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Abstract

A high-quality cDNA library was constructed from female and male antenna of the longhorned
beetle, Batocera horsfieldi (Hope) (Coleoptera: Cerambycidae), a serious pest of Populus (Sali-
cales: Salicaceae). The titer was approximately 2.37 x 10° pfu/mL, and this complies with the test
requirement. From the libraries, 692 clones were selected randomly, sequenced, and further ana-
lyzed, and the recombinational efficiency reached 93.85%. By alignment and cluster analysis, we
identified four odorant binding proteins, two pheromone-binding proteins (have the characteristic
six conserved cysteine residues), four Minus-C odorant binding proteins (lost two conserved cys-
teines), and three chemosensory proteins. In this study, we describe the identification and
characterization of four new cDNAs that encode Minus-C odorant binding proteins (Minus-C
OBPs) from B. horsfieldi antennal cDNA libraries. Our investigation focused on the expression
pattern of the Minus-C OBP genes in various tissues in both sexes at different developmental
stages, using reverse transcription PCR (RT-PCR) and real-time PCR (qPCR) strategies. Minus-C
OBPI, 2, and 3 were expressed in all tested tissues, with the exception of the head (without an-
tenna, labial palps, and maxillary palps). Minus-C OBP4 was expressed in the antenna, legs, and
abdomen, but not in the labial palps, maxillary palps, or head. The qPCR results revealed Minus-
C OBPs were expressed in the antenna throughout the adult life, and that the transcript levels of
these genes depended on the sex, age, and mating status of adults.
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Introduction

The sense of smell is vital in insect communi-
cation, and most insect  species’
chemoreception systems are extremely sensi-
tive to environmental odors and tastes.
Considerable progress has been made in un-
derstanding insect olfaction, and it is known
that odorant binding proteins (OBPs) and
odorant receptors play important roles in this
process (Zwiebel and Takken 2004). There are
a large number of OBPs present within a vari-
ety of insect species. Insect OBPs are small,
globular, water-soluble proteins that are spe-
cifically expressed in both the olfactory and
gustatory systems (Vogt and Riddiford 1981;
Steinbrecht et al. 1996). OBPs of insects were
first identified in the silkmoth, Antheraea pol-
yphemus, where they are known as pheromone
binding proteins (PBPs) (Vogt and Riddiford
1981). Subsequently, large families of similar
but divergent OBPs have been identified in
many other insect species (Pelosi and Maida
1995; Krieger et al. 1997; Vogt et al. 1999;
Hekmat-Scafe et al. 2000; Ishida et al. 2002;
Nagnan-Le Meillour 2004; Zhang et al.
2009a, b).

The features identifying genes encoding OBPs
include the six-cysteine signature, a size of
15-20 kDa, the a -helix pattern, the globular
water-soluble nature, and the presence of a
signal peptide. A six-cysteine signature motif
is the most typical, and generally diagnostic,
feature of the classical insect OBPs (Pelosi
and Maida 1995). The spacing pattern of the
conserved cysteine residues in Coleoptera is
typlcally Cl-X23_44-C2-X3-C3-X36_43-C4-X8_12-
C5-X5-C6, in which X is any amino acid (Xu
et al. 2009). The OBPs of insect are a multi-
gene family that includes a lot of members:
most OBPs are classic OBPs (possessing all
the features), seem to play a more general role
in olfaction by carrying odorants (Vogt and
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Riddiford 1981; Vogt and Lerner 1989) and
perceiving sex pheromonesVogt et al. 1991),
dimer OBPs (having two six-cysteine signa-
tures), plus-C OBPs (having two additional
conserved cysteines plus 1 proline), Minus-C
OBPs (having lost two conserved cysteines),
and atypical OBPs (having nine to 10 cyste-
ines and a long C-terminus) (Hekmat-Scafe et
al. 2002; Xu et al. 2003; Zhou et al. 2004).

The longhorned beetle, Batocera horsfieldi
(Hope) (Coleoptera: Cerambycidae), is
an important pest of Populus (Salicales: Sali-
caceae) species. The larvae and pupae develop
inside Populus, and every year in May in Chi-
na the adults of B. horsfieldi eclose, and
newly-emerged adults use semiochemicals
from Rosa multiflora Thunb (Rosales:
Rosaceae) to locate their feeding-plant. After
mating, the females travel back to Populus for
oviposition (Li et al. 2008; Zhuge et al. 2010).
This process allows the development of pest
control measures based on olfactory-mediated
behavioral modification. Insect antennae con-
tain a high concentration of OBPs, which are
believed to be involved in the first step of ol-
factory molecular recognition and signal
transduction by ferrying airborne host odor-
ants across the sensillum lymph to the odorant
receptors (ORs) (Vogt et al. 1981; Vogt et al.
1991; Pelosi et al. 2006). Expressed sequence
tags (ESTs) are short, single-pass sequences
generated from either the 5' or the 3' end of
cDNAs. ESTs of several thousand randomly
chosen clones from the cDNA library analyses
of certain tissues or organs are useful in iden-
tifying a gene or protein system with a
specific function, such as chemoreception
(Robertson et al. 1999; Zhou et al. 2010). In
this study, we constructed an antennal cDNA
library of B. horsfieldi for EST sequencing. In
order to exploit the molecular mechanism of
the perception of volatile cues associated with
Minus-C OBP genes, we investigated the ex-
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pression of Minus-C OBPs in different tissues
and both sexes at different development stages
in antennae. Phylogenetic relationships of the
Minus-C OBPs in B. horsfieldi were also ana-
lyzed with other OBPs, and the evolution of
Minus-C OBP genes was discussed.

Materials and Methods

Insect collection and tissue preparation

B. horsfieldi adults were collected from their
feeding-plant R. multiflora in Gong’an county
of Hubei Province in China (112°23'E;
30°04'N). Adult B. horsfieldi were determined
to be either mated or unmated based on the
presence or absence of patch of sexuality. All
the insects were individually maintained in
clear plastic containers (5 cm in diameter, 8
cm in height) and fed twigs (without leaf) of
R. multiflora. The antennae from male and
female adults were mixed for constructing the
cDNA library. For tissue profiling, the anten-
nae, head (without antennae, labial palps, and
maxillary palps), labial palps, maxillary palps,
mid-abdomen, hind-abdomen, legs (separating
foreleg, middle leg, and hind leg), and wings
were dissected from the adults of mated males
five days after eclosion. Also, for spatial ex-
pression, antennae were isolated from the
adult virgin males and females and mated
males and females at different development
stages after eclosion. Tissues were stored at -
70°C until used.

RNA extraction and construction of the an-
tennal cDNA library

For construction of the antennal cDNA li-
brary, antennae (1:1 male:female) were
quickly ground in liquid nitrogen, then the
powder was transferred into a 1.5 mL RNase-
free tube and mixed with 1.0 mL Trizol Rea-
gent  (Invitrogen, Life  Technologies,
www.lifetechnologies.com), following the
manufacturer’s instructions. The isolated total
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RNA from B. horsfieldi was reverse tran-
scribed to double-strand cDNA wusing a
modification of the SMART c¢cDNA method
(Clontech, www.clontech.com). A primer
containing an oligo (dT) and a unique Sfil site
at the 3' end was used to prime the first cDNA
strand. A second oligonucleotide containing a
unique Sfil site was added to the 5' cap at the
end of the first-strand synthesis. After first-
strand cDNA synthesis, long-distance PCR
was used for generating the double-strand
cDNA. The amplified double-strand cDNA
was digested using Sfil and size fractionation
using CHROMA SPIN Columns (Clontech).
In order to construct an antennal cDNA li-
brary containing as much of the target genes
as possible, 300—1000 bp fragments were col-
lected. Then the cDNA fragments were ligated
into the Sfil predigested pDNR-LIB (Invitro-
gen) plasmid vector. The ligation mixture was
transformed into competent DHI0 cells and
plated on the agar plates supplemented with
chloramphenicol (34 pg/mL). The plate was
then inverted and incubated at 37°C. The en-
tire step follows the SMART cDNA library
construction kit user manual (Clontech).

Total RNA was isolated from each tissue us-
ing the Trizol reagent (Invitrogen) and was
treated with DNase I (Qiagen,
www.qgiagen.com). First-strand cDNA was
synthesized using oligo (dT) primer and Re-
vertAid M-MuLV Reverse Transcriptase
(Thermo Scientific,
www.thermoscientificbio.com) in a total vol-
ume of 20 pL.. The mix was incubated at 42°C
for 1 hr, and the reaction was terminated by
heating at 70°C for 5 min (MBI Fermantas,
Thermo Scientific). cDNA was stored at -
20°C.
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Clone detection and sequence annotation

The 692 randomly selected clones from the
antennal ¢cDNA libraries were amplified by
colony PCR using the M13 universal primer.
Sequences from the cDNA inserts were de-
termined using ABI 3730 sequencer (Applied
Biosystems, Life Technologies). Manually
trimming the sequences to remove vector and
primer sequences, a total of 402 informative
ESTs (unigenes) were obtained. To search for
homologous olfactory genes, all nucleotide
sequences were subjected to the Basic Local
Alignment Search Tool (BLASTx and
BLASTn, NCBI, www.ncbi.nlm.nih.gov). Ol-
factory genes were identified by their
characteristic features, containing six or four
conserved cysteines. The signal peptides and
cleavage sites were predicted using SignalP
4.0 (Center for Biological Sequence Analysis,
Technical University of Denmark,
www.cbs.dtu.dk/services/SignalP-4.0; Nielsen
et al., 1997). In order to compare sequence
similarity among homologous genes, Minus-
OBP-related sequences from Tribolium casta-
neum (Herbst) (Coleoptera: Tenebrionidae)
and other species were initially identified us-
ing the NCBI BLAST network server and
retrieved from GenBank (NCBI). All se-
quences were aligned wusing ClustalX
(www.clustal.org; Thompson et al. 1994). The
neighbor-joining method was used to con-
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struct the phylogenetic tree using MEGA ver-
sion 4.0 (www.megasoftware.net; Tamura et
al. 2007). Bootstrapping was performed to
estimate the reliability of the branches using
1500 neighbor-joining replicates. The tree
presented only includes nodes with 50% or
higher bootstrap support.

Tissue specificity and spatial expression
profiling of B. horsfieldi Minus-C OBPs

To investigate tissue and spatial expression
profiling of Minus-C OBPs, adult tissue sam-
ples were dissected according to the methods
described and prepared in triplicate. The sam-
ples used in RT-PCR were from mated males
five days after eclosion. The RT-PCR primers
(Table 2) were designed using Primer Premier
5.0 (Premier Biosoft,
www.premierbiosoft.com) based on the EST
sequences from cDNA library of B. horsfieldi.
The 18s rRNA was used as the reference gene.
PCR experiments were carried out in a PTC-
200 (Bio-Rad, www.bio-rad.com), and PCR
reactions were performed in the following
conditions: 94°C for 5 min, 35 cycles of 30
sec at 94°C, 30 sec at 60°C (the melting tem-
perature of the Minus-C OBPs and 18S
rRNA), 1 min at 72°C and 72°C for 10 min.
The reactions were performed in 25 pL. with
300 ng of single-stranded cDNA, 2.0 mM
MgCl,, 0.5 mM dNTP, 0.4 uM for each pri-

(Table 2. Special primers designed for expression analysis of the OBPs in Batocera horsfieldi

Analysis | Primer name Sequence(5'-3") Exp. Prod. Size (bp)
Minus-C OBP 1-F | ATGAAGAAACGGGCTTAACAT 135
Minus-C OBP 1-R | GATGGCCTTCGCCGTCGATGG
Minus-C OBP 2-F | AAGTCAGGAACGGATGAAGAT 120

RT-PCR Mn.nus-C OBP 2-R| TTCCTCATTCATCACTCCAAC
Minus-C OBP 3-F | ATGAATTACTCCACAACCTCG 127
Minus-C OBP 3-R | TCTTTGATGGTCGGGATGTCC
Minus-C OBP 4-F | ATGCCAAGCCGACCCAGCCAC 132
Minus-C OBP 4-R | CCGTTTGGCTTCTGGAGACCG
Minus-C OBP 1-F| GTTCGCACTAGCGGCTTCA 246
Minus-C OBP 1-R GCGGCATCTGTCGTCTTC
Minus-C OBP 2-F | GTAGTGGTGTCTTCGCTCTT 241

gPCR Minus-C OBP 2-R TAACGCCTTCCTCATTCA

Minus-C OBP 3-F | AAAATAAGGCTAAACCAACG 152
Minus-C OBP 3-R AACACCGCTTTCCCAATC
Minus-C OBP 4-F | AATGCCAAGCCGACCCAG 184
Minus-C OBP 4-R| TCGCTGACGGTGAGGCAGA

Control Bhorl8S rRNA-F | AAACTTCGCCTGAATACTGT 112
Bhorl8S rRNA -R| GTTCGCACTAGCGGCTTCA

-
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mer, and 1.25 U Taq polymerase (TaKaRa,
www.takara-bio.com). PCR products were
analyzed by electrophoresis on 1% agarose
gel and stained with ethidium bromide to en-
sure the correct products were being
amplified.

Real-time PCR (qPCR) was performed using
the ABI 7500 Sequence Detection system
(Applied Biosystems). The template cDNA
was obtained from unmated or mated males
and females of different ages. Specific primer
pairs were designed to amplify the Minus-C
OBP genes (Table 2). An endogenous control
was needed in order to normalize the expres-
sion of the target genes and to correct for
sample-to-sample variation. Because there are
no 18S rRNA and B-actin gene sequences for
B. horsfieldi in any database, two conserved
sequences were selected among the 18S rRNA
genes in the Cerambycidae aligned by
DNAMAN (Lynnon, www.lynnon.com) for
designing a primer pair for the B. horsfieldi
18S rRNA control. The target fragments of
Minus-C OBP 1, 2, 3, and 4, and 18S rRNA
were expected to be 246 bp, 241 bp, 152 bp,
184 bp, and 112 bp, respectively. The qPCR
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reaction conditions were 25 uL 2x QuantiTect
SYBR Green PCR Master Mix (Qiagen), pri-
mer forward, primer reverse, RNase-free
water (Millipore, www.millipore.com), and
500 ng cDNA template per reaction in a final
volume of 50 pL. The thermo cycling condi-
tions for qPCR were: 95°C for 3 min,
followed by 35 cycles of 30 sec at 94°C, 30
sec at 60°C (the melting temperature of the
Minus-C OBPs and 18S rRNA), and 30 sec at
72°C. PCR reactions were performed in tripli-
cate, and the cDNA samples were serially
diluted to CO (1, 10", 107, 10°, and 10%) times,
and the CT values of the Minus-C OBPs and
Bhor18S rRNA were measured by qPCR. The
data were processed using the relative quanti-
fication method. The relative values were
measured as 2" (where AACT = (CTBhor
Minus-C OBP — CTBhor18s rRNA) Time x —
(CTBhor Minus-C OBP — CTBhor18s rRNA)
Time 0) (Livak and Schmittgen 2001).
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Figure I. Cluster of orthologous groups of proteins (COG) classification of unigenes in the antennal cDNA library of Batocera horsfieldi.
\High quality figures are available online.
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Results

EST sequencing and identification

An antennal cDNA library was constructed
from a pool of total RNAs extracted from the
antennae of male and female B. horsfieldi, and
the titers of the library was approximately
2.37 x 10° pfu/mL, and the recombinational
efficiency was 93.85%. 692 randomly selected
clones were sequenced from this antennal
cDNA library for further analysis. Of the 649
total clones, 88 clones (the length less than
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100 bp) had no obvious ORF. 402 unigenes
with an average length of 427 bp were identi-
fied. Of the 402 unigenes with an ORF, 106
clones did not produce a significant BLASTx
match with a known protein sequence in
GenBank. The functional categories of the
402 unigenes are classified and shown in Fig-
ure 1. 58.33% of the unigenes have the
function of translation, ribosomal structure,
and biogenesis; 13.1% have the function of
posttranslational modification, protein turno-
ver, and chaperones; 5.95% have the general
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Figure 2. Alignment of predicted amino acid sequences of Minus-C OBPs from the antennal cDNA library with homologous proteins
from other insect species (GenBank BLASTP). Predicted signal peptide sequences are boxed; four conserved Cys residues are marked
by asterisks; the deletion of the second and the fifth conserved Cys are labeled by enclosing them in rectangles. Sequences used in align-
ment and accession numbers are Minus-C OBPI| Batocera horsfieldi: ADD70030; Minus-C OBP2 B. horsfieldi: ADD7003 1; Minus-C OBP3
B. horsfieldi: ADD82416; Minus-C OBP4 B. horsfieldi: ADD82417; AaegOBP56a Aedes aegypti: XP_001658810; AaegOBP56e A. aegypti:
XP_001655717; AaegOBP56e putative A. aegypti: XP_001655721; AgamOBP Anopheles gambiae: XP_320225; AgamOBP23 A. gambiae:
XP_320226; AmelOBP13 Apis mellifera: NP_0010353 14; ApisOBP10 Acyrthosiphon pisum: NP_001153525; CquiGOBP56d Culex quinquefas-
ciatus: XP_001863135; CquiOBP C. quinquefasciatus: XP_001863132; CquiOBP56a C. quinquefasciatus: XP_001848933; HoblOBPI
Holotrichia oblita: ACX32050; HpicOBP-1 Heptophylla picea: BAC07270; MaltOBPI Monochamus alternatus: ABR53888; MsexABP3 Mandu-
ca sexta: AAL60413; RpalOBP2 Rhynchophorus palmarum: AAD31875; RpalOBP2' R. palmarum: AAD31883; RpalOBP4' R. palmarum:
AAQ96921; TcasOBPO8 Tribolium castaneum: EFA04687; TcasOBP CI6 precursor T. castaneum: NP_001137375. High quality figures are
available online.
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function; 5.95% have the function of energy
production and conversion; and 3.57% have
the function of chromatin structure and dy-
namics.

Isolation and characterization of OBP
c¢DNAs from B. horsfieldi antennae

Following the prediction of their open reading
frames and annotation of their biological func-
tions, 68 clones (9.82%) displayed a strong
similarity to OBPs or chemosensory proteins

Li et al.

(CSPs) from a variety of insect species. After
removal of the duplicated sequences, we iden-
tified 10 odorant binding proteins and three
chemosensory proteins. As for OBPs in insect
species, the six-cysteine signature (C;-Cg pat-
tern) is the most striking conservation of
amino acids. However, four of the putative
OBP genes lacking C2 and C5 (Figure 2) were
classified into the Minus-C OBP group, fol-
lowing the naming system proposed by
Hekmat-Scafe et al. (2002). The sequences for

(Table 1. BLAST analysis and prediction of physical chemistry properties of Minus-OBPs.

Minus-OBP | GenBank | ORF pl | MW (Da) Cleavage | Homology search with known proteins
name accession # [(AA) site E-value |Max ident | Species | Protein ID
Minus-C OBP1 | GU575294 | 129 | 4.5 | 14404.2 | AAS-DT |5.00E-06| 26% Tmol | AAO18185
Minus-C OBP2 | GUS575295 | 144 | 4.5 | 16101.61 | VQA-AL [2.00E-30| 46% M.alt | ABRS3888
Minus-C OBP3 | GU584933 | 136 | 5.3 | 15250.66 | IWA-QE |1.00E-10| 28% Tcas |XP 975687
Minus-C OBP4 | GUS584934 | 133 | 6.2 | 14714.06 | ALA-AS [9.00E-10 32% Tcas |XP_975687

Note: ORF, open reading frame; pl, isoelectric point; MW, molecular weight; Cleavage site, most likely cleavage site position of signal
peptide; E-value, the statistical significance of reported matches; Max ident, the maximum identities of amino acid between Minus-OBP
and other insect homologous gene; Species, source species of homologous gene by BLASTX; Protein ID, the accession number of
homologs on NCBI; T.mol, Tenebrio molitor; M.alt, Monochamus alternates; T.cas, Tribolium castaneum.
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Figure 3. Phylogenetic tree analysis of Batocera horsfieldi OBPs (Minus-C OBPs) and other insect species based on amino acid sequence.
All OBPs are from the alignment analysis of Figure 2. The tree was constructed using the neighbor-joining method. Numbers on branch-
es show values of 1500 times replication bootstrap analysis. High quality figures are available online.
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the Minus-C OBP1-4 genes have been depos-
ited in GenBank under the following
accession numbers: GUS575294, GUS575295,
GU584933, and GU584934. The ORFs of the-
se four Minus-C OBPs were 387 bp, 432 bp,
408 bp, and 399 bp. The computed values of
the hydrophobic signal peptides at the N ter-
minus, the theoretical isoelectric point, and
molecular mass of the four Minus-C OBPs
agreed closely with those obtained for other
OBPs (Table 1, Figure 2).

We aligned the deduced Minus-C OBP pro-
tein sequences with those from Monochamus
alternatus Hope (Coleoptera: Cerambycidae),
Rhynchophorus palmarum (L.) (Curculio-
nidae), Tenebrio molitor L. (Tenebrionidae),
and other insect species. The results showed
that the deduced amino acid sequences of
OBPs had only four conserved cysteines. Al-
so, we found the amino acids behind the
lacking second and fifth cysteine residues
were conserved (Figure 2). Amino acid se-
quence alignments revealed that Minus-OBPs
shared 45% identity with each other, and these
Minus-C  OBPs showed low similarity
(28.17%) with OBPs from other insect spe-
cies. Minus-C~ OBP1  sequence was
homologous to a odorant binding protein of
the Coleopteran 7. molitor (AAO18185), Mi-

Li et al.

nus-C OBP2 was homologous to an OBP of
M. alternates (ABR53888), and Minus-C
OBP3 and 4 were homologous to an OBP of
T. castaneum (XP_975687) (Table 1). In order
to better understanding the relationships be-
tween these Minus-C OBPs, a phylogenetic
tree was constructed using the deduced amino
acid sequences (Figure 3). The cladogram in-
dicates that Minus-C OBPs are divided into
three separate groups. Minus-C OBP3 and
Minus-C OBP4 belonged to a single cluster
and were similar to some of the insect OBPs,
such as TcasOBP; Minus-C OBP1 belonged
to a different cluster and was similar to cluster
Minus-C OBP3 and Minus-C OBP4; Minus-C
OBP2 belonged to another cluster and was
distant from the other three Minus-C OBPs
(Figure 2). This result is largely consistent
with the alignment above.

Tissue specificity and spatial expression
patterns of Minus-C OBPs

Reverse transcription PCR (RT-PCR) experi-
ments were performed using specific primers
to determine the distribution of Minus-C
OBPs in the various tissues (Figure 4). The
integrity of the cDNA templates prepared
from different tissues was verified by 18S
rRNA gene amplification as a positive control.
RT-PCR products of the size predicted for

Contro W HAb  MADb HL ML

LT T
B Y TEN LT )

H Mp Lp At

Minus-C OBP1

Minus-C OBP2
Minus-C OBP3
Minus-C OBP4
Bhor18S rRNA

Figure 4. Tissue-specific distribution of Minus-C OBPs. RT-PCRs were performed using cDNAs isolated and synthesized from the dif-
ferent tissues of mated male Batocera horsfieldi, five days after eclosion, to examine the expression patterns in the various tissues.
Amplification products were analyzed on agarose gel and visualized by UV illumination after staining with ethidium bromide. The PCR-
products were |35 bp in size for Minus-C OBPI, 120 bp for Minus-C OBP2, 127 bp for Minus-C OBP3, 132 bp for Minus-C OBP4, and
112 bp for 18s rRNA (control). Lanes correspond to cDNA or control template derived from: At, antenna; Lp, labial palp; Mp, maxillary
palp; H, head (devoid of antennae, labial palps and maxillary palps); FL, foreleg; ML, mid leg; HL, hind leg; MAb, mid abdomen; HAb, hind
abdomen; W, wing; control, no template (negative control) to ensure the specificity of the amplification. Amplification of the expressed
18S rRNA cDNA provides an additional positive control for the quality of each cDNA template pool. High quality figures are available
(online.
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Minus-C OBP1, 2 and 3 were observed in all
tested tissues with the exception of the head
(without antenna), and RT-PCR products of
Minus-C OBP4 were expressed in the anten-
na, foreleg, middle leg, hind leg, middle
abdomen, and hind abdomen, but not in the
labial palp, maxillary palp, and head. The data
suggested that the genes encoding these pro-
teins are highly expressed in the olfactory
tissues (antenna, labial palp, and maxillary
palp), as well as in non-olfactory tissues such
as the leg, wing, and abdomen. The transcript
levels of Minus-OBPs varied between differ-
ent tissues. Minus-OBP1 had the lowest
transcription level in Mp, Minus-OBP2 had
the lowest transcription level in the foreleg
and hind leg, and Minus-OBP4 had the lowest
transcription level in the wing. The transcript
levels’ diversity of Minus-OBPs indicate these
genes may have various non-olfactory func-
tions.

Real-time PCR (qPCR) was performed to
compare the transcript levels of Minus-C
OBPs in antennae of adults from emergence
until death. The results show that in all four
Minus-OBPs, the transcription level of fe-
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males was significantly higher than males at
the same developmental stages (Figure 5).
This was most noticeable in mated females at
five days and 15 days after eclosion and un-
mated females at five days and 20 days,
respectively. This result indicated that the
genes likely to be involved in olfaction are
most highly expressed in the females. This
phenomenon can be explained because fe-
males look for food and host plants. The
expression levels of Minus-C OBP1 and 2 had
the lowest transcript levels at five days after
eclosion, had the highest level at 10 days, af-
ter which they decreased. Minus-C OBP2 had
the lowest expression (0.06). Minus-C OBP3
had the highest level at 10 days, reaching
36.08, which was 601 times higher than Mi-
nus-C OBP2. The expression levels of Minus-
C OBP1 and 2 reached their peak at 25 days,
Minus-C OBP3 and 4 reached their peaks at
20 days, and Minus-C OBP2 had the highest
expression level (6.52) in unmated males. The
transcription levels of Minus-C OBP1 and 2 in
mated female antennae had the highest level at
five days, then decreased. Minus-C OBP3 and
4 had their highest levels of expression in the
15-day-old mated females, and Minus-C
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Figure 5. Relative quantity of Minus-C OBPs transcripts expressed from antenna of mated and unmated male and female mature adults
by qPCR (mean + SEM). High quality figures are available online.
N\

J

Journal of Insect Science | http://www.insectscience.org 9

Downloaded From: https://bioone.org/journals/Journal-of-Insect-Science on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Journal of Insect Science: Vol. 14 | Article 57

OBP4 had the highest level (203.12) at 15
days, which was 12.62 times higher than that
at five days. Unmated females had a higher
expression level at five days, then the level
decreased and at 15 days they had the lowest
level, then at 20 days their highest level was
reach, and then levels decreased. Minus-C
OBP3 had the highest overall expression level
(254.7).

Discussion

An antennal cDNA library of B. horsfieldi
was constructed for the first time, and 692
positive clones were sequenced. From approx-
imately 692 clones, we found 296 independent
clones that contained ORFs averaging 142
amino acids. All the 296 clones were used to
search NCBI with BLASTN and BLASTX.
The COG classification shows these clones
have different functions: translation, riboso-
mal structure and biogenesis, posttranslational
modification, and protein turnover (Figure 1).
As expected, 68 clones (22.97%) shared hom-
ologs to OBPs or CSPs from a variety of
insect species. After discrimination and classi-
fication, we obtained four GOBP genes, two
PBP genes, four Minus-C OBP genes, and
three CSP genes from the libraries. In addition
to an N-terminal signal peptide sequence, the-
se Minus-C OBP genes had only four
conserved cysteines, unlike other classical in-
sect OBPs, which have a characteristic pattern
of six cysteines. The Minus-C OBP subfamily
of B. horsfieldi is part of a larger subfamily of
insect OBPs that have been reported in some
insects, such as Ceratitis capitata (Chris-
tophides et al. 2000), 7. molitor (Graham et al.
2001), Anopheles gambiae (Biessmann et al.
2002), Apis mellifera (Forét and Maleszka
2006), and Microplitis mediator (Zhang et al.
2009). In Drosophila melanogaster, the Mi-
nus-C subfamily includes seven members;
three proteins carry all six conserved cysteines
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(OBP99a, OBP99d, and OBPS83f), and four
members of the subfamily (OBP8a, OBP44a,
OBP99b, and OBP99c) are missing C2 and
CS5, indicating that the loss of cysteines C2
and C5 happened after the family diverged
from the rest of the insect OBPs (Hekmat-
Scafe et al. 2002). The diversity of the OBP
gene family suggests that positive selection
results in rapid evolutionary changes and
functional diversification.

The OBPs of insects have been described as
transport proteins that transfer hydrophobic
semiochemicals in the sensillum cavity. How-
ever, no exact functions of OBPs have yet
been clarified, except for the PBPs of moths,
where binding studies have confirmed their
role in pheromone recognition, specifically
their interaction with female pheromones (Du
and Prestwich 1995; Biessmann et al. 2002).
The PBPs also appear to contribute to the ex-
citation of the receptor neurons. Bombykal in
combination with the expressed PBP of
Bombyx mori failed to activate the corre-
sponding receptor neuron of B. mori, but did
so when combined with one of the PBPs of A.
polyphemus (Pophof 2004). The OBP LUSH
of D. melanogaster has been proved to be im-
portant in detecting alcohol, knocking out the
LUSH gene results in an abnormal attraction
to food sources with high concentrations of
ethanol, propanol, and butanol (Kim et al.
1998; Kim and Smith 2001). In the Minus-C
OBP of the moth Cactoblastis cactorum, the
al0/OS-D has been found expressed in the
labial palps (CO;-sensing organs). Some of
the Drosophila Minus-C OBPs may also have
adapted to a non-olfactory function (Maleszka
and Stange 1997; Hekmat-Scafe et al. 2002),
but their exact physiological function still re-
quires further research.

The expression patterns of the Minus-C OBP
genes in B. horsfieldi may help to characterize
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the function of these OBPs in future research.
The results of the tissue specificity showed
that Minus-C OBPI, 2, and 3 were expressed
in all dissected tissues except the head (with-
out antennae, labial palps, and maxillary
palps), and Minus-C OBP4 was expressed in
all tissues tested, except the labial palp, maxil-
lary palp, and head. All Minus-C OBPs had
high expression in non-olfactory tissues, such
as the legs, wings, and abdomen, but also in
olfactory tissues such as the antennae, labial
palps, and maxillary palps, except that Minus-
C OBP4 was only expressed in the antennae.
As for the expression in wings and legs, some
papers have reported that Minus-C OBPs are
expressed in taste tissues, and these genes
may play an important role in taste function
and gustatory reorganization. The al0/OS-D,
a Minus-C OBP of the moth C. cactorum, has
been found expressed in the labial palps and
can detect the CO; change in the air (Maleszka
and Stange 1997). The distribution diversity
of the Minus-OBPs also indicate they may
have other functions, not just olfaction.

Real-time PCR was used to evaluate the ex-
pression levels and abundance of the
identified Minus-C OBPs during various de-
velopmental stages and between the sexes.
The results showed Minus-C OBPs of adult
females expressed at a higher level than that
of the males at the same developmental stage,
no matter whether they were mated or un-
mated. The transcription levels of Minus-C
OBPs did not change as the male beetle aged
over a period of 20-25 days, with the excep-
tion of 10-day-old mated males. The data
showed mating status had little effect on ex-
pression levels of these four genes in male
beetles. The age and mating status did affect
the expression levels of Minus-C OBPs 3 and
4 in females, with the highest expression lev-
els of these two genes in mated and unmated
female occurring on the 15" or 20™ day after
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eclosion, respectively. This phenomenon may
be because males look for females, while fe-
males look for food and an oviposition site. It
has been reported that female insects release a
blend of sex pheromones to attract males over
long distances, and males detect the released
pheromones with extreme sensitivity and se-
lectivity (Kaissling et al. 1987; Baker et al.
2004). It also has been reported that age and
mating status could affect the expression lev-
els of the PBP gene PxylPBPl in the
diamondback moth, Plutella xylostella (Zhang
et al. 2009). Other studies in A.gambiae and
D. melanogaster also have shown a correla-
tion between changes in expression of a
specific set of genes and behavioral and phys-
iological responses (Abrantes et al. 2008;
Zhou et al. 2009). However, Merlin et al.
(2007) examined expression of one OR and
one PBP at nine time points during a 24-hr
period post-eclosion in Spodoptera littoralis
male antennae and found no drastic changes in
transcript abundance throughout this period of
time. In a study by Soques et al. (2010), the
age and mating status had no effects on the
expression levels of two OR genes in the male
antenna of Heliothis virescens (HvOR13 and
HvOR15) and H. subflexa (HsOR13 and
HsOR15). Taken together, we think that de-
velopmental stage and mating status could
affect the transcription level of Minus-C
OBPs of the beetle, but the effect was differ-
ent with the different genes.

B. horsfieldi adults emerge in the early sum-
mer and feed mainly on branches of R.
multiflora until they are sexually mature. Af-
ter copulation, the females deposit their eggs
at night under the bark of poplar trees before
returning to R. multiflora to feed again, while
the males remain on R. multiflora (Yan et al.
1997). Our previous experiments in laboratory
olfactometers using beetles deprived of vision
have shown that volatiles from R. multiflora
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are attractive to all adults, while volatiles from
Populus species are only attractive to mated
females (Li et al. 2008). In this paper, a cDNA
library was successfully constructed from B.
horsfieldi antennae, and 10 putative OBPs and
three CSPs were obtained. These proteins may
play an important role in adult female B. hors-
fieldi behavior in looking for food and
locating host trees for oviposition. The re-
search on these OBPs may give us a better
understanding of the insect olfactory system
and possible targets for insect pest control.
However, further research on the exact physi-
ological functions and the structural
characterization of these OBPs are needed.
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