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� Female parasitoid wasps (Microplitis
mediator) are attracted by the sex
pheromone of the turnip moth
(Agrotis segetum).

� The female-biased odorant receptor
MmedOR49 tuned to the Z5-10:Ac
(the main sex pheromone component
of the turnip moth) in vitro.

� Z5-10: Ac strongly binds to
MmedOR49 by the formation of
hydrogen bonds with the key
residues (His 80, Ile 81, and Arg 84).

� The behavioral response of female M.
mediator to Z5-10:Ac was strongly
diminished when MmedOR49 was
downregulated by RNAi.

� MmedOR49 is involved in the
locating of parasitic wasp host
habitats using the perception of host
sex pheromone.
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Introduction: The parasitoid wasp Microplitis mediator is an important natural enemy of the turnip moth
Agrotis segetum and other Noctuidae pests. In our field observation, it was fortuitously discovered that sex
pheromone traps used for A. segetum also attract female wasps, verified by a simulated field condition
dual-choice laboratory assay. Therefore, it was hypothesized that olfactory recognition could be crucial
in this process. In this regard, a female-biased odorant receptor of the wasp, MmedOR49, attracted our
attention.
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Objectives: To unravel the significance of the female-biased MmedOR49 regulating host pheromone
recognition.
Methods: Expression analysis (fluorescence in situ hybridization; quantitative realtime PCR), in vitro
(two-electrode voltage-clamp recordings) and in vivo (RNAi combined with behavioral assessments)
functional studies, and bioinformatics (structural modeling and molecular docking) were carried out to
investigate the characteristics of MmedOR49.
Results: MmedOR49 expression was detected in the antennae of females by FISH. Quantification indicated
that the expression level of MmedOR49 increased significantly after adult emergence. In vitro functional
study revealed that MmedOR49 was specifically tuned to cis-5-decenyl acetate (Z5-10:Ac), the major sex
pheromone component of A. segetum. Molecular docking showed that Z5-10:Ac strongly bound to the key
amino acid residues His 80, Ile 81, and Arg 84 of MmedOR49 through hydrogen bonding. Behavioral
assays indicated that female wasps were significantly attracted by Z5-10:Ac in a three-cage olfactometer.
RNAi targeting further confirmed that MmedOR49 was necessary to recognize Z5-10:Ac, as female wasps
lost their original behavioral responses to Z5-10:Ac after down-regulation of the MmedOR49 transcript.
Conclusion: Although M. mediator is a larval endoparasitoid, female wasps have a behavioral preference
for a sex pheromone component of lepidopteran hosts. In this behavior, for female M. mediator,
MmedOR49 plays an important role in guiding the habitat of host insects. These data provide a potential
target for enhancing natural enemy utilization and pest control.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Parasitoid wasps, the largest group of hymenopterans, have
been successfully exploited as natural enemies in green agricul-
tural production against a diverse group of insect pests [1–5].
The parasitoid wasp Microplitis mediator (Hymenoptera: Bra-
conidae) is a generalist endoparasitoid of larvae with a broad host
range. It primarily parasitizes Noctuidae insect pests, including
Helicoverpa armigera, Agrotis segetum, Agrotis ipsilon, and Argyro-
gramma agnata [6,7]. In China, M. mediator has been artificially
reared and utilized as part of integrated pest management strate-
gies to control the cotton bollworm H. armigera and other insect
pests in the field [8]. The turnip moth A. segetum is a destructive
polyphagous pest that occurs throughout Asia, Europe, and Africa.
Its larvae cause severe damage to crops, including grains and veg-
etables [9–13]. In our previous field observation, it was found that
female M. mediator was also attracted by the sex pheromone traps
set for A. segetum. Similar to other insects,M. mediator takes advan-
tage of a sensitive olfactory system to discriminate host-associated
semiochemicals for host location and spawning. Accordingly, olfac-
tory perception may perform a crucial function in the process by
which A. segetum sex pheromone traps attract female M. mediator.

Odorant receptors (ORs), the first group of chemoreceptors
found in insects, have been extensively investigated [14–16].
Insect ORs are seven-transmembrane domain (TMD) proteins with
an inverted topology that includes an intracellular N-terminus and
extracellular C-terminus, unlike G protein-coupled receptors in
vertebrates and nematodes [14,15,17–19]. Heterologous expres-
sion techniques, including Xenopus oocytes, cell lines, and the
‘‘empty neuron” of transgenic Drosophila, have been shown to be
very effective in exploring the ligand specificities of insect ORs.
In addition, recent advances in the development of in vivo analysis
such as RNAi or CRISPR-mediated mutagenesis have helped to
deorphanize the ORs of several model and non-model insects
[19,20–23]. Insect ORs respond to specific types of odor molecules,
whereas distinct ligands can activate multiple ORs [19,24]. In lepi-
dopterans, HarmOR42-orthologous ORs conservatively recognize
plant floral cues [23]. In female Plutella xylostella, both OR35 and
OR49 are necessary and sufficient for perceiving isothiocyanates
and choosing host plants [25]. In the pea aphid Acyrthosiphon
pisum, the alarm pheromone (E)-b-farnesene and some specific
plant volatiles are detected by the receptors OR5 and OR4, respec-
tively [22,26]. General ORs (OR59, OR80) and sex pheromone ORs
(OR4, OR33) have been identified and functionally characterized
in mirid bugs [27–30]. A large expansion of the OR gene family
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has been found in hymenopteran species. Gene gain and loss
events are diverse and common in bees, wasps, and ants [31].
The size of the OR gene family in wasps reflects the complexity
of the chemical cues in their habitats. The members of wasp OR
families recognize distinct volatile components specifically and
efficiently, and all ORs function together to identify multiple
semiochemicals [19,32,33]. Recently, investigations of the ORs of
parasitoid wasps have received increasing attention. The two
major oviposition attractants b-caryophyllene and (E)-a-
farnesene are detected by OR35 of Anastatus japonicus [34]. OR62
specifically tuned to cis-jasmone was confirmed to mediate the
behavior of female Campoletis chlorideae wasps [35]. Moreover,
odorant receptor co-receptor (Orco) channel composition has been
elucidated by cryo-electron microscopy (cryo-EM) for the parasitic
wasp Apocrypta bakeri [36].

In several preliminary studies, large sets of M. mediator proteins
implicated in chemoreception, including olfactory receptors (166
ORs and 17 ionotropic receptors (IRs)), odorant carrier proteins
(18 odorant binding proteins (OBPs), 3 chemosensory proteins
(CSPs), and 2 Niemann-Pick type C2s (NPC2s)), and 2 sensory neu-
ron membrane proteins (SNMPs) were identified [37–44]. In addi-
tion, the expression profile of approximately 60MmedORs has been
characterized [45,46]. However, none of their functions are known
and all MmedORs remain orphans. In our ongoing project, female-
biased MmedORs were functionally characterized by screening a
large odorant panel, including plant volatiles, host volatiles, and
host adult sex pheromone components. The MmedOR49 was selec-
tively activated by cis-5-decenyl acetate (Z5-10:Ac), the main com-
ponent of the A. segetum sex pheromone. Here, Xenopus expression
coupled with two-electrode voltage-clamp (TEVC) recordings,
quantitative real-time PCR (qPCR) measurement, fluorescence
in situ hybridization (FISH), protein homology modeling, molecular
docking, and RNAi combined with behavioral assays were applied
to fully characterize the function of target MmedOR49 in response
to Z5-10:Ac. Our findings provide valuable support for the develop-
ment of a biological pest control strategy based on the regulation
of parasitoid chemosensory behavior.
Materials and methods

Plants and insects

Cotton seeds (Gossypium hirsutum cv. CCRI12) were planted in
plastic pots (height 14 cm, diameter 6 cm) and kept in a green-
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house under natural light at 29/25�C. Cotton plants at the 6–7 true
leaf stage were used in experiments. M. mediator individuals were
reared in a climate chamber under controlled conditions (28 ± 1�C,
60 ± 10% R. H., and 16L : 8D photoperiod). Antennal samples from
3-day-old female wasps were collected for RNA extraction. For
expression analyses, antennae were dissected from females at dif-
ferent developmental stages including the red-eyed pupae, half-
pigmented pupae, fully pigmented pupae, and adults one day after
emergence, as well as from different physiological states, including
3-day-old virgins, 3-day-old mated wasps without parasitism
experience, and 3-day-old mated wasps with parasitism experi-
ence. All antennal samples were directly frozen in liquid nitrogen
and stored at �80�C for further use.
Simulated field condition behavioral trial

To verify our preliminary field observation of the attraction of
M. mediator females to moth sex pheromone components, a two-
choice trial imitating the field conditions was performed in nylon
net cages (50 � 40 � 120 cm, 100 mesh). A single pot containing
one cotton plant with 6–7 leaves was placed on each side of the
cage. One white adhesive card (20 � 20 cm) was hung vertically
5 cm from each cotton plant. The A. segetum sex pheromone com-
ponents (decyl acetate (10:AC) : Z5-10:AC : cis-7-dodecenyl acet-
ate (Z7-12:AC) : cis-9-tetradecenyl acetate (Z9-14:AC) = 0.6 : 1 :
5 : 2.5) were diluted to 5 ng/lL (Z7-12:AC) in hexane [47,48]. A
Fig. 1. Behavior choices of femaleM. mediator to sex pheromones of A. segetum. (A) S
blend of A. segetum sex pheromones. ‘‘***” indicates extremely significant differences (P
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100 mL aliquot of pheromone solution was loaded into a green rub-
ber lure, then fixed to the center of the card. One rubber lure con-
taining 100 lL of hexane fixed on a card at the opposite end of the
net cage was used as a control (Fig. 1A). The cages were placed in a
dark room at 28 ± 1�C and 60 ± 10% R. H. Fifty 1–2-day-old female
wasps were released in the center of the nets at 8:00 a.m. The
numbers of wasps on each sticky trap were counted at 4:00 p.m.
Two Petri dishes with 10% sucrose solution were placed on the
sides of the cage as food sources for wasps. This assay was repeated
five times.
RNA isolation and cDNA synthesis

Total RNA was isolated using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instructions. The
integrity of the RNA templates was examined on a 1.2% agarose
gel and a NanoDrop 2000 spectrophotometer (NanoDrop, Wilm-
ington, MA, USA). First-strand cDNA was synthesized from 1 lg
of total RNA using the FastKing gDNA Dispelling RT SuperMix
(TIANGEN BIOTECH, Beijing, China).
Sequence analysis of MmedORs

A total of 515 ORs with a minimum length of 200 amino acid
residues from hymenopteran insects were used in the phylogenetic
analysis. Sequence alignment was conducted using MAFFT (version
chematic diagram of the behavior test. (B) Behavioral tendency of female wasps to a
< 0.001).
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7.475) with the auto-option strategy [49]. To construct a
maximum-likelihood tree, aligned sequences were analyzed with
IQ-TREE (version 1.6.12), which runs automatic model testing
and selection using the ModelFinder function [50]. According to
the Bayesian Information Criterion (BIC), JTT + F + R9 was selected
as the best-fit model. Tree branch support was determined using
2000 UltraFast bootstraps. The resulting tree was further edited

using the Interactive Tree of Life (iTOL, https://itol.embl.de).
Six MmedORs, with full-length sequences and high sequence

similarity in the same branch as MmedOR49, were aligned using

PRALINE (http://www.ibi.vu.nl/programs/pralinewww/). The OR
sequences employed in this analysis are provided in the Supple-

mentary Material. The TOPCONS online server (http://topcons.

cbr.su.se) was utilized to predict TMDs of MmedOR49. The model
that best fitted the OR structure was selected and illustrated using

Protter (http://wlab.ethz.ch/protter/) [51,52].

qPCR measurement

The expression of MmedOR49 was assessed by performing qPCR
on an ABI Prism 7500 Fast Detection System (Applied Biosystems,
Carlsbad, CA, USA). b-actin (accession number KC193266.1) was
used as an internal reference gene to normalize the transcript level
of MmedOR49 and correct the sample variation. Previously
designed primers for MmedOR49 and b-actin were used in this
study [46]. The productivity of amplification was evaluated using
a standard curve generated from a five-fold cDNA dilution series.
The qPCR mixture (20 lL) was 10 lL SuperReal PreMix Plus (TIAN-
GEN), 1 lL template cDNA (200 ng), 0.6 lL forward and reverse pri-
mers (10 lmol/L), 0.4 lL Rox reference dye, and 7.4 lL sterile H2O.
The qPCR conditions were set as follows: 15 min at 95�C, 10 s at
95�C (40 cycles), 30 s at 55�C, and 32 s at 72�C; the melt curve
was 15 s at 95�C, 1 min at 60�C, and 15 s at 95�C. Three indepen-
dent biological replicates were tested with three technical repli-
cates for each reaction. The comparative 2�DDCT formula was
used to estimate the relative expression levels of the target gene
in different samples [53].

Fluorescence in situ hybridization

FISH was conducted to investigate the localization of Mme-
dOR49 in the antennae of female wasps. The full-length sequence
of MmedOR49 was PCR-amplified using specific primers
(Table S1). The recombinant plasmid for probe synthesis was con-
structed using PCR product. The biotin-labeled antisense RNA
probe was transcribed from linearized plasmid using the Biotin
RNA Labeling Mix kit (Roche, Mannheim, Germany). The probe
was digested to approximately 400-base fragments using carbon-
ate buffer (80 mM NaHCO3, 120 mM Na2CO3, pH 10.2) as previ-
ously described [54]. Freshly dissected female antennae were
embedded immediately in Tissue-Tek optimal cutting temperature
(O.C.T.) compound (Sakura Finetek, Torrance, CA, USA) at �26�C.
The samples were excised into 12 lm slices using a CryoStarTM

NX50 microtome (ThermoFisher, Waltham, MA, USA) and fixed
onto super-frost plus microscope slides (ThermoFisher). Slides
were stored at �80�C until use.

Hybridization was performed as previously described [55–57].
Briefly, slides stored at �80�C were taken out, incubated at room
temperature (�25�C) for approximately 30 min, and then fixed in
4% paraformaldehyde for 30 min at 4�C. Subsequently, slides were
treated with 0.2 M HCl (10 min) and washed with 1 � PBS buffer.
For pre-hybridization, slides were immersed in formamide (50%)
with 2 � SSC (0.3 M NaCl and 0.03 M sodium citrate) for 1 h. A
100 lL aliquot of hybridization buffer containing the labeled probe
of MmedOR49 was added to each slide, followed by incubation at
4

60�C for at least 16 h. After hybridization, slides were washed in
0.1 � SSC at 60�C (three times, 20 min each) and immediately trea-
ted with 1% blocking solution (Roche) diluted in TBS buffer
(100 mM Tris, 150 mM NaCl, pH 7.5) with Triton X-100 (0.03%)
at RT for 30 min. Finally, streptavidin-HRP and a TSA Kit (Perkin
Elmer, Waltham, MA, USA) were used to detect the biotin-labeled
probe. Hybridization signals were visualized using a Zeiss LSM
880 confocal microscope (Zeiss, Jena, Germany) and refined using
ZEN 2012 software (blue edition) (Zeiss).

Heterologous expression and TEVC recording

As described by Wang et al. (2010), Xenopus oocyte expression
and TEVC recording were performed [58]. To construct the expres-
sion vector, the entire coding regions of MmedOR49 and MmedOrco
were amplified using specific primers (Table S1) and cloned into
the pT7TS expression plasmid. Plasmids were linearized by the
restriction endonuclease and purified using the phenol-
chloroform-isoamyl alcohol extraction method. The cRNAs of
MmedOR49 and MmedOrco were transcribed from purified prod-
ucts using the mMESSAGE mMACHINE� Kit (Invitrogen).

Stage V-VI Xenopus oocytes were excised surgically and treated
with 1.3 mg/mL collagenase type I (Life Technologies, NY, USA) in
1 � Ringer’s solution (pH 7.6) at RT for 1 h, then incubated over-
night in 1 � Ringer’s buffer supplemented with dialyzed horse
serum (5%), tetracycline (50 lg/mL), streptomycin (100 lg/mL),
and sodium pyruvate (550 lg/mL) at 18�C. The next day, oocytes
were injected with a mixture of MmedOR49 and MmedOrco cRNA
(27.6 ng each). After injection, oocytes were further incubated for
2–3 days under the same conditions for target protein expression.
A panel of 118 test compounds (diluted to 1 M stock solution in
DMSO, Table S2) were prepared and stored at �20�C; work solu-
tions (10�3 M) were prepared on the day of recording. Each com-
pound was delivered to the oocyte holding chamber through a
flow rate control system (2 mL/min, 15 s). Oocytes were washed
with 1 � Ringer’s buffer between each delivery, allowing the cur-
rent to return to the baseline. Ligand-stimulated currents from
the injected oocytes were amplified using an OC-725C amplifier
(Warner Instruments, Hamden, CT, USA) at a holding potential
of �80 mV.

Data acquisition and analysis were carried out using Digidata
1440A and pCLAMP 10.2 software (Axon Instruments Inc., CA,
USA). The Orco antagonist VUAA1 was used as a positive control.
For dose-response assays, oocytes were exposed to ligand with a
series of ascending concentrations from 10�8 to 10�3 M to measure
the concentration for 50% of maximal effect (EC50). Data were ana-
lyzed using PRISM 7 software (GraphPad, San Diego, CA, USA).

Structural analysis and molecular docking

The 3D structure of the MmedOR49 protein was modeled via

the trRosetta web portal (https://yanglab.nankai.edu.cn/trRosetta/
) using the Orco structure (PDB ID 6c70) of the parasitic fig wasp
A. Bakeri, the only available structure for insect ORs [36,59]. The
stereochemical quality and residue profiles of the MmedOR49
model were validated using structural assessment tools (ERRAT,
Verify3D, and PROCHECK) of the SAVES v6.0 structure validation

server (https://saves.mbi.ucla.edu/). The verified model was sub-
jected to MD simulations and energy minimization using the Gro-

macs 2020.1 package (http://www.gromacs.org/) prior to docking
analysis. Based on the TEVC recordings, a key ligand was chosen
for molecular docking. The structure data file (SDF) of the target
compound was downloaded from the PubChem database

(https://pubchem.ncbi.nlm.nih.gov/). The SDF was then converted
to PDB format using OpenBabel v. 2.4.1 [60].

https://itol.embl.de
http://www.ibi.vu.nl/programs/pralinewww/
http://topcons.cbr.su.se
http://topcons.cbr.su.se
http://wlab.ethz.ch/protter/
https://yanglab.nankai.edu.cn/trRosetta/
https://saves.mbi.ucla.edu/
http://www.gromacs.org/
https://pubchem.ncbi.nlm.nih.gov/
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Docking was carried out using Vina integrated with AutoDock
tools v 1.5.6 on Ubuntu 20.04.2.0 LTS [61]. The docking scores cor-
respond to interaction energies (kcal/mol). The top 10 poses of the
target ligand were ranked based on the lowest binding affinity. The
interaction between receptor and ligand was analyzed and visual-
ized using Discovery Studio Visualizer v 20.1.0.19295 and LigPlot+

to draw 3D and 2D pictures, respectively. DoGSiteScorer (https://

proteins.plus) [62] and CASTp (http://cast.engr.uic.edu9) were uti-
lized to identify putative binding pockets in the modeled structure
of MmedOR49.

Behavioral trial

The behavioral tendency of female wasps to Z5-10:Ac was eval-
uated using an olfactometer made of three cages (each cage
25 � 25 � 25 cm), interconnecting with 5 cm holes between cages
(Fig. 6A). The middle cage (R) was used to release wasps and the
two lateral cages (T and C) contained treatment and control com-
pounds. Z5-10:Ac was diluted in a series of concentrations (1, 10,
and 100 ng/lL, 1, 10, and 25 lg/lL) in mineral oil. Mineral oil alone
was used as the control. One hundred microliters of mineral oil or
Z5-10:Ac was loaded onto the filter paper strip and placed into the
open Petri dishes in the C or T cage. Clean air at 0.5 L/min was pro-
vided to the C and T cages and discharged from the R cage to
ensure the flow of odors. Fifty 2–3-day-old female M. mediator
adults were released into the R cage and left in the olfactometer
from 8:00 a.m. to 4:00 p.m. Finally, the wasps moving into the T
or C cages were counted. All assays were performed in five repli-
cates under identical conditions. In addition, the olfactometer
was cleaned between replicates and the positions of the T and C
Fig. 2. Binding characteristics of the MmedOR49/Orco complex to active ligands. (A)
odor library including 118 odorants. (C) Response of the MmedOR49/Orco complex to ac
Data are shown as means ± SEM (n = 5–6).
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cages were exchanged to avoid contamination and orientation
cues.

RNAi assessment

To further investigate the role of MmedOR49 in vivo, RNAi of the
target MmedOR49 was conducted. MmedOR49 and EGFP fragments
(approximately 400 bp) were amplified using specific primers
(Table S1). Double-stranded RNA (dsRNA) from MmedOR49 and
EGFP were transcribed in vitro using the T7 RiboMAXTM Express
RNAi System (Promega, Madison, WI, USA). About 0.7 lg dsRNA
or 200 nL of sterile water were injected into the abdomen of newly
emerged female adults of M. mediator. The treatment groups were
non-injected (non-injected), injected with sterilized water (water-
injected), injected with dsRNA of EGFP (dsEGFP-injected), and
injected with dsRNA of MmedOR49 (dsOR49-injected). Each treat-
ment was repeated three times with 30 injected wasps per repli-
cate. Injected wasps were reared in a climate incubator and fed a
10% sucrose solution. At 12, 24, 36, and 48 h after injection, anten-
nae were collected for qPCR. A behavioral tendency assay using a
three-cage olfactometer was also employed to assess the effects
of RNAi.

Statistical analysis

All analyses were performed using SPSS Statistics software (ver-
sion 17.0; SPSS Inc., Chicago, IL, USA). Data are presented as the
mean ± standard error of the mean (SEM), and if needed, were
transformed before analysis. Differences between treatments in
the expression of MmedOR49, TEVC recording, and RNAi data were
Current trace to VUAA1. (B) Tuning profile of the MmedOR49/Orco complex to an
tive ligands. The chemical formula of corresponding ligands are shown on the right.

https://proteins.plus
https://proteins.plus
http://cast.engr.uic.edu9
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analyzed using one-way analysis of variance (ANOVA) followed by
Duncan’s multiple-range test (P < 0.05). For behavioral assays, a
Chi-squared test (50 : 50 distribution) was used to assess the pref-
erences of female wasps between controls and treatments.
Results

Female wasps are attracted to A. segetum sex pheromones in the
laboratory

In the field, female wasps were found to be attracted to sex
pheromone traps of A. segetum. Hence, an indoor behavioral exper-
iment, similar to what was observed in the field, was designed to
verify the above findings (Fig. 1A). The results showed that the
mixture of sex pheromone components of A. segetum significantly
attracted female M. mediator. After 8 h, 68.61% of the parasitoids
were found on the sex pheromone sticky cards, which was signif-
icantly higher than that on the controls (31.39%, Fig. 1B).

MmedOR49/Orco is activated by the main sex pheromone component
from A. segetum

TEVC recordings demonstrated the activation of MmedOR49/
Orco by Z5-10:AC. Notably, of the 4 A. segetum sex pheromone
components (10:AC, Z5-10:AC, Z7-12:AC, and Z9-14:AC) and 10
sex pheromone components from other lepidopteran insects, Z5-
10:AC was recorded as the unique ligand of MmedOR49
(Fig. S2A). The dose-dependency of activation by Z5-10:AC demon-
strated that the MmedOR49 response was concentration-
dependent (EC50: 3.61 � 10�4 M; Fig. S2B, C). Moreover, the bind-
ing affinities of MmedOR49 with the remaining 104 compounds,
including habitat cue compounds of wasps and their analogs, were
Fig. 3. Phylogenetic analysis of MmedOR49. Numbers at the nodes are bootstrap values
and displayed as an enlarged view. The red star indicates the position of MmedOR49.
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examined. MmedOR49 also narrowly recognized three esters:
ethyl octanoate, ethyl heptanoate, and ethyl butyrate. However,
Z5-10:AC was the most dynamic ligand (Fig. 2).
MmedOR49 sequence analysis

The whole ORF of MmedOR49 contained 1182 bp nucleotides
encoding a 393-residue protein with a predicted molecular weight
of 45.21 kDa and an isoelectric point of 9.12. Phylogenetic analysis
showed that ORs from different hymenopteran species had a rela-
tively divergent distribution, forming several monophyletic clades
(Fig. 3). However, M. mediator ORs were clustered in the same
branch as those of its relativeM. demolitor. In the phylogenetic tree,
MmedOR49 was clustered with 7 MmedORs and 12 MdemORs on
one branch. Seven MmedORs, including MmedOR49, with full-
length sequences and high sequence similarity in the same branch,
were further aligned. The multiple sequence alignment results
demonstrated that aligned ORs share 62.91% amino acid identity
(Fig. S1).
Expression characteristic of MmedOR49 in female antennae

In the FISH assay, the fluorescence signals of MmedOR49 were
detected in the antennae of female M. mediator (Fig. 4A, B). Mme-
dOR49 transcripts were mainly distributed in olfactory sensory
neurons (OSNs) of the antennae. Quantification by qPCR indicated
that transcription of MmedOR49 is developmentally regulated. At
the pupal stage, low expression was observed a few days before
emergence, whereas expression increased remarkably after eclo-
sion. However, parasitism and mating experience had no signifi-
cant effect on MmedOR49 transcription (Fig. 4C).
(only > 0.5 are displayed). The branch where MmedOR49 is located is marked in red
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Modeling of Z5-10:Ac binding to MmedOR49

To understand the interaction of Z5-10:Ac with MmedOR49 and
predict the key binding sites of MmedOR49 to the main ligand,
protein homology modeling and molecular docking simulations
were performed. The three-dimensional model of MmedOR49 is
shown in Fig. 5C with helical and loop structures. Validation
assessments using SAVES 6.0 demonstrated that the MmedOR49
model surpassed the basic prerequisite; therefore, it was used in
further analyses. ERRAT showed an overall quality factor of 93.5%
(Fig. S3). VERIFY3D showed that 79% of the model’s residues had
a score higher than 0.2 in the 3D/1D profile (Fig. S4). A Ramachan-
dran plot created using PROCHECK indicated that 98% of residues
were in the most favored region (Fig. S5). Molecular docking indi-
cated that Z5-10:Ac bound tightly to MmedOR49 with a G value
of �5.7 kcal/mol (Table S3). Z5-10:Ac interacted via hydrogen
bonds to His 80 with 3.10 and 3.11 Å bond lengths, Ile 81 with
3.10 Å bond length, and Arg 84 with 3.23 Å bond length (Fig. 5A,
B). These three residues, which played key roles in Z5-10:Ac bind-
ing, were in the second transmembrane region of MmedOR49. An
additional seven residues, Phe 78, Val 138, Ser 197, Ala 201, Val
202, Leu 307, and Val 308, with the above three key residues
together formed the binding site (Fig. 5B, D, E). Pocket-finding
analyses yielded 66 and 15 pockets from CASTp and DoGSiteScorer,
respectively. The main active site (top pocket in the ranking)
(Fig. S6) predicted by DoGSiteScorer and CASTp included 39 and
35 residues, respectively (Table S4).
Fig. 4. The expression profile of MmedOR49 in the antennae of female M. mediator. (
antisense RNA probe for MmedOR49 was labeled in the olfactory sensory neurons (OSNs
MmedOR49 expressions in female antennae at different developmental stages and phys
pupae, (d) newly emerged adult, (e) unmated adult, (f) mated adult without parasitism e
transcription levels among samples are indicated by different lowercase letters (P < 0.0
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Preference of female wasps for Z5-10:Ac

In the three-cage olfactometer trial, the attraction of female
adults to 1 ng/lL of Z5-10:Ac was significantly higher than that
to the control (Fig. 6A). In contrast, 10 and 100 ng/lL and 1, 10,
and 25 lg/lL of Z5-10:Ac failed to trigger the choice behavior of
female wasps (Fig. 6B).

MmedOR49 knockdown

To further investigate the function of MmedOR49 in vivo, the
RNAi coupled with behavior assay strategy was conducted. At
12 h following MmedOR49 dsRNA injection, no obvious change
was observed in the level of MmedOR49 mRNA, but it was signifi-
cantly decreased at 24, 36, and 48 h after injection (Fig. 6C). Con-
sequently, 36 h-injected individuals were chosen for behavioral
assays, which showed that the wasp’s original behavioral tendency
to 1 ng/lL of Z5-10:Ac was eliminated by the knockdown (Fig. 6D).

Discussion

In both field and laboratory conditions, M. mediator females
were attracted by the sex pheromone components of A. segetum.
It was previously reported that the antennae of the female para-
sitoid have a strong electrophysiological response to Z9-14:Ald,
the sex pheromone component of its main host, H. armigera, and
the olfactory receptor IRs are involved in this semiochemical
A) Location of MmedOR49 in the antennae of female M. mediator. The biotin-labeled
) of the antennal flagella of the females. (B) Amplification of the labeled OSNs. (C)
iological states. (a) Red-eyed pupae, (b) half-pigmented pupae, (c) fully pigmented
xperience, (g) mated adult with parasitism experience. The significant differences of
5).



Fig. 5. Three-dimensional model and molecular docking of MmedOR49. (A) Binding model of Z5-10:Ac with MmedOR49. The helix and loop structure of MmedOR49 is
indicated by the red color. The Z5-10:Ac binding conformation is indicated by the green color. (B) The main region of MmedOR49 binding with Z5-10:Ac. Light blue represents
the key binding sites and dark blue represents the hydrophobic residues. (B) displays the enlargement of the white box area of (A). (C) Three-dimensional structure of
MmedOR49. The image showing rainbow colors indicates the helix and loop structure. (D) Predicted protein topology of MmedOR49. The numbers indicate the seven
transmembrane domains. The green amino acids are the key binding residues of MmedOR49 to Z5-10:Ac, and the binding pocket residues are highlighted in red. (E) The
interaction of MmedOR49 with Z5-10:Ac visualized by LigPlot+. The green dashes and corresponding values represent hydrogen bonds and distances, respectively. The
residues with hydrophobic interactions are shown as arcs with spokes radiating towards the ligand.
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recognition [43]. These two phenomena suggest that M. mediator
olfaction plays an important role in recognizing host sex phero-
mone components. Subsequently, TEVC recording was used to con-
firm the specificity of MmedOR49 for Z5-10:Ac, the main sex
pheromone component of A. segetum. Here, the roles of Mme-
dOR49 in vitro and in vivo were thoroughly characterized. Our
research provides a basis for understanding the underlying mech-
anisms and the ecological significance of parasitoid wasp-host
interactions in the process of sex pheromone perception.

Ecological role of MmedOR49 recognition of Z5-10:Ac

The ligand specificities of OR repertoires have been studied in
several insects. Some insect ORs are activated by a narrow range
of semiochemicals, whereas most respond to multiple ligands
[23,33,58,63]. However, both the deorphanized ORs reported in
parasitoids respond to a narrow range of ligands, such as b-
caryophyllene, (E)-a-farnesene, and cis-jasmone [34,35]. Here,
using Xenopus oocyte expression coupled with TEVC recording,
MmedOR49 responded to four compounds, all of which belong to
the ester class of chemicals. This is similar to the odorant range
of ORs studied in other insects. In D. melanogaster, the majority
of OR ligand clusters were esters and alcohols, which stimulated
no or low responses of IR repertoires (another olfactory receptor
family in insects). Instead, IR ligands are primarily carboxylic acids
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and amines, which trigger little or no response from ORs [64]. Con-
sistently, two homologous MmedIRs primarily responded to acids
and aldehydes, suggesting that the tuning spectra of ORs and IRs
are complementary to assist parasitoids in processing habitats
and hosts information in an energy-saving and efficient manner
[43].

Z5-10:Ac was the main ligand of MmedOR49, producing the lar-
gest response among a panel of 118 odorants, including lepi-
dopteran sex pheromones, plant volatiles, and other host-
associated semiochemicals. Z5-10:AC, a general component of lepi-
dopteran sex pheromones, both alone and blended with other sex
pheromone compounds triggers significant electrophysiological
and behavioral responses in males [47,48,65–68]. Notably, Z5-10:
AC is also a vital sex pheromone component of the turnip moth
A. segetum and black cutwormmoth A. ipsilon (Lepidoptera: Noctu-
idae). Both are destructive pests that damage a large number of
crops worldwide and are also important hosts for M. mediator
[47,69,70]. Thus, the female-biased MmedOR49 might be involved
in recognizing the turnip moth sex pheromone.

Similarly, MmedIR64a2 has been shown to be activated by Z9-
14:Ald [43], the main sex pheromone component of H. armigera
[71–73], which is another host for M. mediator. These data suggest
that different olfactory receptor families and multiple receptor
proteins are activated by distinct and general or specific host pher-
omone components in wasps. M. mediator, a generalist larval



Fig. 6. Behavioral tendency of female M. mediator to Z5-10:Ac and RNAi assessment of MmedOR49. (A) Three-cage olfactometer. C, control cage; T, treatment cage; R,
release cage. (B) Behavior choice of females to different concentrations of Z5-10:Ac. ‘‘*” indicates significant differences (P < 0.05) and ‘‘ns” indicates no significant difference.
(C) The expression of MmedOR49 12, 24, 36, and 48 h after injection of dsRNA. The significant differences of transcription levels among samples are indicated by different
lowercase letters (P < 0.05). (D) Behavior choices of female adults to 1 ng/lL of Z5-10:Ac 36 h after dsRNA injection. ‘‘*” indicates significant differences (P < 0.05) and ‘‘ns”
represents no significant difference.
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endoparasitoid with a wide host range of Noctuidae pests [6–8],
may use host pheromone components to recognize different host
signals in a combinatorial coded pattern. Moreover, ethyl octano-
ate, ethyl heptanoate, and ethyl butyrate emitted from the H. armi-
gera larvae body surface or fruits [74–77] were recorded as
secondary ligands of MmedOR49. The sensitivity of MmedOR49
to these three chemicals could be due to their structural similari-
ties to Z5-10:Ac. As an inclusive characteristic of insect ORs, it also
has been demonstrated that compounds with similar structures
can be detected by distinct ORs. For example, RferOR1, a phero-
mone receptor in the red palm weevil (Rhynchophorus ferrugineus),
can be activated by the main components of the aggregation pher-
omone and five other structurally related compounds [78]. There-
fore, here, the effect of Z5-10:AC, the most important and special
ligand of MmedOR49 on wasps, was focused on.

In this study, a dual choice behavior assay was carried out to
test the behavioral activity of Z5-10:Ac against female wasps. A
certain concentration of Z5-10:Ac attracted female adults, but the
response was attenuated by MmedOR49 RNAi knockdown. Thus,
MmedOR49 mediates the behavioral tendency of female wasps
via the response to Z5-10:Ac. Coincidentally, Z9-14:Ald, the ligand
of MmedIR64a2, also elicited electrophysiological responses in
adults antennae [43]. These results suggest that not only the vola-
tiles from host larvae or host plants are directly utilized by M.
mediator in the host-locating process, but also the sex pheromone
components of host adults are substantial cues for wasp host-
locating behavior. Taken together, these results suggest that female
parasitoids intelligently exploit the pheromone communication of
their host adults to identify the habitat of host larvae. This complex
procedure is assumed to be operated via an abundant number of
9

chemosensory-related receptors that arose during the co-
evolution of parasitoid-host interactions.

Increased expression of MmedOR49 in adult females

Quantification by qPCR showed that MmedOR49 expression is
regulated during development. MmedOR49 expression was signifi-
cantly increased in adult antennae compared to that in the pupae,
but parasitism and mating experience had no significant effect on
it. Therefore, it could be hypothesized that female wasps increase
the expression ofMmedOR49 immediately after emergence to com-
plement their host-seeking behavior. Similarly, the expression of
AlucOR28 in the antennae of Apolygus lucorum, mediating the
behavioral activities of both sexes towards host plant volatiles,
dramatically increased after adult emergence and reached its high-
est level 4 days after emergence [79]. In the malaria vector Anophe-
les coluzzii, the expression of four functional ORs significantly
increased in the host-seeking female mosquitoes 4 days after
emergence [80]. Increases in the transcript levels of olfactory-
related genes primarily expressed in the antennae after adult
emergence are consistent with the development of the insect olfac-
tory system, demonstrating their critical functions in chemical
communication in adults.

Molecular docking of MmedOR49 to Z5-10:Ac

Recently, molecular docking has been employed to predict
binding sites and binding strengths of ORs with their candidate
ligands. Moreover, putative binding pockets in protein structures
can be identified using multiple bioinformatics tools. In the spruce
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bark beetle Ips typographus, homology modeling and molecular
docking were used to predict OR46 and OR49 binding sites that
were confirmed by site-directed mutagenesis and functional
assays. Substitutions of key residues resulted in reduced or no
odorant detection [81]. The binding affinity of the pheromone
receptor for sex pheromone components has been verified via in
silico docking in the red palm weevil R. ferrugineus [78]. The bind-
ing of OR27 to host plant volatiles has also been predicted in dark
black chafer Holotrichia parallela [82]. In this study, the
MmedOR49 � Z5-10:Ac interaction decoded using in silico docking
predicted high binding affinity through hydrogen bonding between
the receptor and ligand, which was in good agreement with the
results of TEVC recording. Putative pocket predictions using two
different tools (CASTp and DoGSiteScorer) identified similar active
sites (pockets) based on residues, size, and surface area. Notably,
comparing the results of putative pocket prediction and docking
analyses revealed that Z5-10:Ac interacted with MmedOR49 resi-
dues in the identified active site. All of the key residues predicted
to be responsible for interacting with the target ligand were shown
to be part of the identified active site, suggesting the accuracy of
the analysis. However, the key residues associated with the forma-
tion of the MmedOR49 � Z5-10:Ac complex need to be verified
through further experiments, such as site-directed mutagenesis,
to prove the functionality of the predicted residues. Furthermore,
the key residues, such as His 80, Ile 81, and Arg 84, in ligand-
binding sites should be investigated in future to design more active
and effective chemicals for eco-friendly pest control. Along with
the Orco cryo-EM structure [36], the discovery of the intact struc-
ture of insect ORs will provide a foundation that will be useful in
the screening of unknown ligands for orphan receptors.
Conclusion

In the current study, it was proved that the female M. mediator
could be attracted by the sex pheromone blend of A. segetum. The
female-biased MmedOR49 specifically was tuned to Z5-10:Ac, a
vital sex pheromone component of A. segetum and other Noctuidae
pests. This component could trigger the behavioral response of
female wasps in the olfactometer assay in the laboratory. More-
over, the knockdown assay using RNAi showed that MmedOR49
was necessary for the recognition of Z5-10:Ac. The ecological sig-
nificance of these findings could be rationalized by the following
conjecture: the parasitoid wasp recognizes the specific sex phero-
mone of the host adult using a certain OR to find potential host lar-
val habitat and further accurately locates the host through direct
host signals. Based on this study, deeper research is required to
verify this hypothesis. The results of the current research will
enrich the understanding of parasitoid ORs and help to compre-
hend the olfactory mechanism of parasitoid host localization. Fur-
thermore, MmedOR49 and Z5-10:Ac could be used as potential
molecular targets for designing efficient biological control
strategies.
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