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Abstract

Anagrus nilaparvatae is an important egg parasitoid wasps of rice pests rice planthopper. Based on the powerful olfactory

system of sensing chemical information in nature, A. nilaparvatae shows complicated life activities and behaviors, such as

feeding, mating and hosting. In this study, we constructed a full-length transcriptome library and further to identify the

characteristics of olfactory binding proteins, the first participant in the olfactory system. Through full-length transcriptome

sequencing, splicing, assembly, and data correction by Illumina, we obtained 163.59Mb of transcriptome data and 501,179

items of annotation information, and performed GO functional classification of unigenes of the transcriptome. We analyzed

the sequence characteristics of olfactory binding protein genes, and 8 genes (AnilOBP2, AnilOBP9 AnilOBP23, AnilOBP56,

AnilOBP83, AnilCSP5, AnilCSP6 and AnilNPC2) were identified. After sequence alignment and conserved domain prediction,

the 8 proteins were consistent with the typical characteristics of OBPs, CSPs and NPC2s in insects. The phylogenetic tree

analysis showed that the 8 genes share low homology relationship with other species in Hymenopteran. Finally, RT-qPCR

was used to analyze the expression responses of the 8 genes in different genders and stimulated by volatiles. The relative

expression levels of AnilOBP9, AnilOBP26, AnilOBP83, AnilCSP5 and AnilNPC2 in males were significantly higher than those

in female, while the relative expression levels of AnilCSP6 were opposite. The expression levels of AnilOBP9 and AnilCSP6

were significantly altered by the stimulation of β-caryophylene, suggesting the two genes may be related to host searching.

In this study, the transcriptome data of parasitoid wasps A. nilaparvatae could provide a reference for the molecular biology

research of the parasitoids, and the identification and analysis of olfactory binding proteins not only help us further clarify

the physiological characteristics and parasitic mechanism of the parasitoids, but also promote the utilization of natural enemy

resources.
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. Abstract

Anagrus nilaparvatae is an important egg parasitoid wasp of rice pest rice planthopper. Based on the powerful
olfactory system of sensing chemical information in nature,A. nilaparvatae shows complicated life activities
and behaviors, such as feeding, mating and hosting. In this study, we constructed a full-length transcriptome
library and further to identify the characteristics of olfactory binding proteins, the first participant in the
olfactory system. Through full-length transcriptome sequencing, splicing, assembly, and data correction by
Illumina, we obtained 163.59Mb of transcriptome data and 501,179 items of annotation information, and
performed GO functional classification of unigenes of the transcriptome. We analyzed the sequence charac-
teristics of olfactory binding protein genes, and 8 genes (AnilOBP2 , AnilOBP9AnilOBP23 , AnilOBP56
, AnilOBP83 , AnilCSP5 ,AnilCSP6 and AnilNPC2 ) were identified. After sequence alignment and con-
served domain prediction, the 8 proteins were consistent with the typical characteristics of OBPs, CSPs and
NPC2s in insects. The phylogenetic tree analysis showed that the 8 genes share low homology relationship
with other species in Hymenopteran. Finally, RT-qPCR was used to analyze the expression responses of
the 8 genes in different genders and stimulated by volatiles. The relative expression levels of AnilOBP9 ,
AnilOBP26 , AnilOBP83 ,AnilCSP5 and AnilNPC2 in males were significantly higher than those in fe-
male, while the relative expression levels ofAnilCSP6 were opposite. The expression levels of AnilOBP9 and
AnilCSP6 were significantly altered by the stimulation of β-caryophylene, suggesting the two genes may be
related to host searching. In this study, the transcriptome data of parasitoid waspsA. nilaparvatae could
provide a reference for the molecular biology research of the parasitoids, and the identification and analysis
of olfactory binding proteins not only help us further clarify the physiological characteristics and parasitic
mechanism of the parasitoids, but also promote the utilization of natural enemy resources.

Keywords Anagrus nilaparvatae , Olfactory binding protein, Transcriptome, Molecular Characterization

Introduction

The external environment of insects is complex and changeable, and the volatiles in the environment can
transmit important information related to their survival and reproduction, such as food, location of the
opposite sex, alarm, spawning location and habitat environment, etc. (Stocker, 1994; Grosse-Wilde et al.,
2011). Insects rely on a powerful sensory system to help them use chemical information in these environments
quickly and efficiently (Leal, 2013; Turlings Erb, 2018).

The olfactory system of insects includes two parts: the central olfactory system and the peripheral olfactory
system (Ong Stopfer, 2012). When odor or pheromone molecules diffuse into specialized receptors on the
insect’s body surface, olfactory binding proteins transport these molecules to the olfactory receptors on the
membrane of the peripheral nerve dendrites (Benton et al., 2007); After the interaction of the signal molecules
with the olfactory receptors, the chemical signals will be converted into electrical signals that stimulate the
dendritic nerves, which will finally be transmitted to the central nerve to control the insect’s behavior and
physiological response ( Zhou, 2010; Leal, 2013). Olfactory binding proteins, the first participant in the
olfactory system, are main expression in the sense of smell peripheral lymph system, responsible for the
identification and transmission of smell and pheromone molecules reach to olfactory receptors.

In recent years, with the application of a variety of new biological technologies, a large number of insect
olfactory binding proteins have been identified and their various functions have been revealed. Olfactory
binding proteins mainly include three major families, odorant-binding proteins (OBPs), chemosensory pro-
teins (CSPs), and Niemann-pick type C2 proteins (NPC2s). The OBPs family is the first olfaction binding
protein to be identified in insects (Vogt Riddiford, 1981). Its functions include odor recognition, assistance in
transporting odor molecules, degradation and removal of odor molecules, etc. (Kaissling, 1986; Pelosi et al.,
1995; Krieger et al., 1996; Vogt et al., 1999). OBPs are a kind of small molecules and water-soluble spherical
proteins. Almost all insect OBPs have highly conserved cysteines, which connected disulfide bonds are main
factors affecting and maintaining its protein structure. According to the number of conserved cysteines,
OBPs were classified into five classes: “Classical OBPs”、“Dimer OBPs”、“Minus- C OBPs”、“Plus-C
OBPs” and “Atypical OBPs”(Cui et al., 2017; Qu et al., 2021; Fan et al., 2011). CSPs are thought to be the
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. carrier of odor molecules and chemicals, and can bind to chemical messages (Peng et al., 2017). CSP family
have been suggested to be the ancestor of the OBP genes (Vieira Rozas, 2011) although these two families do
not show significant sequence homology within Entognatha. CSPs and OBPs are similar in many ways, they
both are expressed in large quantities in antennae and participate in the process of olfactory recognition,
and both are small compact polypeptides, mainly made of α-helical domains which define a hydrophobic
binding cavity (Sandler et al., 2000; Campanacci et al., 2003; Tegoni et al., 2004). CSPs are smaller than
OBPs (approximately 12 kDa), contain four conserved cysteines forming two uncrossed disulfide Bridges
(Cys1-Cys2, Cys3-Cys4), and contain 5-6 α helices (Sanchez-Gracia et al., 2009). CSPs are evolutionally
conserved compared to OBPs, and the high conservatism may be one of the reasons why there are fewer
CSPs than OBPs (Pelosi et al., 2018; Wanner et al., 2004). CSPs in distantly evolved insects also tend to
have 40-50% similar amino acid residues, compared with 10-15% for OBPs (Pelosi et al., 2006). Therefore, it
is assumed that CSPs are less specific for selective binding of compounds and have a wider binding range and
more flexible binding ability (Wang et al., 2019). NPC2s in insects found in recent years are similar to OBPs
in functionality (Pelosi et al., 2014; Ishida et al., 2014; Zheng et al., 2018). Evolutional analysis showed that
NPC2s were soluble protein molecules that appeared earlier than OBPs and CSPs in arthropods (Vizueta et
al., 2020). Different from OBPs and CSPs, the secondary structure of NPC2 in insects was mainly β-folded
based which form a larger internal binding cavity (Ishida et al., 2014). There are also conserved cysteines in
NPC2 sequence, which connected 2 to 3 disulfide bonds to maintain its stable three-dimensional structure
(Zhu et al., 2018).

Anagrus nilaparvatae Pang et Wang (Hymenoptera: Mymaridae) is the main egg parasitic wasp of rice pest
rice planthopper, which is widely used as a biological control resource in production practice (Zheng et al.,
2017). In order to find hosts and supplement food, these parasitoids need to receive and process information
of plant volatiles in the complex rice ecosystem, and regulate its behavior to adapt to the environment.
Many studies have shown that A. nilaparvatae can not only distinguish the volatiles released by rice, but
also use the information compounds produced by rice fed by brown planthopper Nilaparvata lugens(St̊al)
to locate the eggs (Lou et al., 2005; Lou et al., 2006).A. nilaparvatae can also locate the eggs of the brown
planthopper using rice volatiles such as (E)-2 hexenal, methyl salicylate, caryophylene and linalool (Xiao et
al., 2012), and some plant essential oils could be attractants ofA. nilaparvatae for natural enemies to control
pests (Mao et al., 2018). In addition, it could identify the necessary wintertime habitat and food source
from the vegetation volatiles on the field, for example, they could accurately locate the Impatiens balsamena
,Emilia sonchifolia and Sesamum Indicum , access to essential food supplements to increase longevity and
parasitic efficiency (Zhu et al., 2013).

Although there has been previous work on the effects of plant volatiles on the behavior of A. nilaparvatae ,
related to molecular biology research is only on mitochondrial COI and 28s, 5.8s ribosomal genes (Triapitsyn
et al., 2018), and molecular feature analysis has not been mentioned. The purpose of this study was to
study the characteristics of olfactory binding protein genes inA. nilaparvatae , so as to provide theoretical
basis for revealing the mechanism of searching hosts and even parasitism. We constructed a full-length
transcriptome library, and obtained the olfactory binding protein genes by keyword search, and analyzed the
sequence characteristics of these genes. Finally, the expression patterns of these genes in different genders
and stimulated by volatiles were quantitatively analyzed. This study provides a basis for the study of the
molecular characteristics of the parasitoid, and provides a reference for further revealing the molecular
mechanism behind its behavior.

Materials and Methods

2.1. Insects

The hosts N. lugens were collected from paddy fields at the farm of South China Agricultural University
in Guangdong Province (N 23°9’3”, E 113deg20’2”) in 2016 and reared with rice hydroponic seedlings.A.
nilaparvatae were collected in the paddy field of the farm of South China Agricultural University in 2018,
and were stably cultured for 60 generations by the rice seedlings with the eggs of N. lugens in insect cage
(120 mesh gauze). The insect cage was placed in an artificial climate chamber (GXZ-380D, Zhejiang Ningbo

3
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. Jiangnan Instrument Factory), and rearing conditions were as follows: photoperiod 14 L:10 D, temperature
25, and Humidity 80%.

2.2. RNA Extraction

150 adult wasps from male and female of A. nilaparvatae were used for RNA extraction. For each sample,
total RNA was extracted using Eastep(r)Super reagents (Promega, Shanghai, China) according to the man-
ufacturer’s instructions. RNA concentration and purity were detected by Nanodrop 2000c (Thermofisher,
USA), and sample integrity was detected by Agilent 2100 (Rin value d¿7, RNA¿2µg).

2.3. Transcriptome library construction, sequencing and functional annotation

Transcriptome sequencing and library construction were done by Tiangen Biochemical Technology Company
(Beijing, China).

Second-generation sequencing: mRNA was enriched by magnetic beads with Oligo(dT) and broken into short
fragments by Fragmentation buffer under high temperature; Using mRNA as template, the first cDNA strand
was synthesized by adding six base random primers, and then synthesized second cDNA strand. The ends
of the double-stranded cDNA were repaired and polyA was added to the 3 ends; The cDNA fragments with
connectors were enriched by PCR amplification and sequenced on Illumina HiSeqTM4000 platform. Third-
generation sequencing, the experimental process is carried out according to the standard protocal provided
by Oxford Nanopore Technologies (ONT) (Jain et al., 2016): Primer annealing, reverse transcription into
cDNA, and add switch oligo; RNA digestion, second strand synthesis; DNA damage repair and terminal
repair, magnetic bead purification. Add the sequencing connector and sequence it on the machine.

Full-length reads were obtained after used the software Pychopper to filter short fragments and low-quality
reads and removed joints of raw fastq data from Nanopore sequencing. Then, the software ONclust2 was
utilized to cluster and correct the consensus sequences obtained from the reads. Finally, CD-HIT was used to
cluster the full-length transcripts and remove the redundant sequences with more than 90% similarity. Raw
image Data files obtained by Illumina sequencing were transformed into original Sequenced Reads/Raw Data
by Base Calling analysis. The software TrimMomati was used to remove the joint sequence of reads. After
filtering the second-generation short sequence data, compared them to the obtained full-length transcript
sequence by the software BWA, and then sort the comparison results. Finally, the full-length transcript was
corrected by Pilon according to the comparison results of the second-generation data.

The software Transdecode was used to predict potential coding sequence (CDS) in transcriptional. In order
to obtain comprehensive gene function information, six major databases were annotated, including Pfan,
Uni-prot, NR, NT, GO, KEGG and TF.

2.4. Screening and structural analysis of olfactory binding protein genes

After annotating the amino acid sequence of unigenes, the olfactory binding protein genes were
obtained from the annotation of NR, KEGG and Uni-prot database. The obtained sequences
were compared in NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The open reading frame
(ORF) and the amino acid sequence of the proteins expressed by these genes were predicted by
NCBI ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/ ). The molecular size and isoelectric
point of protein were predicted by ProtParam tool (https://web.expasy.org/protparam/ ). SignalP
(http://www.cbs.dtu.dk/services/SignalP/ ) was used to predict the signal peptide of those proteins. SWISS-
MODEL (https://swissmodel.expasy.org/interactive) was used to predict the three-dimensional structure of
the proteins, and Pfam (http://pfam.xfam.org/ ) was used to search for the conserved domain of protein
sequences.

2.5. Phylogenetic analysis

Homologous sequences of eight olfactory binding genes were retrieved using online tool BLAST, and a
developmental evolutionary tree was constructed using MEGA 7.0 in combination with olfactory binding

4
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. proteins from the published database of Hymenoptera species. Node support was assessed using a bootstrap
procedure with 1000 replicates (Tamura et al., 2013).

2.6. RT-qPCR

Three groups of samples were taken: 1) untreated female wasps; 2) female wasps stimulated by 0.01 g/L
β-caryophyllene for 1h; 3) the untreated male wasps. The cDNA was obtained in Light Cycler 480 (Roche,
USA) according to the reverse transcription kit Gotaq®qPCR Master Mix A6002 and GoScriptTM Reverse
Transcription System (Promega, USA) operating instructions, each set consisting of 100 wasps, with three
replicates per set. The reaction procedure was as follows: 25 , 5min; 42 , 75 min; 70 , 15 min; 4, [?]. The
procedure for quantitative PCR reaction was as follows: pre-deformation at 95 for 30 s; Denaturation
at 95 , 5 s, annealing at 53 , 15 s; 72 extension, 20 s, 40 cycles; Dissolution curve at 65 , 15s. After
the reaction, Light CyCler480 software was used to analyze the Real Time PCR amplification curve and
dissolution curve, and the relative expression of the target gene was analyzed according to 2-MCtmethod.
The primer design using Primer3(v.0.4.0) (https://bioinfo.ut.ee/primer3-0.4.0/ ). The primer sequences are
showed in Supplementary Table 1.

2.7. Statistical methods

The differences of expression levels of 8 olfactory binding protein genes in response to β- caryophyllene
stimulation and between male and female wasps were determined by t -tests (SPSS ver.20.0).

Results

3.1. Transcriptome analysis

163.59Mb Data were obtained after clustering and correcting Raw Data obtained from Nanopore transcrip-
tome sequencing. A total of 224,251 unigenes were obtained, the longest sequence was 11,203 bp, the average
length was 729.27 bp, and the N50 was 998 bp. After Illumina correction, the longest sequence was 11,225
bp, with an average length of 729.49 bp and N50 was 998 bp. Statistical results of Nanopore sequencing
data and data corrected by Illumina are showed in Supplementary Table 2. Among these unigenes, 151,454
(67.79%) are between 200 and 700bp in length, and 46,207 (20.68%) are more than 1,000 bp in length. Due
to full-length transcriptome sequencing, the sequencing was complete. After multiple corrections, the quality
of the data group was higher, and the original transcriptome data results and length distribution statistics
were shown in Table 1.

3.2. Functional annotation of unigenes

All the sequences of unigenes were compared in NT, NR, Uni-prot, GO, KEGG, PFAM and TF databases,
and the results showed database annotation information in the NCBI official nucleic acid database, protein
database, studied protein database, GO functional classification, KEGG metabolic pathway, protein family
database, NCBI protein database and the transcription factor database. A total of 501,179 items of annota-
tion information was obtained from the transcriptome of the adult wasps, and the annotation information
matched 76,326 sequences in the database (Table 2).

Among the above database comparison results, NR database has the most identical sequences, so NR
database could be better to cover the output results and fully analyze the sequence homology. According to
the distribution statistics of the data with E-value less than 1.0E-5, 17.5% (0-1E-50) alignment sequences
showed strong homology, 39.16% (1E-50-1E-20) alignment sequences showed strong homology, and the rest
43.32%(1E-20˜1E-5) showed moderate homology (Figure 1A). Among the sequences alignment, the similarity
between 7.48% of the sequences and NR database is higher than 80%, 25.97% of the sequences are between
60% and 80%, and 54.59% of the sequences are less than 60% (Figure 1B). In the comparison results based
on NR data,Ceratosolen solmsi Marchali (60.53%) had the largest number of matches, followed by Nasonia
vitripennis (7.08%),Trichomalopsis sarcophagae (5.52%) and Trichogramma pretiosum (3.74%) (Figure 1C).

A total of 89008 (39.69%) unigenes from the transcriptome were annotated into the GO database. Among
all the unigenes, 303,636 correspond to Biological processes, 166,144 correspond to Cellular components,

5
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. and 65,857 correspond to Molecular functions. These three categories are further divided into 45 secondary
functional annotations, among which, Biological processes are divided into 22 secondary functional items,
Cellular components into 11 secondary functional items, and Molecular functions into 12 secondary functional
items. In Biological processes, the most unigenes are commented to the Cellular process (52544), followed
by Metabolic processes (45,901) and Cellular component organizations or biogenesis (34,715); Among the
Cellular components, the most unigenes were annotated to Cell (53422) and Organelle (50859); Among
Molecular functions, Binding (24,952) and Structural molecule activity (20,805) have the most notes (Figure
2).

3.3. Identification and bioinformatics analysis of olfactory binding protein genes

By searching for the key words of olfactory binding protein genes, 21OBP s, 5 CSP s and 2 NPC s were
found in PFAM, 10OBP s and 1 CSP found in NR, 18 OBP s and 1NPC 2 found in UNI-PROT, 15 OBP
s,1 CSP and 1NPC2 found in KEGG.

For the retrieved sequences, 34 OBP s, 5 CSP s and 2NPC s were left after the unigenes with the same
sequence number were removed. Then software Mega 7.0 was used to compare nucleic acid similarity and
eliminate the repeated unigenes, leaving 5 OBP s, 2CSP s and 1 NPC2 . Finally, ORF Finder was used
to obtain the ORF of the sequence and the protein sequence, Pfam was used to retrieve the protein se-
quence domain, and BLAST was used to retrieve the homologous proteins to name the gene (Table 3).
The transcriptome sequencing received 4 OBP s, 2 CSP s and 1 NPC2 , namely AnilOBP2 , AnilOBP9 ,
AnilOBP26 ,AnilOBP56 , AnilOBP83a , AnilCSP5 , AnilCSP6 and AnilNPC2 , respectively corresponding
to predict protein for AnilOBP2, AnilOBP9 AnilOBP26, AnilOBP56, AnilOBP83a, AnilCSP5, AnilCSP6
and AnilNPC2.

3.4. Sequence characterization of olfactory binding protein genes

After the ORF prediction of the nucleic acid sequence, the molecular weight, isoelectric point, hydrophilicity
and signal peptide of the proteins were predicted, and the results were shown in Table 4.

The ORF of the five AnilOBP s has 312-441 bases and encode 103-146 amino acids. The molecular weight
of the four AnilOBPs is 11.56-16.54 kD. AnilOBP26 and AnilOBP56 are hydrophobic proteins with acidic
isoelectric points, while AnilOBP2, AnilOBP9 and AnilOBP83 are hydrophilic proteins with alkaline iso-
electric point. Except for AnilOBP83, other 4 OBPs have signal peptide sequences at the N terminal. The
conserved domain of OBPs, namely GOBP family, has 6 conserved cysteines, and these 6 cysteines form
three disulfide bonds, and the bond formation rules are Cys1-Cys4, Cys2-Cys5 and Cys3-Cys6. Among the
6 predicted amino acid sequences, except AnilOBP83, the remaining AnilOBPs all have intact conserved
domains. Specifically, the cysteine spacing pattern between amino acid 24 and 138 of AnilOBP2 is C1-X26-
C2-X3-C3-X39-C4-X12-C5-X8-C6 (X means any amino acid); The cysteine spacing pattern of AnilOBP9
was C1-X29-C2-X3-C3-X18-C4-X22-C5-X11-C6 between amino acids at amino acid positions 22 to 130. The
cysteine spacing pattern of AnilOBP26 was C1-X27-C2-X3-C3-X39-C4-X8-C5-X8-C6 between amino acid
sites 19 and 131. The cysteine spacing pattern of AnilOBP56 was C1-X27-C2-X3-C3-X38-C4-X8-C5-X8-C6
between amino acid positions 15 and 125. The cysteine spacing pattern of AnilOBP83 was C1-X1-C2-X1-C3-
X41-C4-X9-C5-X8-C6 between amino acid positions 1 and 95. The predicted three-dimensional structures of
the five AnilOBPs proteins were all OBP proteins, which were mainly composed of α helix structure (Figure
3A-E).

The ORF of AnilCSP5 and AnilCSP6 have 234 and 483 bases, encoding 77 and 160 amino acids, with the
molecular weights of 8.76 kD and 18.89 kD, respectively. The isoelectric points of AnilCSP5 and AnilCSP6
are alkalic and hydrophilic proteins. There are 29 amino acid residues at the N terminal of AnilCSP5, which
are signal peptide sequences, while AnilCSP6 is not annotated to signal peptide. The conserved domain
of CSPs, insect pheromone-binding family A10/OS-D, consists of four conserved cysteines sites (Wanner et
al., 2004), forming two disulfide bonds. The conserved domains of two AnilCSPs were predicted by Pfam.
The conserved domains of AnilCSP5 were between amino acids 4 and 63, but not complete. The conserved
domain of AnilCSP6 was located between amino acids 26 and 115, and the cysteine spacing pattern was
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. C1-X6-C2-X18-C3-X2-C4. The predicted three-dimensional structure of the two AnilCSPs were consistent
with the CSP proteins, which were mainly composed of α helix structure (Figure 3F-G).

The ORF of AnilNPC2 has 465 bases and encodes 154 amino acids, and the molecular weight of AnilNPC2
is 17.07 kD. The isoelectric point of AnilNPC2 is 8.51, and is a hydrophobic protein. The conserved domain
prediction results showed that it belonged to the lipid binding protein family and possessed the ML domain
(MD-2-related lipid recognition domain), which was located between amino acids 19 and 153, and had 6
conserved cysteines. The cysteine spacing pattern was C1-X15-C2-X4-C3-X46-C4-X12-C5-X39-C6. The
three-dimensional structure of AnilNPC2 protein is mainly composed of β folds (Figure 3H).

3.5. Phylogenetic analysis of olfactory binding proteins

In order to understand the differences and similarities between the amino acid sequences of the olfactory
binding proteins of A. nilaparvatae and its related species, three evolutionary trees, OBPs of 9 species
(Figure 4), CSPs of 9 species (Figure 5) and NPC2s of 11 species (Figure 6) were constructed according
to the Neighbor-joining (NJ) method. The results show that AnilOBP2 in A. nilaparvatae is a clade with
MpulOBP7 and MuplOBP12 (Meteorus pulchricornis ), and then a clade with AnilOBP9; AnilOBP83
with NvitOBP83 (Nasonia vitripennis ), AnilOBP26 with NvitOBP26, and AnilOBP56 with AbamOBP48
(Aenasius Bambawalei ) are merged into one branch. The homology between AnilOBP2 and AnilOBP9 is
closer than that of other AnilOBPs. AnilCSP5 in A. nilaparvatae is far from other CSPs; AnilCSP6 is a
clade with AmelCSP5 (Apis mellifera ) and AcerCSP2 (Apis ceran ), and then a clade with MpulCSP6
(Meteorus pulchricornis ). AnilNPC2 in A. nilaparvatae is a clade with CsolNPC2b (Ceratosolen solmsi ),
TpreNPC2(Trichogramma pretiosum) and NvitNPC2a (Nasonia vitripennis ) belonged to the same clade,
but AnilNPC2 was far from the others.

3.6. Expression of olfactory binding protein genes response to β-caryophyllene

In order to understand the expression response of olfactory binding proteins to plant volatilization stimu-
lation, we used β-caryophyllene, a volatile substance that can attract A. nilaparvatae as the stimulus, to
compare the changes of the expression levels of eight olfactory binding proteins. The results showed that the
relative expression levels ofAnilOBP2 , AnilOBP26 , AnilOBP56 , AnilOBP83 ,AnilCSP5 and AnilNPC2
were not significantly different, while AnilOBP9 was significantly decreased and AnilCSP6 was significantly
increased in response to β-caryophylene stimulation (Figure 7).

3.7. Expression of olfactory binding protein genes in different Genders

In order to understand the expression pattern of olfactory binding proteins in A. nilaparvatae between
male and female, we quantified the differences in the expression levels of 8 genes between male and female.
The results showed that there was no significant difference in the relative expression levels of AnilOBP2
andAnilOBP56 between male and female wasps. The relative expression levels of AnilOBP9 , AnilOBP26
, AnilOBP83 ,AnilCSP5 and AnilNPC2 in male were significantly higher than that in female. By contrast,
the relative expression level ofAnilCSP6 in female was significantly higher than that in male (Figure 8).

Discussion

In this study, a full-length transcriptome database of A. nilaparvatae , an important natural enemy of rice
planthopper, was constructed. A total of 10,405,444 reads with an average length of 695.59 bp were obtained
by Nanopore sequencing. Compared to 4,3657748 reads with an average quality of 35.88 bp were obtained
by Illumina sequencing, Nanopore transcriptome sequencing technology can obtain more data, and the read
length is longer, indicating the unique advantages of Nanopore in identifying gene sequences. However, the
third-generation sequencing platform has the disadvantage of high single base error rate. In order to improve
the base accuracy, the sequencing data of Illumina was combined with the correction of Nanopore sequencing
data, and 224,251 reads with an average length of 729.49 bp were finally obtained. This is the first time that
third-generation transcriptome sequencing has been used in parasitic wasps.

By comparing the obtained unigenes with NT, NR, Uni-Prot and other public databases, 501179 items of
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. annotation information were obtained successfully. In the NR database, the sequence of A. nilaparvataeis
high similar with C. solmsi , but the transcription sequence annotation amount was low and the similarity
degree of most sequences was lower than 60%, which provided reference for the subsequent data mining of
A. nilaparvatae . A large number of unigenes remain to be annotated in the full-length transcripts. The
main reason is that the annotation information of transcriptome is derived from known insect genes, while
the genomes of parasitoid wasps are less studied (Branstetter et al., 2018).

Based on the annotated full-length transcriptome data, eight olfactory binding protein genes were obtained
by keyword Screening and sequence alignment, including five OBP s,AnilOBP2 , AnilOBP9 , AnilOBP26
, AnilOBP56 , and AnilOBP83 , two CSP s, AnilCSP5 andAnilCSP6 and one NPC2 , AnilNPC2 . The
transcripts of this study annotated a small number of olfactory binding protein genes, because, as mentioned
above, there has not been a report on the genomic information of A. nilaparvatae , so there is too little
annotated information available. On the other hand, olfactory binding protein share low conservatism, for
example, OBPs only share on average 10–15% of their residues between species, and CSPs often share 40–
50% identical residues between orthologues from phylogenetically distant species (Pelosi et al., 2006; Wang
et al., 2019). Finally, the number of genes encoding in insects for olfactory binding protein is highly variable
among species, ranging from 12 to about 100 for OBPs and from 4 to 70 for CSPs (Vieira et al., 2012; Pelosi
et al., 2014; Qi et al., 2015; Zhou et al., 2015).

Structure and function of proteins correspond, so analyzing the structure of a protein can help predict its
function. To data, the structures of more than 20 OBPs have been solved by X-ray crystallography and/or
nuclear magnetic resonance (NMR) spectroscopy, some also complexed with ligands (Brito et al., 2016), and
the structures of three CSPs are available (Lartigue et al., 2002; Tomaselli et al., 2006; Jansen et al., 2007;
Pelosi et al., 2018), which are all spherical structures based on α-helices. By contrast, only one structure of
NPC2 was analyzed inCamponotus japonicus among insects (Ishida et al., 2014), which is spherical structures
based on β-folded. Now, the three-dimensional structure of proteins could be predicted by software based
on its amino acid sequence, so as to analyze the spatial conception of the protein and predict its possible
function. In our study, after sequence alignment and conserved domain prediction, the eight proteins were
identified as the typical characteristics of OBPs, CSPs and NPC2s in insects. The predicted of AnilOBPs
and AnilCSPs are spherical structures formed by α-helices, and AnilNPC2 are spherical structures formed by
β-folded which is similar to that of CjapNPC2 in C. japonicus (Ishida et al., 2014). Except for AnilOBP83
and AnilCSP6, the other six proteins all contained N-terminal signal peptides, which are predicted to have
the function of information binding and transport.

Phylogenetic analysis is helpful to discover the evolutionary relationships of proteins and analyze the ho-
mology of species. By evolutionary tree analysis, we found the evolutionary distance of olfactory binding
protein genes is far to other insects in Hymenoptera, and they are relatively independent even within the
same species. The possible reason is that both OBPs and CSPs seem to have undergone much duplication
and differentiation in Hexapoda during evolution (Pelosi et al., 2014), and NPC2s seems earlier than OBPs
and CSPs in arthropods (Vizueta et al., 2020). There is low conservatism of olfactory binding protein genes
( Pelosi et al., 2006; Wang et al., 2019).

The expression profiles of olfactory binding proteins in parasitic wasps correspond to their biological func-
tions. Therefore, the study of olfactory binding protein expression profiles at different levels is helpful to
promote the understanding of olfactory system in parasitic wasps at the molecular level. β-caryophyllene is
a volatile released by rice to attract A. nilaparvatae seaching eggs of rice planthopper when rice is infested
by rice planthoppers (Lou et al., 2005) and behavioral experiments have also shown that β-caryophyllene is
attractive to rice planthopper wasps (Xiao et al., 2012). The expression levels of AnilOBP9 andAnilCSP6
in female responded significantly to the stimulation of β-caryophylene, in which the expression of AnilOBP9
decreased significantly, and the expression ofAnilCSP6 increased significantly, suggesting that AnilOBP9 and
AnilCSP6 may have the function of sensing the stimulation of β-caryophylene.

At the same time, the expression of olfactory binding protein genes also showed some gender differences.
Except for AnilOBP2 andAnilOBP56 , the expression of other genes was different between male and female.
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. The expression level of AnilCSP6 in female was significantly higher than that in male, with the high ex-
pression stimulated by β-caryophylene, speculating that AnilCSP6 may play an important role in the host
searching in A. nilaparvataefemales. The differences were common in other parasitoid wasps. For example,
the expression levels of two genes of MmedNPC2 in male were both higher than that in female (Zheng et
al., 2018), suggesting that MmedNPC2 in M.mediator may play a role in the perception of plant volatiles.
AnilOBP9 , AnilOBP26 ,AnilOBP83 , AnilCSP5 and AnilNPC2 were expressed higher in males than in
females, we speculated that these genes may encode proteins involved in sexspecific behaviors, including se-
lectively sensing and transporting sex pheromones released by females in the process of molecular recognition
and searching for suitable mates. A pattern found in other insects, such as Locusta migratoria , where males
have a lot of CSPs in their genitals, the high abundance of LmigCSP91 could well bind α-naphthalonitrile
and β-naphthalonitrile (Ban et al., 2013; Zhou et al., 2013), and in Adelphocoris suturalisJakovlev, AsutCSP1
was expressed higher in the male antennae than in the female antennae (Cui et al., 2017).

Conclusion

In this study, the first high-quality full-length transcriptome database of A. nilaparvatae was constructed.
This study provides key data for understanding the complexity of the transcriptome of A. nilaparvatae and
the sequence and functional annotation information of the subsequent complete reference genome. The
molecular characteristics of olfactory binding proteins in A. nilaparvatae were further revealed. Eight ol-
factory binding proteins were screened and identified, and their structures and phylogenetics analysis were
conducted. It was speculated that AnilCSP6 might be raleted to the host reaching in female by RT-qPCR,
while the specific functions still need to be further studied.
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Table 1 Statistical results of transcriptome sequencing of Anagrus nilaparvatae

Length range Raw data Polished

200-700 7506513(72.24 %) 151454(67.79 %)
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. Length range Raw data Polished

700-1200 1438724(13.66 %) 37465(16.52 %)
1200-1700 705180(6.7 %) 17363(7.66 %)
1700-2200 429750(4.08 %) 9262(4.08 %)
2200-2700 169499(1.61 %) 4491(1.98 %)
2700+ 141574(1.36 %) 3369(1.51 %)
Number of contig 10405444 224251
Large contig(>=1000bp) 1882079 46207
N50 length(bp) 880 998
Mean contig length(bp) 695.59 729.49

Note: Length range: The Length range of the transcript; Raw data: Nanopore transcriptome sequencing
data; Polished: Unigenes obtained from the transcriptome sequencing data after being corrected by Illumina;
Number of contig: Number of effective reads; Large contig(>=1000 bp) : Number of reads longer than 1000
bp; N50 Length (bp): Sent the obtained unigene in order of length from large to small, and successively add
up the length of unigenes until the length is no less than 50% of the total length; Mean Contig Length (bp)
: Mean length of unigenes.

Table 2 Unigenes annotated in different databases

Database Query number Percentage Target number

KEGG 73529 32.79 % 10177
NR 82111 36.62 % 20983
NT 142990 63.76 % 12157
Pfam 22482 10.03 % 3040
TF 6324 2.82 % 192
Uni-prot 84735 37.79 % 17760
GO 89008 39.69 % 12017

Note: Database: Name of Database; Query number: Unigenes number; Percentage: Percentage of unigenes
compared to the database; Target number: Number of sequences match in the database.

Table 3 List of olfactory binding protein genes alignment of

Anagrus nilaparvatae

Gene name Homology search with known protein Homology search with known protein Homology search with known protein Homology search with known protein Homology search with known protein

Scientific name E-value Identity Score Protein ID
AnilOBP2 Trichogramma dendrolimi 6E-73 78.63 % 225 ANG08492.1
AnilOBP9 Apis mellifera 0.001 26.61 % 47 NP 001035315.1
AnilOBP26 Nasonia vitripennis 2.20E-20 43.91 % 105.1 G8B1N1 NASVI
AnilOBP56 Nylanderia fulva 2E-28 42.86 % 111 XP 029157120.1
AnilOBP83 Nasonia vitripennis 1E-32 45.63 % 121 XP 016842824.1
AnilCSP5 Trichogramma dendrolimi 2E-20 69.49 % 88.6 ANG08519.1
AnilCSP6 Apis mellifera 4.10E-09 30.68 % 66.6 NP 001071287
AnilNPC2 Trichogramma pretiosum 9E-45 52.32 % 154 XP 014228936.1

Table 4 Characteristic of eight olfactory binding proteins of
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. Anagrus nilaparvatae

Gene name
ORF length
(nt)

Protein length
(aa)

Molecular
weigth (Da) pI

Grand average
of
hydropathicity
(GRAVY) Signal peptide

AnilOBP2 441 146 16542.92 4.74 -0.049 N’(19aa)
AnilOBP9 431 132 15272.52 5.64 -0.573 N’(21aa)
AnilOBP26 420 139 15859.42 8.96 0.631 N’(16aa)
AnilOBP56 396 131 13948.57 8.17 0.037 N’(16aa)
AnilOBP83 312 103 11556.32 4.78 -0.206 -
AnilCSP5 234 77 8760.29 9.05 -0.375 N’(29aa)
AnilCSP6 483 160 18896.61 9.61 -0.838 -
AnilNPC2 465 154 17070.87 8.51 0.185 N’(19aa)
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