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Abstract

Olfaction recognition process is extraordinarily complex in insects, and the olfactory receptors

play an important function in the process. In this paper, a highly conserved olfactory co-receptor
gene, AcerOr2 (ortholog to the Drosophila melanogaster Or83b), cloned from the antennae of
the Asian honeybee, Apis cerana cerana Fabricius (Hymenoptera: Apidae), using reverse
transcriptase PCR and rapid amplification of cDNA ends. The full-length sequence of the gene
was 1763 bp long, and the cDNA open reading frame encoded 478 amino acid residues, including
7 putative transmembrane domains. Alignment analysis revealed that AcerOr2 shares high
homology (> 74%) with similar olfactory receptors found in other Hymenoptera species. The
amino acid identity with the closely related species Apis mellifera reached 99.8%. The
developmental expression analysis using quantitative real-time reverse transcriptase PCR
suggested that the AcerOr2 transcript was expressed at a relatively low level in the larval stage,
whereas it was expressed broadly in the pupal and adult stages, with a significantly high level on
the days just before and after eclosion. In situ hybridization showed that AcerOr2 mRNA was
expressed in sensilla placodea and on the basal region of the worker antennal cuticle, in
accordance with the previous conclusions that the conserved genes are expressed in most

olfactory receptor neurons.
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Introduction

Insect olfaction plays a vital role in various
life processes, such as mating, ovipositing,
avoiding predators, searching for food, and
communicating with other members of the
species. In insect antennae, the olfactory re-
ceptors (ORs) are expressed in many dendritic
membranes of the olfactory sensory neurons,
participating in the olfaction detection. Seven
transmembrane (TM) domain receptor pro-
teins transform the chemical signal to
stimulate the neurons. Insect ORs adopt a re-
verse membrane of G protein-coupled
receptors different from the topology structure
in mammals (Benton et al. 2006; Ludin et al.
2007).

Olfactory receptors in insects are highly di-
verse except for the Or83b family. The family
shares a highly conserved gene sequence with
different insects and plays an important role in
regulating insect behavior (Gao and Chess
1999; Larsson et al. 2004; Jones et al. 2005;
Wicher et al. 2008). In Drosophila, Or83b
forms a heterodimer with other ORs and tends
to act as a co-receptor (Neuhaus et al. 2005;
Benton et al. 2006). Or83b mutant flies did
not show odorant-evoked action potential with
slight spontaneous activity (Larsson et al.
2004; Tsitoura et al. 2010). Hence, the Or83b
family plays a crucial role in detecting odor-
ants or pheromones. Recently, Or83b was
renamed Orco, the acronym for olfactory re-
ceptor co-receptor (Vosshall and Hansson
2011). The conservative genes from species of
Diptera, Lepidoptera, Hymenoptera, and Col-
eoptera have been identified based on their
homology (Hill et al. 2002; Krieger et al.
2003; Melo et al. 2004; Xia and Zwiebel
2006; Malpel et al. 2008; Jordan et al. 2009;
Shen et al. 2011).
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AmelR2, the DOr83b orthologue gene in Apis
mellifera, has been cloned and located (Krieg-
er et al. 2003); however, the expression
pattern of AmelR2 has not yet been fully de-
scribed in detail. The Asian honeybee, Apis
cerana cerana Fabricius (Hymenoptera: Api-
dae), is an indigenous honeybee species in
China. In our study, we report the molecular
and expressive characterization of AcerOr2, a
new Orco gene in A. cerana, to provide a ba-
sis for further research on the function of
AcerOr2 in A. c. cerana.

Materials and Methods

Samples

Bees were reared at the apiary of Shanxi Ag-
riculture University, Shanxi, China. The
thorax and the antennae of adult worker bees
were collected for separate PCR analyses of
the corresponding DNA and RNA sequences.
Tissues obtained from different stages, larval
(6 whole bodies), pupal (6 heads), and adult
(30 pairs of antennae), were dissected and
used directly in isolating the total RNA for the
expression profiling of worker bees at differ-
ent ages.

DNA and RNA extraction

Total DNA was extracted from the thorax of
each individual using a modified method de-
scribed by Smith and Hagen (1996). Total
RNA was isolated from 50 antennae of adult
worker bees using Trizol reagent (Invitrogen,
www.invitrogen.com), and stored at -70° C
until they were used.

Genome internal amplification

cDNA was synthesized from the total RNA
isolated from the antennae using a Primer-
Script RT reagent Kit (TaKaRa, www.takara-
bio.com). Specific primers were designed
based on the sequences closely related to the
gene AmelOr2 (DQ449670) for AcerOr2
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DNA and cDNA amplification. DNA primers
were: Forward1: 5’ -
TCACCATGCTCTTCTTCACG- 3'-, Re-
versel: 5" - CGCTGAATTCCATCAAAGGC-
3’ and F2: 5 -
TGCTCGTGGCTCCTGTTCGC- 3', R2: 5" -
AGCAGTTGGCCGGAAGGTGG- 3'. Sam-
ples were subjected to pre-denaturation for 4
min at 94° C first, then 30 cycles of amplifica-
tion were performed at 94° C for 30 sec, 55°
C for 32 sec, and 72° C for 1 min, followed by
incubation at 72° C for 8 min. The cDNA
primers were: F: 5 -
AAGACGTGGACGATCTCACC- 3" and R:
5" -GCTACACCATAGGCGTCTCC- 3.
PCR reactions were performed as follows:
after 3 min at 94° C, 35 cycles for 30 sec at
94° C, 1 min at 56° C and 1 min at 72° C, then
an 8 min elongation at 72° C. PCR products
were analyzed by 1.5% agarose gel electro-
phoresis.

Rapid amplification of cDNA ends (RACE)
amplification

cDNAs were synthesized using the SMART
RACE c¢DNA amplification kit (Clontech,
www.clontech.com) for the 3’ and 5" RACE.
The 3" and 5' regions of the cDNAs were ob-
tained using 3’ and 5" RACE-PCRs following
the manufacturer’s instructions. Gene-specific
primers (GSPs) were designed based on the
sequence of internal PCR products. 5" 'RACE

GSP: 5’ -
CCCTCCAGCTCCTCGCAGAGTCATGCC
G- 35 3 RACE GSP: 5 -

GCCAATGGTATGATGGCTCCGAGGAAG
CC- 3'. Amplification reactions were carried
out as follows: 94° C for 3 min; then 33 cycles
at 94° C for 30 sec, 58~60° C for 40 sec, and
72° C for 1 min, and 72° C for 6 min.

Cloning and sequencing
The PCR products were cloned and sequenced
in Huada Gene Research Center (Beijing,
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China). The overlapping sequences obtained
from two internal amplification fragments of
DNA were combined to produce the AcerOr2
DNA; similarly, the internal amplification
segment of cDNA and the 3’, 5 RACE prod-
ucts were combined to produce the AcerOr2
mRNA. Homology searches were conducted
on the NCBI platform
(www.ncbi.nlm.nih.gov). Alignments of mul-
tiple sequences were carried out using
ClustalW (Thompson et al. 1994). The gene
phylogenetic tree was built on Mega 4.0 soft-
ware (www.megasoftware.net) according to
neighbor-joining algorithms (Tamura et al.
2007).

Developmental expression by real-time
quantitative PCR (qRT-PCR)

The total RNA of worker bees, larvae (2, 4,
and 6 days old), pupae (5 and 10 days old),
and adults (1, 5, 10, 15, 20, 25, 30, 35, and 40
days old) for expression profiling were ex-
tracted. The corresponding partial cDNA
sequences were amplified with the primers
designed on the complete sequence of Acer-

Or2 (F: 5 -
GGATCAGAGGAGGCCAAAAC- 3", R: 5' -
CCAACACCGAAGCAAAGAGA- 3).

RPSI18 was used as a housekeeping gene
based on A. mellifera RPS18 (Scharlaken et al.
2008) (F: 5’ -
GATTCCCGATTGGTTTTTGA- 3'; R: 5" -
CCCAATAATGACGCAAACCT- 3'). gqRT-
PCR was run on Mx3000P real-time PCR sys-
tem (Stratagene, www.stratagene.com) using
the SYBR Premix Ex Taq kit (Takara). All
samples were tested in triplicate. The reac-
tions were incubated in a 96-well plate at 95°
C for 20 sec, followed by 45 cycles at 95° C
for 15 sec and at 60° C for 20 sec. A dissocia-
tion curve was created with the thermal profile
at 95° C for 30 sec, 60° C for 30 sec, and 95°
C for 30 sec. The 2" method was used to
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measure the relative expression levels of the
samples (Livak andSchittgen 2001).

mRNA in situ hybridization

Three digoxigenin-labelled RNA antisense
oligonucleotide probes were synthesized by
Boster (www.bosterbio.com) according to the
cDNA full-length of AcerOr2, which was ac-
quired in the study. The sequence of the
antisense probes was as follows:

l. 5’ -
TTGCGCGCTATGGTAGTCTATCGGCAA
TTCTTCTA - 3’

2. 5’ -
AAGCGAACGCTCGTCTAGGTCGTAGAC
TTCTTGTA - 3’

3 5’ -

ATGGTTCGTTGTTTCTATGTGCGTCATC
TGTGCAT - 3’

Antennae from 1- to 3-day-old adult workers
were dissected, embedded in Tissue-Tec OCT
Compound (Sakura, www.sakura.eu). Cryo-
sections (8 wm) were prepared at -22° C and
mounted on poly-L-lysine treated slides.
Samples were air-dried for 5 min before being
fixed in 4% paraformaldehyde/0.1M phos-
phate-buffered saline (PBS) with 0.1% diethyl
pyrocarbonate. Then, the slides were washed
3 times with double distilled water and air-
dryed for about 30 min. The hybridization
protocol was performed according to the
RISH kit instructions (Boster). In the process,
slides were prehybridized for 3 hr. Then, hy-
bridization solution was added to the tissue
section, and each slide was covered with a co-
verslip. Slides were hybridized for 16 hr with
the digoxigenin-labeled antisense probes at
42° C in a humid box with 20% glycerol
(double distilled water was substituted for the
antisense probes as a negative control). After
hybridization, the coverslip was removed, and
slides were washed twice in 2xSSC for 5 min
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at 37° C, and once in 0.5xSSC and 0.2xSSC
for 15 min at 37° C respectively. Then, they
were treated with blocking solution for 30 min
at 37° C and washed 4 times in 1xPBS for 5
min. Slides were incubated in biotinylation
mouse anti-digoxigenin for 1 hr at 37° C and
then in Strept Avidin-Biotin Complex-
alkaline phosphatase for 30 min at room tem-
perature. After being washed 4 times in
I1xPBS for 5 min, the hybridization signals
were visualized using nitroblue tetrazolium
and 5-brom-4-chlor-3-indolyl. Finally, the
sections were viewed by using a light micro-
scope  (Olympus BX53, www.olympus-
global.com) and were imaged using Image-
Pro Plus 7.0 software (Media Cybernetics,
www.mediacy.com).

Results

Characterization and analysis of the partial
DNA fragments

AcerOr2, a fragment of 1138 bp, was obtained
by splicing the 2 internal specific overlapping
PCR sequences. The fragment contained 3
exons and 2 introns, with 58.9% A+T nucleo-
tides and 41.1% G+C nucleotides.

Alignment with the other 2 homologous DNA
sequences (BLAST in NCBI) revealed that
AcerOr2 exhibits higher identity with Ame-
[0r2 (80.4%) than with BterOr2 (72.6%).
Respectively, AmelOr2 and BterOr2 exhibit
96%/64.8% and 83%/62.2% similarity with
the exons/introns of AcerOr2. The divergence
was mainly attributed to the difference in
length of the introns and the nucleotide varia-
tion. The alignment sequences and the
ideograph of the 3 genes are shown in Figure
1.

Characterization and analysis of the full-
length cDNA
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Using RT-PCR and RACE methods, identi-
fied the full-length c¢cDNA sequence of
AcerOR2 was identified (GenBank accession
number: JN792581) (Figure 2). Sequence
analysis showed that the open reading frame
was 1437 bp long and encodes a protein com-
prising 478 amino acids with a molecular
weight of 53.81 kDa. The 5’ and 3’ non-
coding regions contained 116 bp and 210 bp,
respectively. AcerOR2 was predicted to con-
tain 7 TM topology structures of ORs
(determined by TMHMM 2.0, Krogh et al.
2001).

The alignment of amino acid sequence of Ac-
erOr2 with DmelOr83b and other orthologues
of Hymenoptera (Figure 3) indicated that Ac-
erOr2 shared high levels of conservation with
other Hymenoptera Orco genes (> 74% identi-
ty). It showed a considerable similarity to
AmelOr2 (99.8% identity) and a relatively
low similarity to DmelOr83b (64.9%). Isoge-
ny in Hymenoptera was similar with that in
Lepidoptera (Xiu et al. 2010). The alignment
also revealed a highly conserved region in the
C-terminus, particularly between TMs VI and
VII, which is remarkably identical in all of the
species. To investigate and confirm the evolu-
tionary relationships among these alignment
species, a phylogenetic tree was constructed
using the neighbor-joining method (Figure 4).
The tree showed that the selected Hymenop-
tera insects were grouped into 4 main clusters
or families, namely Apidae, Formicidae,
Braconidae, and Chalcididae.

Developmental expression pattern in work-
er bees

The expression pattern of AcerOr2 transcripts
was determined by qRT-PCR on different de-
velopmental stages in worker bees (Figure 5).
gRT-PCR results showed that AcerOr2 tran-
scripts were expressed broadly in adults. The
expressions were expressed only slightly in
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larvae, and as the developmental stages pro-
gressed, the expression level increased.
Notably, the expression reached the maximum
level on the day prior to eclosion, revealing
that the ability for olfactory recognition en-
hanced sharply. Furthermore, there was a
relatively high level of expression on the first
day after eclosion.

Location analysis in antennae of worker
bees

There are several types of chemosensilla in
the antennae of honeybee (Esslen and
Kaissling 1976), and the sensilla placodea and
sensilla trichoidea may be associated with ol-
factory sensation (Sliber and Sekhon 1961;
Kaissling and Renner 1968). In our study, the
expression pattern of AcerOr2 was investigat-
ed in workers’ antennae. The positive signals
were distributed in most sensilla placodea and
on the basal region of the antennal cuticle
(Figure 6). The expression location of the
mRNA transcripts was similar to that found in
AmelOr2 (Krieger et al.2003). No signal was
detected in the negative control section.

Discussion

The ORs of insects are highly diverse and
share almost no identity with other vertebrates
and nematodes (Gao and Chess 1999; Smith
1999). In OR superfamily, the Orco family is
unique. The family contains the highly con-
served OR proteins with 60% to 80% amino
acid identity shared among the divergent in-
sect species (Larsson et al. 2004; Patch et al.
2009).

In the current study, AcerOr2, a putative OR
gene, was identified from the A. c. cerana.
The AcerOr2 protein exhibited similar charac-
teristics with other Or83b orthologues. For
instance, it comprised a predicted 7-TM do-
main structure and shared a high sequence
identity with other Orco genes. Moreover, Ac-
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erOr2 contained the remarkably conserved
motif domain spans TMs VI and VII, which
has been demonstrated to be at least part of
the interaction domain between the conven-
tional ORs and the co-receptor in D.
melanogaster (Benton et al. 2006). Thus, we
deduce that AcerOr2 belongs to the Orco sub-
family.

DOr83b and the corresponding orthologs rep-
resent the highly conserved protein family, as
observed in our study. However, different
species exhibit a distinct variation in the in-
trons, which may be primarily attributed to the
insertion or the deletion of a base. Although
the insects belong to the same order, compar-
ing the similarity among the insects is difficult
because of the variation in their introns. The
result indicates that the Or2 gene in A. cerana,
perhaps including other members of Orco
family, is evolving quickly, as showed in the
study of the Or2 gene in Ceratosolen solmsi
(Lu et al. 2009).

The qRT-PCR results revealed that AcerOr2
transcripts were expressed in all developmen-
tal stages, especially in pupae and adults. The
faint expression level was tested in the larvae,
as observed in D. melanogaster (Kreher et al.
2005), Culex quinquefasciatus (Xia and
Zwiebel 2006), Spodoptera littoralis (Malpel
et al. 2008), and Bactrocera cucurbiae (Shen
et al. 2011), indicating that the ability of ol-
factory identification may be very weak. Two
expression peaks appeared on the day just be-
fore and after eclosion. This result might be
attributed to the response mechanism to chem-
ical stimuli for the environmental change
during eclosion. In the in situ experiment, la-
beling of DIG-labeled antisense probes to
AcerOr2 was observed in the sensilla
placodea and numerous cells located near the
basement membrane of the antennae. The nu-
merous cells were likely housed in the sensilla
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placodea and sensilla trichoidea. The expres-
sion pattern of AcerOr2 was similar to other
studies about the Orco members, such as
DOr83b, AmelR2, AgOr7, and MsexOr2
(Vosshall et al. 1999; Krieger et al. 2003; Pitts
et al. 2004; Malpel et al. 2008; Patch et al.
2009). The broad expression profile of Orco
family members suggests that these olfactory
receptors may play an extensive role in olfac-
tory recognition, such as receiving kinds of
pheromones and foraging for nectar, pollen, or
other odorants. The labeled sensilla, sensilla
placodea and sensilla trichoidea, have been
described to be associated with olfactory sen-
sation (Sliber and Sekhon 1961; Kaissling and
Renner 1968). So, AcerOr2 might play a role
in odorant perception of A. cerana cerana.

Several studies have verified that Or83b is
necessary olfactory responses in Drosophila
(Larsson et al. 2004; Benton et al. 2006). It
can also be co-expressed with a conventional
OR to form a ligand-gated cation channel
(Sato et al. 2008; Wicher et al. 2008; Jones et
al. 2011). The new signal transduction model
of insects induced more interest in the study
of the relationship between the co-expressed
ORs. As a native Chinese bee species, A.
cerana cerana appears to exhibit highly sensi-
tive olfactory receptors. Based on the
identification of the new Hymenoptera Orco
genes described in this study, further research
on ORs have been developed to elucidate the
interacting mechanism of the co-receptors and
the superior ability of A. cerana cerana in
searching for nectar and pollen.
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Figure I. Alignment of the partial DNA sequence of AcOr2 with its homologous sequence of other insects.
represent the missing base, sequences above the underline are exons. The arrows point to the ideograph of the above align-
ment sequences. Figures inside the boxes and above the lines correspond to the lengths of the exons and introns, respectively. Acer, Apis
cerana (JN544931); Amel, Apis mellifera (NC_007070); Bter, Bombus terrestris (NW_003566036). High quality figures are available online.
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4 )
1 TCOCCTTCATTTOCOGCEACGO0G ACCCATCTCTAAGTTT TOCTOS ATOCTOOCGOG AGG AG TTOCOG TTCTTORCOCTCOATT TCA ACCCOG TOGOC
100 caocnwooocmm@mmnocmwcoccmmmmmmmmmmommoamm
XX KFEKEQQGLTIADLMNXPNTINLMNEKATGCHTFMN
199  TCAATTACTACACTGACAGTTOCACGAAACACATACACAAGATCTACTCTATOSTOCACCTCG TOCTCATACTCATGCAG TTCGCATTCTGOGG TATCA
FEYYTDSSTKHIHKKTIYCIVHLVYLILUXQFS GCFTCGE I
298 ATCTAATGATGGAGAGOGACGACSTGCACGATCTCACOGOS AACACCATCACCATCCTCTTCT TCACGCACACOGTGGTCAAGCTOGT TTATTTORCGE
NLXXESDDVDDLTANTITXLFFTHSYVYKLVYTYTFA A
397 TCAGGAGTAAATTGTTCTACAGAACCCTTGOCATATGGAACAATOR AACACOCATOCCCTCTTOCO0G AGAGCAACCOGCOATACCATCAGAT AGCOG
VRSEKELFYRTLGTIV¥NNPUNKG SHPLTFAEGSUHEKARYHOQTIA
496  TTAAGAAGATGAGGATACTOCTGCTGGOGG TTATAGCCACC AOGCTCCTC TOORCCAT TTCTTCCACCACCATCAOG TTCATTGOOGACTC TCTGAA AA-
VXKXRILLLAYIGTTVYLSAISYTTITEFIGDS SVEIK
595 AGCTCATOGATCCTGTCACTAACGAAACAACCTACCTOCACATACCAAGG TTGATGCTCOG TTOCTGCTACCCT TACGACCOCAGOCACGGGATGR00C
KVIDPYTNETTYVEIPRLMNVYRSYYPYDPSHGINIA A
694  ATATTTTAACATICATATTOCAATTTTACTGOCTCATATTCTCCATCCCACACCCCAATCTCCTOC ACC TCT TG TTCTCCTOCTCCCTOCTCTTOCTT
HILTLIFQFYY¥YLIFCXADANLLDVLTFEFCSY¥LLTF A
793  COCACCAGATCCACCATCTCAAGAACATCATCAACCCTTTCATCCACTTCACOROCACCCTCE ACACOG TOC TCOCAAACAGTCC ACAACTCTTCAACS
CEQIQHLIKUNTIMNKPLMXETFSATLDTVVPNSCELTFHK
892  CTCGCAGTCCAGAGCAACCGAAGGAACAGS ACCCAT TCOCACCAGTCACTOC ACCTCACOG TCAAAACATCT TGGACATCGATCT TOG AGGGATATACA
AGSAEQPEKEQEPLPPVYVTPPQGEUNINXLUDIXDLRGTITY
991  GCAACAGGAQCGACTTCACGACCACCTTOCCGCCAACTCCTGRC ATC A TTCAACCG TOG TCTTCGOOCAAATCOG TTAAOC AAGAA ACACGAAATCC
SKERTDFTTTFRPTAGXNTTPFNGCGCVGPNGCLTIE KT KO QEHN
1090 TGGTACGAAGOGOCATCAAGTACTCGCTAGAGAGCCACAAGCATATOGTTAGACTOST AACTCCAATTGCAG ACCOCTATCGTCTAGCTTTOCTGCTAC
LYRSAI XYY VERHKHIVRLYTAIGCDA AYGVALLL
1189 ATATCTTCACTACTACTATTACCTTAACTT TGCTOGCTTACCAAGCAACAAAGAT ACACCCAGTAGACACCT ACCCACCATCACTAGTAGCTTATITAT
HXLTTTTITLTLLAYQATIEKTIHAVYDTYAASYVYGCYL
1288 TGTACTCTCTAGGACAAGTCTTTATCCTCTGTATAT TTGGAAATOCTCTCAT TGAACAGAGCTCATCAG TCATCGAACCAGCT TATTCTTG TCACTGGT
LYSLGQVFXLCIFGCUHNRLTIEESSSVNEAAYSCHY
1387  ATGATGGATCAGAGCAGCCCAAAACCTT TCTACAGATTCTT TCTCAGCAG TG TCAGAAGCCCATCTOCATTTCACCGCCARAG TTTTTCACTCTATCTT
YDG SEEAKTFVQIVCQQCQXKANSISGCGAKEFTUVS
1486  TGGATCTCTTTCCTTOGGTATTCOGAGCTATOC TTACTT ACTTCATGTG TTCCTCCAACTCAAGTGAACSTTG AAG AATATTCACTTTAGGATTUAAA
LDLFASVYLGCANXVYTYT FNXVYLVYQLEKH®=*
1585 ATTCCAACGATCATCAATCTCTAATOGAAATCATTATOC AACAGCAC TCTOS TTCTTCATC TCTCATTATTTTAAATGTTCAATT TTTCTATCCATTCA
1684 GCTCGAAACTGTCACTAAATCACAATCTAGAATTAATAAATTCTAACCATCACCAAAAAAAAAAAA AAA AAAAAAAAAAA
Figure 2. The nucleotide and deduced amino acid sequences of AcerOr2. The boxed codons represent the start and stop codons. Dou-
ble-red underline represents the polyadenylation signal. The shaded sequences represent the TM domains. High quality figures are

\available online.

J

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

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. |3 | Article 80 Zhao et al.
/ AbakOr2 SR <F KIgORGLYADL (WP NI RVMGVUHF MF NYY S[SEKKF PHEI YCI VL LLL L[MORGEIEAYNLMMESDDVDDLTANTI T Mad
{AcerOr2 Rl MKF KOO GLIK-\DL MPNI IGHF MF NY'Y lIDEIS i< ZIlHKI Y Cl VHL LmLMOF GF CENLMMESDDVDDLTANT! T Mg}

AmelOr2 @OF YWLI F
BimpOr? @WOF Y WL >F
BterOr7 4 F

QF YWLIF

GPNGLEKKQEMLYRSAI VYW/ERHKHB\//RLVﬁCDAYG ALLL

[DIOEIIIEXTNP NGL TKKQEMIEVRSAI KYVYW ERHKHEVRLY GOy GALLL

Kl @cENL@. L Mor clcavNLINESEOVODLTANTI T
Y L (WL MQF GF Cj NLMMES DVDDLTANTI TM|

| vHLGLEL maF oF CliNL G@FERE0Y DOLTANTI TM

HL LLMOF er o| NL DVODLTANTI TM

ETTTIOIE A i< i< O O GL V A DL MP NI GHF JIF NY Y [BDIS i< iglH

AmelOr2 - - - - GLJJADLMPNI (GHF MF NY Y JJO8S

=TT ToTe A 11v11< F 1K QQMGL YV ADLMPNI HF [lF NYY o

[ZET10TS AN I F KQOMGL YA DL MPNI GHF MF NY Y giOlS i< ullH

cfloor? - -- mwlmoeLVADLﬂPNl MoNES

CsmaOrz - - ofGL [JaDLMPNI v GHF (lF NY Y SEBKKF PHKI Y Cj
DmelOrg3b MTTSEOPSKY T RPN CL@IHNF TGo- - SAE nv

Healor? - - - THEVEEE RTINS} GHF FNYYV HK

MmedOr1 GLVADLMPNI - H

Nvitor1 oL vADLEPNI ! FPHR YCI v

PpilOr2 P NI G

Psp.Or2 GLVADL NI

SinvOr GLVADLMPNI

AbakOr2 {

[Acerord v KB YFAVRSKLF YRTL[EI WNNPNSHPLFAESNARY HEI AVEKMRLL
FETITIT A F FTHS| VKYYYFAJRSKIF YRTIAI WNNPNSHPLFAESNARYHAI AMEKMRELLF
LCISIZ R F F THS v KBV Y FAVRSKLFYRTLE WNNPNSHPLFAESNARYH
CINSISTA R F F THS Y VY FAVRSKLF YRTLE WNNPNSHPLFAESNARY H
Bteror? LFFTHSHVKYVYFAVRSKLFYRTL{E WNNPNSHPLFAESNERY H
CfloOr? LFFTHSI VKVVYFAVRSKEF YRTIIA| WNNPNSHPLF AESNARYH
Csma0r2 LFF'H K\/ YF RSKEF YETLAI \'\NNPNaHF‘LFAEaNAR\’H
DmelQrs3h LFFTH AV.I\FYRTLII V\NNEHPLFAESEAR‘(H
Hsalor7 LFFTHS[ w FAVRbV FYRTAI WNNPNSHPLFAESNARYH
Mmedort (Ml VY FABRSKLF YRTLAI WNNPNSHPLFAES NARYH
NvitOr1 LFFH { vv 4 <l Y

PpilOr2 LFFEHE vKERY <lF Y

Psp.Or2 L F F (| l\/l/

SinvOr

AbakQr2

[Acerord NETTIREE! PRUMYVRSTY PIlEES HOEHL gL' @oF WLl F
AechOr? NETTIL | PlL!\/RSF‘(PF SEclHEL WL v oF vWIEF

| AVKMREL L
VEKMRELL QL SAI SWI S
VEKMREL L WLSAI SWrsl TF[REDSYKKY

Al AMEKMRELLF TVLﬁAI gy L S HP | RELY
@sl swrig TFEEEs

ARG EF W I IR SA

Al AMEKMRELLF B G TVLSAI T

| AR KlRRLLFCVG | SWT'T

MKPLMELSAT,

@vaDANELOVLF CSWLLFACEQQHLKEI MKPLMERGSAT

YA NSLDVLF CSWLLFACEQL QHLK[El MKPLMELSAT

A DANELDVLF CSWLLFACEQJOHLKE MKPLMERSAT
L F

EMADANBLDVLF CSWLLFACEQEQOHL K MKPLME@SAT
@MADANELDVLF CSWLLFACEQEQHL KRl MKPLME[ZSAT

HMLTET! LTLLAY GATKEINGY NV Y ARREVEGY LEYBLBo
HMLTTTI TLTLLAYQATKVNGYNVYAASH GY|

KYWERHKHI VRLYTAIGDAY GVALLEHMLIITTI TLTLLAYQATKVNGYNVYAASH GYLLYBLGO

HMLTTTI TLTLLAYQATKVNGYNVYAARIVI GYLLYTLGQ
HMLTTTI TLTLLAYQATKVNGYNVYAAWVI GYLLYTLGQ
HMLTTTI TLTLLAYQATKVNGVNVYAARRVI GYLLYTLGQ
HMLTTTI TLTLLAYQATKVNGENVYAASH GY@L Y T@GO)

Hsal0r7 GPNGLTKKQEMLVRSAI KYVYWERHKHI VRLVTAVGDAYG@ALLL
MmedOr1 GPN@LTKKOEML\/RSAI
Nvitor1 GPNGLTKKQEMLVRSAI KYVWERHKH RLVTHEVGDAYGVALLL
PpilOr2 GPNGLTKKQEMLVRSAI KYVWER‘HkH RLVTEVGDAYGVALLL
Psp.Or2 GPNGLTKKQEMLVRSAI KYYWERHKHEVRLVTEVGDAYGVALLL
SinvOr GPNGLTKKQEMLVRSAI KYWERHKHI VRLVTAVGDAYG@ALLL
AbakOr2 FGNRLI EESSSVMEAAYSCHWY DGSEEAKTFVQI VCQAQ
’| FGNRLI EESSSVMEAAY SCHWYDGSEEAKTFVQI VCQQ
FGNRLI EESIISVMEAAYSCHW DGSEEAKTFVQI VCQAQ
AmelOor2 >| FGNRLI EESSSVMEAAYSCHWYDGSEEAKTFVQI VCQQ
BimpOr7 Cl FGNRLI EESSSVMEAAY SCHWY DGSEEAKTFVQI VCQQ
BterOr7 ’| FGNRLI EESSSVMEAAY SCHWYDGSEEAKTFVQI VCQQ
CfloOr7 FGNRLI EESIISYMEAAY SCHWY DGSEEAKTFVQI VCQQ
Csma0r2 FLFCI FGNRLI EESSSVMEAAYSCHWYDGSEEAKTFVQI VCQQ

(SIETRTECT F [fF C| F GNRLI EESSSVMEAAY SCHWY DGSEEAKTFVQI VCQQ

HsalOr7? VFLFCI FGNRLI EESESVMEAAYSCH\M’DGSEE/\){TF\/G}I vcaa
MmedOr FLFCI FGNRLI EESSSVMEAAYSCHWYDGSEEAKTFVAI VCQQ
NvitOr1 FLFCI FGNRLI EESSSVMEAAYSCHWYDGSEEAKTFVQI VCQQ
PpilOr2 FLFCI FGNRLI EESSSVMEAAYSCHWY DGSEEAKTFVQI VCQQ
Psp.Or2 VFLFCI FGNRLI EESSSVMEAAYSCHWY DGSEEAKTFVAI VCAQ
SinvOr SVMEAAY SCHWY DGSEEAKTFVQI VCQQ

F GNRLI
1

CQKAMS| SCGAKFFTVSLDLFASVLGAVVTYFMVLVQLK]
CQKAMS| SGAKFFTVSLDLFASVLGAQVTYFMVLVOLK
CQKAMSI| SGAKFFTVSLDLFASVLGAVVTYFMVLVQLK]
CQKAMS| SGAKF FTVSLDLFASVLGA@;TYFMVLVOLK

COKAMS| SGAKFFTVSLDLFASVLGARVTYFMVLVQLK|
CQKAMS| SGAKFFTVSLDLFASVLGARVTYFMVLVQLK]
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVQLK|
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVQALK
CQKAMSI SGAKFFTVSLDLFASVLGAVVTYFMVLVQALK|
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVQLK]
COQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVALK
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVQLK|
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVQLK]
CQKAMS| SGAKFFTVSLDLFASVLGAVVTYFMVLVALK]
CQKAMS| SCGAKFFTVSLDLFASVLGAVVTYFMVLVQLK]

309
313
317
312
314
314
316
309
3
314
312
310
309
309
314

392
396
400
395
397
397
399
392
404
397
385
393
392
392
397

CloOr7 NETTI | ENPEL «/RaF‘(PF s MKPLMELSAT
ELTGAOPETNET Tl PRUMIR FYF’“NA cA GHVEEL @Y oF v JL YA ENSL DVLF CSWLLFACEQLQHLKAI MKPLMEL SAT i
DmelOrs3b £l PRLEINESF Y P@ENA S HO IR Y (s s vIEENEEoY [F cow lIF ACEQLQHLKE MKPLMELSAE
CEGIT A OP YT NETT! | EMPEL MERSHY PF s]u VIR | v oF YR ] @ MKPLMELSAT
o Ie N TNE T BE PRLBVRSEYPF v o EIERE0A NSOV LF CSWLLFACEQL QHLKAI MKPLMELSAT
Nwitor1 MKPLMELSAT
PpilOr2 MKPLMELSAT
Psp.Or2 MKPLMELSAT
Sinvor MKPLMELSAT,
FCELZOIP I DT\ PNS GEL F KA GSADHL RESEEIOGY SloF SIS GNGDNJL DJOLRGI Y SNRQDF TATF R

EREGIFIN DTV P NS GE L F KA GSAEIREE B =EINEr Ml IR GENML DMDLRGI Y SNRIJOF TIHTF R

FECOYTr AN DT/ PNSEE L F KAGSADHL RE SNINNEP 13 PL;DMMLDIDL Rl YSNRQDFTATFR

PUCIST 3 DTV PNSGELF KAGSA HEHE E=INEr Yt SEISGENML DMDLRG! Y SNRIJOF THTF R

IOETSTa L DTy PNSGEL F KEGSASeldR M Ini- SR GENML DMDLRGI Y SNRYJOF TATF R

BterOr7 LDTVVPNSGELF KAGSAJagREIT MR IRy ~TAP ENMLDMDLRGI Y SNRYJDF TATF R

CoOr? LOTVVPNSEELF KAGSADHL RE SESNNIeETellF eolmwlmml YSNRQDF TATFR!

Csmaor2 G S GNGON YSNRQDF TATFR!

Dmel0ra3h [Meagy REFNEL LFSA »»»»»»»»» K DMD& sHEIoTEA BF rRAP

RECITT AN DT\ PNSEEL F KAGSAFHL Ni2delG DL DMOL Rl YSNRQDFTATFR

Mmedon BPYINGONML DMDLRGI Y SNRQDF TATF REIPT A GIEERING,

Nvitor1 B GNGONJLOJOLRGI Y SNRQDF TATF REPTA GIIT F NG|

PpilOr2 M GNGDNYL DYDLRGI Y SNRQDF TATF REPTAGYT F NG

Psp.Or2 < GNGDNIL DYOLRGI YSNRQDF TATF REPTAGHT F NG,

Sinvor LDTV\/PNaELFKACaADHLRES srmoﬁpp BETIRNONML DMOL Rl Y SNRQDF TATF REPTAGMT F NG|

ECELCIP NG P NGL T KKQEMLYRSAI KYVW ERHKHEVRLVTAVGDAY GVALLLHMLTTTI TLTLLAYQATKVNGYNVYAANVI GYLLYTLGQ
IERCIIZINN G P NGL TKKQEMLY RSAI KYWWERHKHI VRLYTAJIGDAYGVALLLHMLTTTI TLTLLAYQATK JMYAASVMG‘(LL‘(LGQ
XTI P NGL T KKQEMLYRSAI KYW ERHKHI VRLVTAVGDAY GEALLLHMLTTTI TLTLLAY QATKVEG] N\/YAAS cYJLyTHca
PXNSIV RGP NGL T KKQEMLYRSA|I KYW ERHKHI VRLYTAJJGDAY GVALLLHMLTTTI TLTLLAYQATK AAS ovLLYBLo
EIOTISTE A G P NGL T KKQEMLYRSAI KYWERHKHI VRLYTANGDAY GYALLLHMLJITTI TLTLLAY QATK{EN YAASYI GYLLYH
BterOr? GPNGLTKKQEMLYVRSAI KYVWERHKHI VRLVTA[JGDAY GVALLLHML TITLTLLAY QAT KN YAASVI GYLLYELGQ
CfloOr7 GPNGLTKKQEMLYRSAI KYW/ ERHKHI VRLYTAVGDAYGALLLHMLTTTI TLTLLAYQATKVNGIINVYAASH 6YHLYT@EGQ
Csmaor2 HMLEITTI TLTLLAYQATKVNGYNVYAARVEGYLLYTLGO)
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Figure 3. Alignment of the deduced amino acid sequence of AcerOr2 with other selected members of Orco family. Identical residues are
shaded in black. Dashed lines indicate the gaps. The amino acids in the red box represent the most conserved domain between TMs VI
and VII. Abak, Apocrypta bakeri (ABY51615); Acer, Apis cerana (AET85154); Aech, Acromyrmex echinatior (EG163650); Amel, Apis mellifera
(NP_001128415); Bimp, Bombus impatiens (XP_003494153); Bter, Bombus terrestris (XP_003402775); Cflo, Camponotus floridanus
(EFN70194); Csma, Ceratosolen solmsi marchali (ABY51614); Dmel, Drosophila melanogaster (AAT71306); Hsal, Harpegnathos saltator
(EFN84180); Mmed, Microplitis mediator (ABM05966), Nvit: Nasonia vitripennis (NP_00 | | 64465); Ppil, Philotrypesis pilosa (ABY51616); Psp.,
(hilotwpesis sp.(ABY51617); Sinv, Solenopsis invicta (EFZ15266). High quality figures are available online.
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67 SinvOr (EFZ15266, Formicidae)
QI'L:Aechoa (EGI63650, Formicidae)
100 CfloOr7 (EFN70194, Formicidae)

o HsalOr7 (EFN84180, Formicidae)
MmedOr1 (ABMO05966, Braconidae)

= CsmaOr2 (ABY51614, Chalcididae)
48 NvitOrl (NP_001164465, Chalcididae) Hymenoptera
100 AbakOr2 (ABY51615, Chalcididae)
99 PpilOr2 (ABY51616, Chalcididae)
92 Psp.0Or2 (ABY51617, Chalcididae)
100 [ AcerOr2 (AET85154, Apidae)
[AmeIOQ (NP_00128415, Apidae)
100 BimpOr7 (3IP_003494153, Apidae)
100 E BterOr7 (XP_003402775, Apidae)
DmelOr83h (A.AT71306, Diptera, Drosophilidae)
—_

0.05

Figure 4. Phylogenetic relationships of the Orco family in Hymenoptera. The branch labels are bootstrap values. Bootstrap support values
(%) are based on 1,000 replicates. Scale bar is 0.05. High quality figures are available online.
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Figure 5. AcerOr2 gene expression in Apis cerana cerana antennae. The 2-%2CT method was used to measure the relative expression levels
of the samples. The expression ratios were first normalized to the control gene RPS/8, and then normalized on the 30th day in each trial.
Lar2 and lar4 represent the 2- and 4-day-old uncapped larvae, respectively. Laré represents the 6-day-old capped larvae. Pup5 and pup |0
represent the 5- and 10-day-old pupae, respectively. adul to adu40 represent the days after eclosion. Data are shown as mean + SEM.
High quality figures are available online.
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Figure 6. The distribution of AcerO2 transcripts in worker antennae of Apis cerana cerana. A, B are longitudinal and cross section with
DIG-labeled probes to AcerOr2 (*40). Positive signals are in dark blue. C, D are controls with no labeling (%40). sp, sensilla placodea; st,
sensilla trichoidea. Scale bar: 20 pm. High quality figures are available online.
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