGGCTATCTCAACTTTGGATAACTCGACATATTTGGCGGCCGCGAAATGAAAAGAATGCACCTACAGAAAAACTGTTTATAT
442 P L WWUIL S Q LW ITIRHTIWIRUPI RNEI KN AZPTEI KT LTFTI
1531 GCCCGTGGTATTGCGAATTTTTGGTGGATCAATGTATATCAATGAATAGGCGAATAATAGATTTCAATGATGACTACGTCACGAGAAAGG
472 C PWYCEU FULVDOQCTISMNUZ RIRTITITDU FNDUDYVTRK
1621 TGGACTCAACGCAGTCCAATTTGCCGACATGTATAAAGGAAAGCGACAAAATACCACAGTTGATTGTGTGTGCAACAATGTGGCATGAAA
502 vV D S T Q S NL PTT CTII KESDI KTIU®PA QI LTIUVCA ATMMWHE
1711 ATCAAGAAGAGATGATGGAGTTCCTAAAATCAATTGTGCGACTGGATGAAGATCAATGTGCACGGCGTATGGCGAAACCTCATATCAATG
532 N Q E EMMEUFULE K S I V RULUDEUDG QU CAIRI RMAIRKUZEPEPIHTIN
1801 GTGGCAAGTCCGATAATGAATACTATGAGCTGGAAACCAATATATTTTTCGACGACGCGTTTGTGCTGGATGAAAAGCTGTGCGAGAATT
562 G 6 K S DNEY Y EULETNTIT FU FDUDA AU FVLDEI KT LT CTEN
1891 CTCGAARATCCCCCAATGAATGAATATGTAAAAACTTTAATTGTCAGCATAGAGAAGGCATGCTTCGAAGTATATGGGGTCAACATGAAGA

592 S R NP PMNEYZYVKTTULTIUVSIZEI KA ACU FEVYGVNMEK
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Figure 1. Cont.

1981 TCAAGTCTCCAGTAAAAACCGAAATTCCTTATGGTGGTCGCCTCGTATGGACATTACCAGGTCGATCAAAAATGATAGCTCATCTAAAGA
622 I K s PV KT E I P Y G G R L V W T UL P G R S K I I A H L

2071 ATAAAGATAAAATAAGACATAAAAAGCGTTGGTCTCAAGTCATGTACATGTACTATTTACTTGGTTTCCGCATTATGGAAATTGAAGATG
652 I K D K I R H K K RW S Q vM™vMM ¥ M ¥ ¥ L L G F R I ME I E D
2161 TATCGGCACGACGCAAAGCGGTTATTGCTGAGAACACATTTCTTTTGGCATTGGATGGCGATATTGATTTTCAGCCTCAAGCCGTACATC
682 S AR R KAV IAENTU FIL L AULDGD I DF Q P Q A V H
2251 TTTTGATTGATCGCATGAAAGCCATAGACGAATTGGGCGCTGCTTGCGGCCGTATTCATCCAGTCGGTCGTGGACCTATGGTCTGGTATC
712 L L I D R M K A I D E L G A A C G R I H P V G R G P M V W Y
2341 AAATCTTTGAATATGCGATAGGTCATTGGCTGCAAAAAGCTACGGAGCACGTAATTGGTTGTGTACTCTGCAGTCCCGGTTGTTTTAGTT
742 Q I F E Y A I G H W L Q K A T E H VvV I 6 €C v L ¢ s P G C F s
2431 TATTTCGTGGTAGTGCACTAATGGAAAATAGTGTAATGAAAAAATATACCACGGTATCGAGTGAGCCCATGCATTATGTGCAGTACGATC
772 L F R 6 S A L M E N S VM K K Y T T VvV s s E P M H Y V Q Y D
2521 AAGGAGAAGATCGTTGGTTATGTACATTGATTTTAAAACAGGGCTTACGTGTAGAATATTCAGCTGCATCGGACGCATATACTCATTCAC
802 Q 6 E D R W L ¢ T L I L K Q G L R V E Y S A A S D A Y T H S
2611 CCGAAATGTTCAATGAATTCTATAATCAACGACGACGTTGGGTTCCCTCGACAATTGCGAACATTTTTGATTTGCTTTCGGATGCGGACA
832 P E M F N E F Y N Q R R R WV P s T I A N I F D L L S D A D
2701 TGGTCGTGAAGAATAATAGTTCAATTTCAACGCCCTACATTGTTTATCAGGCCATGCTAATGGTTGGCACAATTCTGGGTCCGGGCACTA
862 I vV V K I s T P Y I V Y Q A ML MV G T I L G P G T
2791 TATTCTTGATGATGGTGGGTGCTTTGGTAGCTGTTTTCAACACAAGTATTTGGAGCTCATTCTTGTGGAACTTCGTTCCTGTGTTTTGCT
892 I F L. M M V G A L V A V F I W S S F L W N F V P V F C
2881 TCATTCTGTCGTGCATTTATTTAAAACAAAAATTTCAGCTCTTGCTTGCCTTTGTAATCAGTTCCTTGTATTGCTTGGTGATGATGGCTG
922 GENACECEEESA: © <K F 0 L L L AF VIS SLYCLUVMMA
2971 TATTGATTGGCATAATTATACAGATGATAGACGATGGACCTTTGGCACCGGCCTCCTTATTTTTCCTTCTGGTTTTTATGCAAATTTTCA
952 VL I G I I I QM I DDGUPULA AP ASTULT FU FULIULVV FMZQTITF
3061 TCGCTGGCGTAGTGCATCCCCAAGAAGTCGGCGCTTTAATATGCGGTTTTATCTACTACATCACCATTCCTTCTATGTACATGCTTCTTC
982 I A G V V HP Q E V GALICGV FTI Y ¥ I TTIP S MY MTULL
3151 TTATCTACTCAGTTCTTAATATGAATGATGTTTCATGGGGTACAAGGGAAGTGACAGTAAAGAAGGATGACGATATTGGTCTAGTACCTG
1012 L I ¥ s vV LN M N DV S WG T RE VTV K KDDDTTI G L V P
3241 GTGATGATGTTGAAGATAGTAGTCGAGAGTATTTACCTGGTTGGGTCAATGATCCCTTATTAGTTGATTCAGAATTGGGAGAGATATCGC
1042 G DDV ED S SR REZYULUPGWV NDUPULTULVD S ELGE I S
3331 TTAAAGAAAAACGTTTTTGGAAAGATTTAATTAAGCTATATTTGCGTCCATTGTTTCATACGAAGGATAAAAAGGCCGAGATTGCGGAAA
1072 L K E KR F W KDULTI KL Y L RPULVF HTIEKUDI KI KA ATETIAE
3421 GTTTACGCGAATTACGTAACATGTTTGCTTTTGCTTTTATAATGATAAATTCAATATTTGTTTTAATTGTCTTCTTGCTCCAATTGAAAA
1102 S L R E L RNMT FAVFA AV FIMTINSTIUV F VLIV VFILIULQULK
3511 AAGATTATTTACATCTGGAATGGCCAATTGATCCCACTGATTATATTACATACGATGACACAAATTCCCAGATTTACATATACCGACGTC
1132 K D ¥ L H L EW P I D P TD Y I T Y DD TN S Q I ¥ I Y R R
3601 ATAAGGAATTAGATCCAATCGGATTATGTTTTGTGATTTTCTTCGGATTGATTTTGGTTGTACAATTTATTGCAATGTTTTCTCATCGTT
1162 H K E LD PI G L CVF VI F F G L I L VV Q F I A MV F S HR
3691 TTGCTACCGTTTCACAACTTTTAGCTACCACTCAGTTAGATTGGTTTCGAGCACCAAGTACCATTACAGATGAAGACGCGGCACAAGAAA
1192 F ATV S Q L L ATTOQULDWU FRAUPSTTITUDETDA AA ATUQE
3781 TACGCGGAAATGCCGTTAATATCGCTCGACAGCTACAACGGCCGAGACGATTCGATGATGATGATGAGGATTCGTCAGATGGCGAAGACA
1222 I R G NAV NI AURIOQULQRUPIRI®RFDUDUDUDETD S S D G E D
3871 ATTTAAATGGCGACGACAGCAACGACAAAAGCAATAGCATGGTTCGTCGGCATACAATCTTTAAGTTGCACGAAAGCCGGAATAAAACAC
1252 N L N G D D S NDI K SN S MV R RHTTIUF KILHE S RNIK T
3961 AACCAGATTATAGTGATTTGCCACGAAACTTTGAACGACGGTTTCTTGGTGAAGATGAGTTAAAGGTTAAACACATTTCGATGAGTAGAA
1282 Q P DY $S DL PURNU FEU RI® RYVFILGETUDETLIEKUVI KU HTISMSR
4051 AATCACAGATTATGTTAAACGAAAAACGTTCTGTGGCAAAACGACGTCTAACAGAGCAAGTGAAGCGTAATACTGACTTTAACAAAAACC
1312 K s Q I ML NEI KUR RS VA KR RIZ RTILTEIGQVE K RNDNTUDVFNIZ KN
4141 CTTTGCCCTTTGTACAGACGGGTTATACAAATGCAGCTTTTGATCCACCTCTTGATATAATACCTAACAACATGAACGGGGATTGGTCGA
1342 P L P F V QTG Y TN AATFUDUPUZPULUDTITIUZPNIDNMMNGTUDW S
4231 ATTC'I‘TAAagtgttacatatttattgaagttcttcgtgtttacaaagacgacttgaaaatgaaattgtgaatttgtaaaattt
1372 N s *

4321 ataaacatatttcataaatattatgcaaaaatagtgcctatttgagtaaataaaccgatttgaccgaaaaaaaaacaaaaaaaaaaaaaa

4411 aaaaagt
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Figure 2. Evolutionary relationships of deduced amino acid sequence of BdCHS2 with
other insect chitin synthases constructed using the neighbor-joining method. Bootstrap
values with 1000 trials are indicated on branches. The scale bar represents the number of
substitutions per site. The following insect chitin synthases sequence were used:
Anopheles  gambiae (Ag), Apis mellifera (Am), Bactrocera dorsalis (Bd),
Drosophila melanogaster (Dm), Drosophila pseudoobscura (Dp), Lucilia cuprina (Lc),
Manduca sexta (Ms), Ostrinia  furnacalis (Of), Plutella xylostella  (Px),
Spodoptera exigua (Se), Spodoptera frugiperda (Sf), Tribolium castaneum (Tc). GenBank
accession numbers are as follows: AgCHSI (XP _321336), AmCHSI (XP_395677),
AmCHS2  (XP_001121152), BdCHS2 (KC354694), DmCHSI  (NP524233),
DmCHS2 (NP_001137997), DpCHSI (XP_001359390), DpCHS2 (XP_001352881),
LcCHS1 (AF221067), MsCHSI (AY062175), MsCHS?2 (AY82156),
OfCHS2 (AB_B97082), PxCHS1 (BAF47974), SeCHS1 (DQ062153),
SeCHS2 (DQ912929), Sf{CHS2 (AY525599), TcCHS1 (AY291475), and TcCHS2 (AY291477).
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2.2. Tissue-Specific Expression Pattern of BACHS2

The expression of BACHS2 mRNA was investigated in various tissues in the third instar larvae of
B. dorsalis (Figure 3). BACHS2 was highly expressed in the midgut, but detected at low levels in fat
body, Malpighian tubules, integument, or trachea. The relative expression level of BdACHS2 was the
highest in midgut among the five tissues, and it was 66-, 16-, 7- and 3-fold higher in midgut,
Malpighian tubule, fat body, and integument, respectively, than that in trachea.
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Figure 3. Expression profiles of the BdCHS?2 in different tissues of larval Bactrocera dorsalis.
The tissues include integument (IN), fat body (FB), midgut (MG), Malpighian tubules (MT),
and trachea (TR). o-Tubulin was used as an internal reference gene. The relative
expression was calculated based on the value of the lowest expression, which was ascribed
an arbitrary value of 1. Data are means + SE of three biological replications.
Different letters above each bar indicate statistically significant difference by ANOVA
followed by the Duncan’s multiple range test (p < 0.05).
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2.3. BACHS2 Expression and Total Chitin Content during Development

To understand the function of BACHS2, its expression patterns during development from egg to
adult were examined (Figure 4). The results showed that BdCHS2 was expressed at all stages,
indicating that it has a role throughout the entire life cycle. The highest mRNA level was found in the
adult stage, and the relative expression levels of BACHS2 was 31-, 47-, 102-, 26- and 358-fold higher
in the first, second and third instar larvae, pupa, and adult than in the egg, respectively. Subsequently,
the relative expression level of BdCHS? in egg, the first, second and third instar larvae, and pupa were
significantly lower from that in the adult (p < 0.05). There was an increasing expression level of
BdCHS?2 during the developmental period from the egg to the third instar larvae.

The chitin content was detected from the whole bodies of B. dorsalis during the developmental
stages. The results showed that the highest chitin content was observed in the third instar larvae and
the lowest content was in the egg (Figure 4). There was a positive relationship between BdCHS?2
expression level and the total chitin contents during development.
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Figure 4. (A) Developmental changes of total chitin content and (B) mRNA levels of
BdCHS?2 in Bactrocera dorsalis. o-Tubulin was used as an internal reference gene. The
relative expression was calculated based on the value of the lowest expression, which was
ascribed an arbitrary value of 1. Data are means + SE of three biological replications.
Different letters above each bar indicate statistically significant difference by ANOVA
followed by the Duncan’s multiple range test (p < 0.05).
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2.4. Feeding-Mediated Changes in Transcript Levels of BACHS2 and Chitin Content in Midgut

Furthermore, to test the hypothesis that midgut chitin content was regulated during feeding,
presumably to alter the porosity of the peritrophic membrane to facilitate food digestion, we examined
the changes in transcript levels of BdCHS2 and chitin content in the midgut of larvae B. dorsalis with
or without food. When the larvae were maintained with food for the first 24 h, the transcript levels of
BdCHS?2 in the midgut were 1.5-fold higher than that for larvae maintained with no food (p < 0.05).
However, when the larvae maintained on food were transferred to a container with no food for another
24 h, the transcript level of BACHS2 decreased by 20% (p < 0.05). In contrast, when the larvae were
maintained with no food for the first 24 h, then were transferred to a container with food for the next
24 h, the transcript level increased by 24.6-fold (p < 0.05) (Figure 5).

When the larvae maintained on the food were transferred to a container without food for another
24 h, the chitin content decreased by 40% (p < 0.05). In contrast, when the larvae maintained with no
food for the first 24 h, then were transferred to a container with food for the next 24 h, the chitin
content level increased by 4.5-fold (p < 0.05) (Figure 5). Moreover, there was a positive relationship

between BACHS?2 expression level and chitin content in the midgut.



Int. J. Mol. Sci. 2013, 14 17063

Figure 5. (A) Changes of chitin content and (B) mRNA levels of BdCHS?2 in the midgut of
third instar larvae of Bactrocera dorsalis under food or no food conditions. Larvae in set 1
(empty bars) were fed for 24 h and then maintained with no food for the next 24 h, whereas
larvae in set 2 (black bars) were maintained with no food for 24 h and then fed for the next
24 h. a-Tubulin was used as an internal reference gene. Data are means + SE of four
biological replications, each with two technical replications. Different letters above each
bar indicate statistically significant difference by ANOVA followed by the Duncan’s
multiple range test (p < 0.05).
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2.5. Discussion

Tellam and his colleagues first isolated the complete cDNA sequence of putative chitin synthase in
arthropod [21]. Two distinct CHS genes have been studied through molecular cloning and functional
analyses in several orders in insects, such as Diptera, Orthoptera, Coleoptera, Lepidoptera, and
Hymenoptera [11]. CHS was mainly responsible for the chitin synthesis in cuticular exoskeleton,
tracheae and the PM in midgut. Recently, much more information about the CHS/ gene has been
studied including B. dorsalis [22] while relatively little information is available about the gene CHS?2
being involved in the midgut chitin synthesis in insects. In the present work, via molecular
bioinformatics including sequence similarity analysis, unique signature sequences and phylogenetic
analysis, it was confirmed that the sequence we cloned from the B. dorsalis was another chitin
synthase gene BdACHS?2. The isolation of BdACHS2 cDNA provided us an opportunity to study the
expression patterns and biological functions of this gene in B. dorsalis.

Furthermore, the expression profiles of BACHS2 in five different tissues were investigated.
The results indicated that the BACHS2 was expressed highest in midgut which was consistent with the
expression pattern of CHS2 in other insects, including D. melanogaster [13], A. gambiae [11],
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T. castaneum [14], M. sexta [15], S. exigua [10], O. furnacali [16], S. Frugiperda [9], L. migratoria [17],
and A. aegypti [19]. This result was also consistent with the hypothesis that CHS2 was responsible for
biosynthesis of the chitin in midgut. BdCHS2 was expressed at a low level in integument
and trachea which might be associated with CHSI of its chitin biosynthesis [22,23-26]. However,
in A. gambiae, CHS2 protein was detected not only in the midgut, but also in newly formed compound
eyes and abdominal inter-segmental regions of the pupae [11]. In 4. aegypti, CHS2 localized to the
periphery of the epithelial cells facing the midgut lumen [12]. Equally, the anterior midgut may play an
important role in chitin biosynthesis more than the rest of the midgut in L. migratoria [17].
In summary, the CHS2 gene is mainly expressed in midgut and much more function of this gene is
necessary for further research.

The chitin content and the BACHS?2 expression level were investigated in this study, and a similar
trend was found during development except for the adult stage. This result was consistent with a recent
study, i.e., the expression of LmCHS2 gradually increased from first to fifth-instar nymphs, and
reached the highest in the first day of adults in L. migratoria [17]. In S. exigua, the expression level in
different developmental stages also showed a similar trend to that found in our present study [10].
In S. frugiperda, SfCHS2 expressed in the midgut during the feeding stages [9] was also consistent
with our results. High expression levels of BdCHS?2 during the feeding stage indicated that BACHS2
protein plays an important role in the production of the chitin-rich PM. The insect needs this structure
to protect the gut lining cells and increase the efficiency of nutrient digestion during feeding
stages [27,28]. Additionally, the trend of gene expression level had a positive correlation with that of
total chitin content during development stages, indicating that this gene may play an important role in
total body chitin synthesis.

Furthermore, we examined the changes in transcript levels of BdCHS2 and midgut chitin content in
larvae of B. dorsalis fed on the artificial diet or starvation. Our results suggested that the expression
level of the BACHS?2 was affected by feeding and this was in agreement with the report in blood-fed
insects A. gambiae [29] and L. longipalpis [30]. In contrast, in Ostrinia nubilalis, expression level
changes of CHS2 had a completely opposite result and chitinase had a similar result [18]. It might be
due to the significant differences in the biological habits of these two insects, which belong to different
Orders. Furthermore, their type of PM belong to two different types, O. nubilalis belongs to type I
while B. dorsalis to type II PM [6]. In the present study, the chitin content of the midgut dissected
from the larvae showed positive proof of a consistent correlation with change in gene expression level.
From expression profiles of tissue and developmental stages, we can infer that BICHS2 was mainly
expressed in midgut and had a gradually increased expression level from the second instar to the third
instar larvae. However, the expression level of BdCHS2 and the chitin content of the midgut decreased
after treatment with food for 24 h then starvation for 24 h, indicating that starvation had a strong
influence on expression of this gene in the midgut. On the other hand, Chironomid larvae only break
down newly assimilated food for energy during starvation [31]. Therefore, the reason why the chitin
content decreased after 24 h starvation may be that BACHS2 was expressed at a low level of mRNA in
midgut; additionally, the midgut chitin might be degraded to survive during the period of starvation.
As expected, under the condition of feeding for 24 h after starvation for the first 24 h, gene expression
and the chitin content level increased rapidly. It may be that the body needs much more digested food
to grow into later developmental stages along with the increased midgut chitin and the mRNAs of
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BdCHS? after the starvation for 24 h. The hypothesis that the midgut chitin content level is regulated
during feeding, presumably to facilitate food digestion, was confirmed. In brief, the change under the
feeding and starvation conditions suggested that BACHS?2 plays important roles in the regulation of
chitin contents in the midgut. By using RNA1 methodologies, it has been shown that the insect ceased
feeding, shrinked in larval size, decreased in midgut chitin content [20], exhibited a high mortality [17],
and disrupted formation of the peritrophic matrix [19] after CHS2 gene knockdown. Moreover, transgenic
plants synthesized hairpin dsRNAs as a protective measure against damaging herbivorous insects [32].
Based on the results of RNAI in other insects and the results in this study, BdCHS2 might be a good
candidate gene for B. dorsalis control by transgenic plants due to the ability to suppress a gene critical
for insect survival, providing a new approach to block a significant pest using environmentally friendly
and effective principles.

3. Experimental Section
3.1. Test Insect

The colony of B. dorsalis was kept in laboratory cages at 27 £ 1 °C, 70% =+ 5% relative humidity
and a photoperiod cycle of 14 h-Light/10 h-Dark. The insects were reared on an artificial diet as
described previously [33]. The developmental stages were synchronized at each egg incubation. Fat
body, integument, Malpighian tubules, midgut, and trachea were dissected from the third instar larvae
in phosphate buffered saline (PBS) under a stereomicroscope (Olympus SZX12, Tokyo, Japan) and
stored at —80 °C prior to use.

3.2. ¢cDNA Cloning of BACHS2 and Sequence Analysis
3.2.1. RNA Extraction and cDNA Synthesis

Total RNA was extracted from the midgut of the third instar larvae of B. dorsalis with
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, and
used in the amplification of cDNA fragments and rapid amplification of cDNA ends (RACE). The
total RNA was treated with DNase (TaKaRa, Dalian, China) and dissolved in 30 pL. DEPC treated
water. The purity and quantity of extracted RNA was quantified by the ratio of OD,60/OD5gp with an
ultraviolet spectrometer. First-strand cDNA was synthesized from 2 pg of DNase-treated RNA by
PrimeScript” 1st Strand cDNA synthesis Kit (TaKaRa, Ohtsu, Japan) with oligo (dT);s primers, and
used as a template for PCR.

3.2.2. Obtaining Full-Length of BACHS2 cDNA

Based on the transcriptome sequencing data of B. dorsalis [34], five cDNA fragments encoding
BdCHS?2 (S1-S5) were identified (Table 1). In order to generate a larger cDNA fragment, three pairs
of primers (Table 2) were designed to amplify the three gaps among the assembled fragments of
BdCHS?2 (PCRI1 to PCR3, Figure 6). 3'- and 5'-RACE ends (PCR4 and PCRS5) were amplified according
to the instructions of SMARTer™ RACE cDNA Amplification Kit (Clontech, Palo Alto, CA, USA).
PCR amplifications were carried out in a total volume of 25 pL mixture, containing 2.5 uL Mg”" (2.5 mM),



Int. J. Mol. Sci. 2013, 14 17066

2 uL dNTPs (2.5 mM), 2.5 uL 10x PCR Buffer (Mg®" free), 1 pL each primer (10 mM),
1 uL cDNA, and 0.25 pL rTaq™ polymerase (TaKaRa), and 15 pL ddH,O. Thermal cycling conditions
were 95 °C for 5 min followed by 34 cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C for 1 min.
The last cycle was followed by final extension at 72 °C for 10 min. The amplified products were
analyzed on 1.0% agarose gel, which contained GoodView™ (SBS Genetech, Beijing, China). The
target band of products was purified using the Gel Extraction Mini Kit (Watson Biotechnologies,
Shanghai, China). Purified DNA was ligated into pPGEM®-T Easy vector (Promega, Madison, WI, USA).
The ligation reactions were transformed into Trans-T1 competent cells (Transgen, Beijing, China). By
using standard ampicillin selection, successful clones were picked out and then PCR with
gene-specific primers, and further sequenced in both directions with an ABI Model 3100 automated
sequencer (BGI, Shenzhen, China).

Table 1. The cDNA fragments of BACHS?2 extracted from a transcriptome sequencing data
of B. dorsalis.

cDNA fragment Length (bp) Position in the coding area of BACHS?2 (bp)

S1 284 770-1,053

S2 183 1,353-1,535
S3 319 2,177-2,495
S4 252 2,643-2,894
S5 243 3,718-3,960

Table 2. Primers used in this study.

Application cDNA Primer . c¢DNA position in
) Primer sequence(5'-3") .
of primers fragment name the coding area (bp)
PCR 1 CHS2-1 TACTCTGCAGTCCCGGTTGTT 2404-2424
CHS2-2 CTTGTGCCGCGTCTTCATCTG 3757-3777
PCR 2 CHS2-3 TAGTCGTTCTAGATATCAGAC 926946
CHS2-4 AGCAGCGCCCAATTCGTCTATG 2273-2294
PCR 3 CHS2-5 GGATAACTCGACATATTTGGC 1465-1485
cDNA CHS2-6 TGTAGGGCGTTGAAATTGAACTA 2717-2739
cloning PCR 4 CHS2-7 GGAAGTGACAGTAAAGAAGGATG 3197-3219
(3'-RACE) CHS2-8 TAAATGGCGACGACAGCAACG 3874-3894
PCR 5 CHS2-9 CCACATAGCAACGGCAACAGAAGC 1290-1313
(5-RACE) CHS2-10 TAATGGGAGGGCGATTATTTGTAAC 821-845
UPM CTAATACGACTCACTATAGGGC -
NUP AAGCAGTGGTATCAACGCAGAGT —
CHS? CHS2-Q-F ATTTTCAGCCTCAAGCCGTA 2227-2246
gPCR CHS2-Q-R CGGGACTGCAGAGTACACAA 2399-2418
analysis . a-tub-F CGCATTCATGGTTGATAACG -
A-tubulin

a-tub-R GGGCACCAAGTTAGTCTGGA —
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Figure 6. PCR amplification and cloning of the full-length BdCHS2 cDNA in
Bactrocera dorsalis. Five PCR fragments (S1-S5) were generated from a transcriptome
sequencing data of B. dorsalis. Based on S1-S5 sequences, four gaps (G1-G4) were
amplified. The 3'- and 5'-end fragments were obtained through 3'- and 5'-RACE
respectively. PCR1-PCRS5 fragments were amplified with specific primers designed
according to the assembled full-length cDNA sequences of BACHS?2.

1 4417 bp
S1 S2 S3 S4 S5
— — —— — ——
5°-End Gl G2 G3 G4 3’-End
< >
PCR 1
]
PCR2
|
PCR3
|
PCR 4
PCR 5 ]

3.2.3. Sequence Analysis and Phylogenetic Tree Construction

Searching for similar sequences was performed using BlastP in the non-redundant protein
sequences (nr) database of the NCBI website [35]. The open reading frame (ORF) finder tool at the
NCBI was used to identify the ORF of BdCHS2. Sequences were edited with DNAMAN 5.2.2
(Lynnon BioSoft, Quebec, Canada). ExXPASy Proteomics Server [36] was used to compute isoelectric
point and molecular weight of the deduced protein sequences. NetNGlyc 1.0 Server [37] was used to
analyze the N-glycosylation sites. Cellular localization was conducted with the web site [38]. The
signal peptide was predicted by SignalP 3.0 [39], and transmembrane helices were analyzed using
TMHMM v.2.0 [40]. The neighbor-joining method was applied to construct a phylogenetic tree with
1000 replications as the bootstrap value using MEGA 5.04 [41].

3.3. Tissue-Specific Expression of BACHS2 Using Quantitative Real-Time PCR

Tissue-specific expression of BdCHS2 was examined by quantitative real-time PCR (qPCR).
Total RNA was isolated from fat body, integument, Malpighian tubules, midgut, and trachea of the
third instar larvae, using RNeasy® Plus Micro Kit (with gDNA Elimator spin columns, Qiagen,
Valencia, CA, USA). First strand cDNA was synthesized in a 10 pL reaction mixture using random
hexamers by PrimeScript® RT reagent Kit (TaKaRa). The qPCR was conducted on Mx3000P thermal
cycler (Stratagene, La Jolla, CA, USA) using SYBR Green detection system (iQ™ SYBR"™ Green
Supermix, BIO-RAD, Hercules, CA, USA) and gene-specific primers CHS2-Q-F and CHS2-Q-R (Table 2).
The PCR amplifications were performed in 20 pL reaction systems, including 7 uL ddH,O, 10 pL
SYBR Green Supermix, 1 puL of template cDNA and 1 pL of each primer (0.2 mM) under the
following conditions: pre-denaturation at 95 °C for 2 min, 40 cycles of denaturation at 95 °C for 15 s,
annealing at 60 °C for 30 s, and elongation at 72 °C for 30 s. After reaction, a melting curve analysis
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from 60 to 95 °C was applied to all reactions to ensure consistency and specificity of the amplified.
The qPCR analysis had three times of biological duplication. The data were normalized to the stable
reference gene a-Tubulin (GU269902) (Table 2) based on our previous evaluations, and was calculated
using 272%T method [42].

3.4. Developmental Stages-Specific Expression of BACHS2 and Total Chitin Content

Eggs, the first, second, and third instar larvae, pupae, and adults were used for total RNA isolation
using RNeasy” Plus Micro Kit (with gDNA Elimator spin columns, Qiagen, Valencia, CA, USA)
(e.g., egg, the first instar larvae) or TRIzol reagent and treated with DNase (TaKaRa) for DNA
digestion (e.g., the second, and third instar larvae, pupae, and adults). The stage-specific expression
was examined using qPCR as pre-mentioned method. Furthermore, the chitin content in different
developmental stages was assayed based on the previous described method [43—45]. Briefly, the sample
(30 individuals for each sample) was homogenized with 1.0 mL of distilled water by grinding in a cold
mortar. Then, the chitin was isolated from the sample after treated by centrifuged and 3% SDS
(sodium dodecyl sulfate). To deacetylate chitin, it was re-suspended in 0.3 mL of 14 M KOH and
incubated in drying oven at 130 °C for 1 h. The insoluble chitosan was obtained after purified by
different concentrations of alcohol. 100 pL of the chitosan solution was mixed with 100 pL of
10% NaNO; and 100 pL of 10% KHSO4 to depolymerize the chitosan and deaminate the glucosamine
residues from the chitosan. After treated by 12.5% NH4SO;NH, (Sigma-Aldrich, St. Louis, MO,
USA), the sample was added to MBTH (3-methyl-2-benzothiazolone hydrazone hydrochloride
hydrate, Sigma-Aldrich) (50 mg/10 mL) and 0.83% FeCl;. Finally, 100 puL of each sample was
transferred to a 96-well microplate and then colorimetric assay under 650 nm in a microplate reader
(Sigma Laborzentrifugen GmbH, Ostrode, Germany). According to a standard curve constructed by
using known concentrations of glucosamine (Sigma-Aldrich), chitin content was calculated as a
glucosamine equivalent. Three biological replications, each with two technical replications, were used
in this analysis.

3.5. Gene Expression Profiles and Chitin Content Assay under Feeding and Starvation Conditions

The 1-day-old third instar larvae were used for this experiment. Eight Petri dishes (diameter = 4 cm)
were divided into two groups, each with four Petri dishes. The insects in the first group were
maintained with the artificial diet (designated as with food) for 24 h and then with no food for next
24 h, while the insects in the second group were maintained with no food for 24 h and then with food
for the next 24 h. Total RNA was isolated from the dissected midguts of the two groups after 24 and 48 h
treatment. The transcript levels were measured using qPCR as mentioned above. Furthermore,
the chitin content in the midguts of the above treated larvae was assayed.

4. Conclusions

In conclusion, a full-length ¢cDNA encoding chitin synthase 2 was obtained from B. dorsalis.
BdCHS2 was mainly expressed in midgut. Further, it expressed in all developmental stages, while
highly in the feeding stages (larval and adult stage), and also had a positive relation to the total chitin
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content of the insect. In addition, the feeding and starvation had a very important effect on this gene
expression. In sum, BACHS? is involved in the regulation of the midgut chitin and subsequently affects
the growth and development of B. dorsalis.
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