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Abstract: The invasion of Vespa velutina presents a great threat to the agriculture economy, the
ecological environment, and human health. An effective strategy for this hornet control is urgently
required, but the limited genome information of Vespa velutina restricts the application of molecular-
genomic tools for targeted hornet management. Therefore, we conducted large-scale transcriptome
profiling of the hornet brain to obtain functional target genes and molecular markers. Using an
[Nlumina HiSeq platform, more than 41 million clean reads were obtained and de novo assembled
into 182,087 meaningful unigenes. A total of 56,400 unigenes were annotated against publicly
available protein sequence databases and a set of reliable Simple Sequence Repeats (SSRs) and
Single Nucleotide Polymorphisms (SNP) markers were developed. The homologous genes
encoding crucial behavior regulation factors, odorant binding proteins (OBPs), and vitellogenin,
were also identified from highly expressed transcripts. This study provides abundant molecular
targets and markers for invasive hornet control and further promotes the genetic and molecular
study of Vespa velutina.
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1. Introduction

The yellow-legged hornet, Vespa velutina, is a damaging invader that causes negative ecological,
economic, and social impacts [1]. This hornet originates from Asia and has made rapid and high-
profile invasions since its introduction into Europe [2]. As an efficient predator of beneficial insects,
such as the western honeybee, the hornet induces considerable damage to agribusiness by impacting
pollination and apicultural [1]. Moreover, hornets represent a potential threat to biodiversity due to
their overlapping ecological niches [3,4]. In addition, the severe immediate allergic reactions caused
by hornet sting has long been recognized as a life-threatening risk for human health [5,6].

At present, the management of the threat posed by hornets largely relies on nest destruction or
traps. Many kinds of techniques are currently being used to locate hornet nests, including harmonic
radar [7-9] and radio-telemetry [10]. Several groups have been working on the identification of sex
pheromones [11-13] and chemicals [14] to develop specific traps. Hornet behavior [4,15-17] and
olfactory systems [13,18,19] are areas of active research for developing control strategies, but little is
known about the molecular level characteristics of Vespa velutina. Although molecular markers, such
as mitochondrial DNA sequences [20-22] and microsatellites [23], have already been used to identify
Vespa velutina samples [24] and define their distribution area [25,26], molecular-genomic tools are
rarely used for hornet control. The key design points for molecular-genomic approaches are the
selection of target genes encoding essential proteins/enzymes of important physiological pathways
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[27]; however, the lack of genome information, functional gene annotation, and molecular markers
restricts the employment of target genes against Vespa velutina to ensure a prolonged and sufficient
incapacitation of the pest.

In the current investigation, we conducted a de novo transcriptome determination from the brain
of Vespa velutina. In this nerve center that is responsible for hornet behavior, 182,087 unigenes were
discovered and 56,400 unigenes were annotated to seven databases and assigned to a multitude of
important physiological pathways. We also identified genes encoding proteins homologous to
odorant binding proteins (OBPs) and vitellogenin (Vg), which play vital roles in various behaviors
[28-30]. These data provide abundant targets of functional genes, and more than 100 million Simple
Sequence Repeats (SSRs) and Single Nucleotide Polymorphisms (SNPs) were explored as marker
resources for investigation of Vespa velutina. Our study improved the genomic knowledge of Vespa
velutina at the transcriptomic level, and it provides genetic information and molecular targets for
invasion control of Vespa velutina.

2. Materials and Methods

2.1. Sampling and RNA Extraction

Vespa velutina specimens were captured near honeybee hives when hornets were hunting. All
the hornet samples were collected at the same site in Hangzhou, China. The hornets were
anaesthetized in ice-cold water, and the brains were subsequently dissected, followed by immersion
in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Six sample were collected with a single brain per
sample. Total RNA from each sample was extracted using TRIzol reagent (Invitrogen). The RNA
quality was analysed using a NanoPhotometer spectrophotometer (IMPLEN, Westlake Village, CA,
USA) to assess the RNA purity, and the RNA Nano 6000 Assay Kit for the Agilent Bioanalyzer 2100
System (Agilent Technologies, Santa Clara, CA, USA) was used to assess RNA integrity.

2.2. cDNA Library Construction and Illumina Sequencing

The sequencing libraries were generated using the NEB Next Ultra RNA Library Prep Kit for
Nlumina (NEB, Ipswich, MA, USA) according to the manufacturer’s instructions. Briefly, the mRNA
was purified from total RNA using poly-T oligo-attached magnetic beads. Subsequently, short
fragments of the enriched mRNA were generated and reverse transcribed into cDNA using the
PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa, Beijing, China). These cDNA fragments were
subjected to end repair and ligation with Illumina adapters. A total of six libraries with an insert size
of 200 bp were constructed, and the library quality was assessed using the Agilent Bioanalyzer 2100
System. After cluster generation, the library preparations were sequenced on an Illumina HiSeq
platform, and paired-end reads were generated.

2.3. De novo Assembly and Annotation

Transcriptome de novo assembly was performed using Trinity Software [31] with the
min_kmer_cov set to 2, k-mer value of 25 and all default parameters. Quality of the assemblies was
assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO) software v3.0.2 [32,33]
against the metazoa_odb9 dataset [33]. To run BUSCO, the programs ncbi-blast-2.7.1 and hmmer-
3.1b2. were used. The sequences were annotated using a series of sequential BLAST searches
designed to identify the most descriptive reads. The database, software, and parameters used in
annotation are listed in Supplementary Table S1.

2.4. Detection of SSR, SNP Markers

Picard-tools v1.41 and samtools v0.1.18 were used to sort, remove duplicated reads, and merge
the bam alignment results of each sample. GATK2 software was used to perform SNP calling. Raw
vcf files were filtered with the GATK standard filter method and other parameters
(clusterWindowSize: 10; MQO = 4 and (MQO0/(1.0*DP)) > 0.1; QUAL < 10; QUAL < 30.0 or QD < 5.0 or
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HRun > 5), and only SNPs with distance > 5 were retained. SSR of the transcriptome were identified
using MISA (microsatellite identification tool) [34], and primers for each SSR were designed using
Primer3 [35].

2.5. Phylogenetic Analysis and Quantification of Gene Expression Levels

The amino acid sequences of VvOBP1-4, VvOr1-2, VvVgl-4, and VvVgr were used as queries to
search for their homologous proteins using protein BLAST. The amino acid sequences were aligned
with multiple sequence alignment Clustal Omega Web Services [36] with default parameter. Bayesian
phylogenetic trees were constructed by MrBayes v3.2.7a [37] with mutation rate distribution model
“Invgamma” and 1,000,000 generations analysis. The final phylogenetic tree was display by FigTree
v1.4.4 [38] according to tree display recommendation within manual of MrBayes. Gene expression
levels were estimated by RSEM (RN A-seq by expectation maximization) for each sample. Clean data
were mapped back onto the assembled transcriptome and read count for each gene was obtained
from the mapping results.

3. Results

3.1. Sequencing and de novo Assembly of Vespa Velutina Transcriptomes

Six Vespa velutina samples were used for Illumina sequencing with a single brain per sample.
More than 47 million raw reads were generated for each of the six samples, totaling approximately 7
Gb of data. After adapter trimming and quality filtering, we obtained more than 41 million clean
reads, with more than 91% of all bases having Phred (Q) scores higher than 30, and GC percent ranged
from 37.34 % to 38.03 %. (Table S2). The clean reads were then de novo assembled by Trinity method
using k-mer values of 25 (default). As shown in the Trinity dataset (Table S3: Additional file 1),
208,274 transcripts were obtained as reference sequence (Table S5). The longest of transcripts
belonged to the same gene (generally the appropriate representative of the gene) is chosen as unigene
(Table S4: Additional file 2), and 182,087 unigenes were consequently generated (Table S5). These
transcripts and unigenes ranged in size from 201 to 26,255 bp, with an average size of 675 bp and 486
bp, respectively (Table S5). The N50 was recorded as 1,315 and 522 for transcripts and unigenes,
respectively (Table S5). Additionally, to evaluate the completeness of assemblies, the Benchmarking
Universal Single-Copy Orthologs (BUSCO) analysis was performed on the Trinity and unigene
datasets. The BUSCO complete scores were 99.3% and 97.3% for Trinity and Unigene, respectively,
indicating a good quality of assemblies that can be used for further analysis (Figure 1 and Table 56).

3.2. Functional Annotation

To determine comprehensive functional information of the transcripts obtained, we conducted
sequence similarity search using BLAST against seven public databases: NCBI non-redundant
protein sequences (Nr); NCBI nucleotide sequences (Nt); Protein family (PFAM); UniProtKB/Swiss-
Prot (SwissProt); Gene Ontology (GO); euKaryotic Ortholog Groups (KOG); and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. In total, 182,087 unigenes were successfully
annotated to all the databases with the annotation ratios varying from 8.33% to 19.94% (Figure 2a, b).
Significantly, 30.97% of the annotated unigenes were matched to at least one database, and 4.54% of
the annotated unigenes were commonly annotated in all seven databases (Figure 2b). A Venn
diagram showed that 6.06% of the annotated unigenes were commonly mapped to the five major
databases, including Nr, Nt, PFAM, KOG, and GO (Figure 1c). Due to the limited data for the Vespa
velutina genome, a large amount of unigenes were uncharacterized, but these results provide
resources for further gene identification in Vespa velutina. The annotation data were shown in
Additional files 3-9 (Table S7-513).



Insects 2020, 11, 101 4 of 15

. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)

. Missing (M)

Fragmented (F)

Trinity fasta

unigene fasta

I I | | I I
0 20 40 60 80 100

BUSCO score (%)

Figure 1. Transcriptome completeness of de novo assembled Vespa velutina transcripts and unigenes
using Benchmarking Universal Single-Copy Orthologs (BUSCO).

We performed similarity identification of unigenes against the Nr database with the threshold
of E-value<le-5; the majority of the unigenes (~60%) were distributed ranging from 0 to 1e-30. The
most common E-value distribution ranged from le-15 to 1le-5 and accounted for 21.2% of unigenes
(Figure 2d). Additionally, 99.9% of unigenes were matched to sequences in the NCBI with similarities
greater than 40%, and 52.9% of unigenes were mapped with similarities greater than 80% (Figure 2e).
The BLAST results showed that Vespa velutina unigenes had similarity to a wide range of species, and
9.2% of unigenes had maximum similarity with Apis mellifera (Figure 2f).

3.3. Functional Classification in GO, KOG, and KEGG Databases

To further classify predicted functions of Vespa velutina genes, we investigated the detailed
functional classification of all the unigenes in GO, KOG, and KEGG databases. Based on sequence
homology, 33,245 unigenes were categorized into 56 functional groups in the GO database (Figure 3).
The three main categories were biological process, cellular component, and molecular function, and
they had the following occupancy: “cellular process” (18,198; 54.74% of 33,245); “cell part” (10,515;
31.63% of 33,245), and “binding” (15,543; 46.75% of 33,245) (Figure 3). In addition, a total of 17,971
unigenes were assigned appropriate KOG clusters (Figure 4). Among the 26 KOG categories, the
cluster for “general function prediction” represented the largest group (2,433; 13.54% of 17,971), and
“cell motility” (66; 0.37% of 17,971) was the smallest group (Figure 4). In total, 15,184 unigenes were
significantly matched to the KEGG database and assigned to 32 KEGG pathways (Figure 5). The
major pathways were “signal transduction” (2,197; 14.50% of 15,184), “translation” (1,969; 12.97% of
15,184), and “endocrine system” (1,345; 8.86% of 15,184) (Figure 5). The classification data was shown
in Additional files 10-12 (Table S14-516).
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Figure 2. Functional annotation of unigenes from Vespa velutina transcriptome. (a) Summary of the
annotation by the seven databases. Nr, NCBI non-redundant protein sequences; Nt, NCBI nucleotide
sequences; PFAM, Protein family; KOG, euKaryotic Ortholog Groups; SwissProt, UniProt
Knowledgebase; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; (b)

Statistics of the number of unigenes annotated by single or multiple databases; (c¢) Venn diagram for
annotations in the five databases; (d) E-value distribution of BLAST hits against the Nr database; (e)
Similarity distributions of the top BLAST hits against the Nr database; (f) Species distribution of the

top BLAST hits against the Nr database.
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Figure 4. Functional annotation and classification of unigenes from Vespa velutina transcriptome in
euKaryotic Ortholog Groups (KOG).
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Figure 5. Functional annotation and classification of unigenes from Vespa velutina transcriptome in
Kyoto Encyclopedia of Genes and Genomes (KEGG). Five categories were observed: A, cellular
processes; B, environmental information processing; C, genetic information processing; D,
metabolism; and E, organismal systems.

3.4. Development of SSR and SNP Markers

In total, 105,097 SSRs were obtained from 182,087 unigenes (88,549,722 bp) assembled from the
Vespa velutina transcriptome (Table S17: Additional file 13). A total of 22,624 unigene sequences
contained more than one SSR, and 5783 SSRs were present in compound form. As shown in Table
518 and Figure 6a, the dinucleotide repeat motif was the most abundant, accounting for 44.45% of the
SSRs, followed by the mononucleotide (41.37%) and trinucleotide (11.07%) repeat motifs. We detected
the frequencies of the classified SSR motifs, and found that the A/T motif was the most abundant
(40.76%), followed by the AG/CT (30.43%) and the AT/TA motif (9.47%) (Figure 6b). In the A/T type,
ten tandem iterations accounted for the highest frequency, while the AG/CT motif with eight tandem
iterations was found to be the most common (Figure 6b). Subsequently, pairs of primers could be
designed for 13,602 SSR loci using Primer 3 (v.2.3.5) software with default parameters, and three pairs
of primers were designed for each SSR loci. The detail information of primers was provided in
Additional file 14 (Table S19).

In total, 12,9387 SNPs were discovered, among them, about 30% within CDS and ~70% lie in
untranslated regions (Tables S20 and 521). Of these SNPs, approximately 20% were synonymous
mutants while approximately 7% were nonsynonymous mutants (Tables 520 and S21). The numbers
of transition (Ts) and transversion (Tv) type SNPs were 97,471 (75%) and 31,916 (25%), respectively,
with a Ts/Tv ratio of 3.05 (Figure 6c). Most of the SNPs were A/G (35.76%) type followed by T/C
(39.57%) (Figure 6c¢). In the case of transversion substitution class, the frequency of occurrence of the
SNPs was as follows: T/A (8.83%) and A/C (5.67%), followed by G/T (5.62%) and G/C (4.55%) (Figure
6¢). In addition, among all the SNP-containing unigenes, about a half (53.3%) have single SNP marker,
~1.6% have more than 10 SNPs, and only one unigene contain more than 100 SNPs (Figure 6d, Table
522: Additional file 16). The highest number of SNPs (280) was found in the RNA-dependent RNA
polymerase unigene (Table S522: Additional file 16). Among the top 30 number of SNPs contained in
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a single unigene, a total of 1655 SNPs were found in 30 transcripts which were involved in
transcription regulation, DNA and RNA methylation, defense response, and oxidation-reduction
process (Table 522: Additional file 16). Two unigenes, which were all belonged to Cytochrome P450
family, contained 59 and 40 SNPs, respectively (Table 522: Additional file 16).
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Figure 6. Characterization of the Simple Sequence Repeats (SSRs) and Single Nucleotide
Polymorphisms (SNP) markers. (a) Distribution of the SSR motifs; (b) Frequencies of the classified
SSR muotifs; (c) Classification of SNPs and corresponding numbers; (d) The number of SNP-containing
unigenes with different numbers of SNPs in a single unigene.
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3.5. Identification of Potential Target Genes of OBP and Vitellogenin in the Hornet Brain

The disruption of insect behavior could suggest novel strategies for controlling this pest. Genes
encoding OBP and vitellogenin have been shown to play essential roles in regulating insect behavior
[28-30], and these genes were identified in our transcriptome data to be potential target genes. Firstly,
the gene expression levels were estimated by RSEM based on de novo transcriptome assemblies, then
putative homologs were developed from these expressed genes. In total, four OBP and two OBP
receptor genes were identified and named as VoOBPI-4 and VvOrl1-2, respectively. The bayesian
phylogenetic trees of the VVOBPs and VvOrs were constructed using six Hymenoptera species and
Drosophila melanogaster. It is demonstrated that VvOBPs were mainly clustered with OBPs from Apis
mellifera and Apis cerana (Figure 7), and VvOrl-2 were clustered with Ors from Apis cerana, Bombus
terrestris, Acromyrmex echinatior, and Camponotus floridanus (Figure S1). The expression profiles of all
VvOBP and VvOr genes measured by FPKM (fragments per kilobase million) values showed that
VvOBP2 was expressed at an extremely high level in the hornet brain, and the expression level of
VvOr2 was higher than VoOr1 and other VoOBPs (Figure 8). In total, four Vgs (VoVgI-4) and one Vg
receptor (VoVgr) were identified from the hornet transcriptome. In the phylogenetic analysis, VvVg2-
4 were clustered together and VvVgl was clustered with Drosophila melanogaster Vg (Figure 9). And
VvVgr was clustered with Vgr from bees, including Apis mellifera, Apis cerana, Melipona quadrifasciata,
and Bombus terrestris (Figure S2). VvVgl and VvVg2 were highly expressed in the hornet brain, while
VvVg3, VvVg4, and VvVgr were expressed much lower (Figure 8).
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Figure 7. Phylogenetic analysis of insect odorant binding proteins (OBPs) in the brain of Vespa velutina
and other seven insects. Vv, Vespa velutina; Am, Apis mellifera; Ac, Apis cerana; Mq, Melipona
quadrifasciata; Bt, Bombus terrestris; Ae, Acromyrmex echinatior; Cf, Camponotus floridanus; Dm,
Drosophila melanogaster.
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Figure 8. Gene expression detection of VvOBP1-4, VoVg1-4, VvOr1-2, and VoVgr in the brain of Vespa
velutina. (a) VoOBP1-4 expression level; (b) VoVgl-4 expression level; (c) Gene expression level of
VvOr1-2 and VoVgr. The y axis indicates the mean + SD of FPKM (fragments per kilobase million)
from six samples.
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Figure 9. Phylogenetic analysis of of insect vitellogenins (Vgs) in the brain of Vespa velutina and other
seven insects. Vv, Vespa velutina; Am, Apis mellifera; Ac, Apis cerana; Mq, Melipona quadrifasciata; Bt,
Bombus terrestris; Ae, Acromyrmex echinatior; Cf, Camponotus floridanus; Dm, Drosophila melanogaster.

4. Discussion

In recent years, Vespa velutina invasions have drawn sufficient attention to warrant their control
due to their worldwide negative impacts. Although methods are under development to solve the
hornet invasion problem, effective means for controlling this species have rarely been achieved. The
transcriptome data of the hornet brain in our results provides potential strategies for hornet control
at the molecular level.

It is accepted that a targeted pest management strategy is more effective than non-specific
control. The availability of targeted treatment primarily relies on the proper choice of a target gene
[39], thus our study aimed to provide transcriptome data and target gene resources. The annotation
of transcripts in our results illustrate various functional genes involved in multiple pathways,
including development, reproductive, sensory, nervous, digestive and immune system. Moreover,
the genes encoding OBPs and vitellogenin were selected from expression profiles, and these
homologs were reported to be essential in foraging, predation, social organization, and reproductive
behavior [28-30], which are potential candidates of targets in biological hornet control. Finally, the
SNP and SSR markers can be used for identification and mapping of functional genes that would be
selected as target loci.
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Molecular markers have contributed significantly to the understanding of genetic diversity,
ecology, and mapping of important genes [40]. SSR and SNP markers are gaining popularity among
researchers because of their high reproducibility, co-dominant nature, high polymorphic nature, and
their high number of alleles per locus [40]. However, the development of these markers is costly and
difficult in a species lacking genome information, such as Vespa velutina. In Vespa velutina,
mitochondrial DNA sequencing [20-22] and microsatellite-enriched libraries [23] have been
constructed and have aided the development of mtDNA and microsatellite markers used in the
detection of hornet invasion, but these molecular markers are small scale and not very suitable for
evolutionary and phylogenetic studies [41]. Our transcriptome data has provided various and
reliable marker resources on the genome-wide scale. The large SSR and SNP data sets in our study
can be used in Vespa velutina hornet control; these data can be used for DNA phenotyping
identification [42], introgression estimation [43], and dispersal analyses of invasive pest [44]. They
also can be used extend the study of Vespa velutina to evolution [45], molecular ecology [46],
polymorphism, and genetic diversity [47].

5. Conclusions

The present study represents the first transcriptome analysis for the brain of Vespa velutina. These
data has been shown to be of high quality and provides valuable resources: (1) more than 41 million
clean reads were generated in each sample and were assembled to 182,087 meaningful unigenes; (2)
56,400 unigenes were annotated to seven databases and assigned to a multitude of important
physiological pathways; (3) a set of reliable SSR and SNP markers were obtained for investigation of
Vespa velutina; (4) the homologous genes encoding crucial behavior regulation factors, OBPs and
vitellogenin, were identified from highly expressed transcripts. These data collective provide
abundant functional gene targets and markers for the invasion control and molecular study of Vespa
velutina.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1. Phylogenetic
analysis of insect odorant receptors (Ors) and other seven insects, Figure S2. Phylogenetic analysis of insect
vitellogenin receptor (Vgr) and other six insects, Table S1. Database, software, and parameters used in annotation
for the Vespa velutina transcriptome, Table S2. Summary of the sequenced data for the Vespa velutina
transcriptome, Table S3. The assembled Trinity dataset, Table S4. The assembled unigene dataset, Table S5.
Summary of the de novo assembled data for the Vespa velutina transcriptome, Table S6. The results of BUSCO
analysis, Table S7. The annotation of the Vespa velutina transcriptome in Nr database, Table S8. The annotation
of the Vespa velutina transcriptome in Nt database, Table S9. The annotation of the Vespa velutina transcriptome
in PFAM database, Table S510. The annotation of the Vespa velutina transcriptome in SwissProt database, Table
S11. The annotation of the Vespa velutina transcriptome in Gene Ontology (GO) database, Table S12. The
annotation of the Vespa velutina transcriptome in euKaryotic Ortholog Groups (KOG) database, Table S13. The
annotation of the Vespa velutina transcriptome in KEGG ORTHOLOG (KO) database, Table S14. Functional
classification of unigenes from Vespa velutina transcriptome in GO, Table S15. Functional classification of
unigenes from Vespa velutina transcriptome in KOG, Table S16. Functional classification of unigenes from Vespa
velutina transcriptome in Kyoto Encyclopedia of Genes and Genomes (KEGG), Table S17. Simple sequence
repeats (SSRs) motifs and corresponding frequencies, Table S18. Distribution of SSRs among the Vespa velutina
unigenes based on the number of repeat units, Table S19. SSR primers, Table S20. Single Nucleotide
Polymorphisms (SNP) detected in the Vespa velutina transcriptome, Table S21. SNP detection among the Vespa
velutina unigenes, Table S22. SNP annotation.

Author Contributions: Conceptualization, M.W. and H.Z.; formal analysis, M.W. and H.L.; funding acquisition,
MW. and L.W.; investigation, M.\W. and H.L.; project administration, L.W.; resources, HZ. and X.X,;
visualization, L.W.; writing—original draft, M. W. and H.L.; writing—review and editing, M. W. and L.Z;; all
authors have reviewed the manuscript. All authors have read and agreed to the published version of the
manuscript.



Insects 2020, 11, 101 13 of 15

Funding: This study was funded by National Natural Science Foundation of China, grant number 31602016 and

the Agricultural Science & Technology Innovation Program (Chinese Academy of Agricultural Sciences Talent

Training Programs), grant number 20150815.

Acknowledgments: We acknowledge the Novogene Bioinformatics Institute for its assistance in original data

processing and related bioinformatics analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Turchi, L.; Derijard, B. Options for the biological and physical control of Vespa velutina nigrithorax (Hym.:
Vespidae) in Europe: A review. ]. Appl. Entomol. 2018, 142, 553-562, d0i:10.1111/jen.12515.
Rodriguez-Flores, M.S.; Seijo-Rodriguez, A.; Escuredo, O.; Seijo-Coello, M.D. Spreading of Vespa velutina
in northwestern Spain: influence of elevation and meteorological factors and effect of bait trapping on
target and non-target living organisms. J. Pest Sci. 2019, 92, 557-565, doi:10.1007/s10340-018-1042-5.
Yamasaki, K.; Takahashi, R.; Harada, R.; Matsuo, Y.; Nakamura, M.; Takahashi, J.I. Reproductive
interference by alien hornet Vespa velutina threatens the native populations of Vespa simillima in Japan.
Naturwissenschaften 2019, 106, 15, doi:10.1007/s00114-019-1609-x.

Poidatz, J.; Bressac, C.; Bonnard, O.; Thiery, D. Comparison of reproductive traits of foundresses in a native
and an invasive hornet in Europe. J. Insect Physiol. 2018, 109, 93-99, doi:10.1016/j.jinsphys.2018.07.004.
Kwon, H.O,; Kim, C.S.; Lee, Y.S.; Choi, M.B. Abundance of diet-derived polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans in the bodies and nests of the yellow-legged hornet Vespa velutina
nigrithorax and risks to human health in South Korea. Sci. Total Environ. 2019, 654, 1033-1039,
doi:10.1016/j.scitotenv.2018.11.060.

Sanchez, S.S.; Rico, M.R.L.; Arrondo, A.P.; Diaz, M.A.R.; Perez, B.V.; Vazquez, C.C. Vespa velutina and its
growing relevance in our health area. Allergy 2018, 73, 188-188.

Milanesio, D.; Saccani, M.; Maggiora, R.; Laurino, D.; Porporato, M. Recent upgrades of the harmonic radar
for the tracking of the Asian yellow-legged hornet. Ecol. Evol. 2017, 7, 4599-4606, d0i:10.1002/ece3.3053.
Maggiora, R.; Saccani, M.; Milanesio, D.; Porporato, M. An Innovative Harmonic Radar to Track Flying
Insects: the Case of Vespa velutina. Sci. Rep. 2019, 9, 11964, doi:10.1038/s41598-019-48511-8.

Milanesio, D.; Saccani, M.; Maggiora, R.; Laurino, D.; Porporato, M. Design of an harmonic radar for the
tracking of the Asian yellow-legged hornet. Ecol. Evol. 2016, 6, 2170-2178, doi:10.1002/ece3.2011.

Kennedy, P.J.; Ford, S.M.; Poidatz, J.; Thiery, D.; Osborne, J.L. Searching for nests of the invasive Asian
hornet (Vespa velutina) using radio-telemetry. Commun. Biol. 2018, 1, 88, d0i:10.1038/s42003-018-0092-9.
Wen, P.; Cheng, Y.N.; Dong, S.H.; Wang, Z.W.; Tan, K.; Nieh, J.C. The sex pheromone of a globally invasive
honey bee predator, the Asian eusocial hornet, Vespa velutina. Sci. Rep. 2017, 7, 12956, d0i:10.1038/s41598-
017-13509-7.

Gevar, J.; Bagneres, A.G.; Christides, ]J.P.; Darrouzet, E. Chemical Heterogeneity in Inbred European
Population of the Invasive Hornet Vespa velutina nigrithorax. J. Chem. Ecol. 2017, 43, 763-777,
doi:10.1007/s10886-017-0874-4.

Couto, A.; Monceau, K.; Bonnard, O.; Thiery, D.; Sandoz, J.C. Olfactory attraction of the hornet Vespa
velutina to honeybee colony odors and pheromones. PLoS One 2014, 9, 115943,
doi:10.1371/journal.pone.0115943.

Kishi, S.; Goka, K. Review of the invasive yellow-legged hornet, Vespa velutina nigrithorax (Hymenoptera:
Vespidae), in Japan and its possible chemical control. Applied Entomology and Zoology 2017, 52, 361-368,
doi:10.1007/s13355-017-0506-z.

Sauvard, D.; Imbault, V.; Darrouzet, E. Flight capacities of yellow-legged hornet (Vespa velutina
nigrithorax, Hymenoptera: Vespidae) workers from an invasive population in Europe. PLoS One 2018, 13,
€0198597, doi:10.1371/journal.pone.0198597.

Poidatz, J.; Monceau, K.; Bonnard, O.; Thiery, D. Activity rhythm and action range of workers of the
invasive hornet predator of honeybees Vespa velutina, measured by radio frequency identification tags.
Ecol. Evol. 2018, 8, 7588-7598, d0i:10.1002/ece3.4182.

Poidatz, J.; Bressac, C.; Bonnard, O.; Thiery, D. Delayed sexual maturity in males of Vespa velutina. Insect
Sci. 2018, 25, 679-689, doi:10.1111/1744-7917.12452.

Gong, Z.; Tan, K; Nieh, J.C. Hornets possess long-lasting olfactory memories. |. Exp. Biol. 2019, 222,
doi:10.1242/jeb.200881.



Insects 2020, 11, 101 14 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Couto, A,; Mitra, A.; Thiery, D.; Marion-Poll, F.; Sandoz, ].C. Hornets Have It: A Conserved Olfactory
Subsystem for Social Recognition in Hymenoptera? Front Neuroanat 2017, 11, 48,
doi:10.3389/fnana.2017.00048.

Takahashi, R.; Okuyama, H.; Minoshima, Y.N.; Takahashi, ].I. Complete mitochondrial DNA sequence of
the alien hornet Vespa velutina (Insecta: Hymenoptera) invading Kyushu Island, Japan. Mitochondrial DNA
B 2018, 3, 179-181, d0i:10.1080/23802359.2018.1437823.

Takahashi, R.; Okuyama, H.; Kiyoshi, T.; Takahashi, J. Complete mitochondrial DNA sequence of the
invasive hornet Vespa velutina (Insecta, Hymenoptera) found in Japan. Mitochondrial DNA B 2017, 2, 143—
144, doi:10.1080/23802359.2017.1289353.

Okuyama, H.; Martin, S.J.; Takahashi, J.I. Complete mitochondrial DNA sequence of the tropical hornet
Vespa affinis (Insecta, Hymenoptera). Mitochondrial DNA B 2017, 2, 776-777,
doi:10.1080/23802359.2017.1398622.

Arca, M.; Capdevielle-Dulac, C.; Villemant, C.; Mougel, F.; Arnold, G.; Silvain, J.F. Development of
microsatellite markers for the yellow-legged Asian hornet, Vespa velutina, a major threat for European
bees. Conserv. Genet. Resour. 2012, 4, 283-286, d0i:10.1007/s12686-011-9525-1.

Stainton, K.; Hall, J.; Budge, G.E.; Boonham, N.; Hodgetts, J. Rapid molecular methods for in-field and
laboratory identification of the yellow-legged Asian hornet (Vespa velutina nigrithorax). J. Appl. Entomol.
2018, 142, 610-616, doi:10.1111/jen.12506.

Granato, A.; Negrisolo, E.; Bonomi, J.; Zulian, L.; Cappa, F.; Bortolotti, L.; Mutinelli, F. Recent confirmation
of a single haplotype in the Italian population of Vespa velutina. Biol. Invasions. 2019, 21, 2811-2817,
doi:10.1007/s10530-019-02051-4.

Takahashi, ].; Okuyama, H.; Kiyoshi, T.; Takeuchi, T.; Martin, S.J. Origins of Vespa velutina hornets that
recently invaded Iki Island, Japan and Jersey Island, UK. Mitochondrial DNA A DNA Mapp. Seq. Anal. 2019,
30, 434-439, d0i:10.1080/24701394.2018.1538366.

Scott, J.G.; Michel, K.; Bartholomay, L.C.; Siegfried, B.D.; Hunter, W.B.; Smagghe, G.; Zhu, K.Y.; Douglas,
A.E. Towards the elements of successful insect RNAi. ]. Insect Physiol. 2013, 59, 1212-1221,
doi:10.1016/j.jinsphys.2013.08.014.

Xu, JW.; Zhu, X.Y.; Chao, Q.J.; Zhang, Y.J.; Yang, Y.X,; Wang, RR,; Zhang, Y.; Xie, M.Z.; Ge, Y.T.; Wu, X.L,,
et al. Chemosensory Gene Families in the Oligophagous Pear Pest Cacopsylla chinensis (Hemiptera:
Psyllidae). Insects 2019, 10, doi:10.3390/insects10060175.

Munch, D.; Ihle, K.E.; Salmela, H.; Amdam, G.V. Vitellogenin in the honey bee brain: Atypical localization
of a reproductive protein that promotes longevity. Exp. Gerontol. 2015, 71, 103-108,
doi:10.1016/j.exger.2015.08.001.

Ihle, K.E.; Page, R.E.; Frederick, K.; Fondrk, M.K.; Amdam, G.V. Genotype effect on regulation of behaviour
by vitellogenin supports reproductive origin of honeybee foraging bias. Anim. Behav. 2010, 79, 1001-1006,
doi:10.1016/j.anbehav.2010.02.009.

Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;
Raychowdhury, R.; Zeng, Q., et al. Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 2011, 29, 644-652, doi:10.1038/nbt.1883.

Simao, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: assessing genome
assembly and annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210-3212,
doi:10.1093/bioinformatics/btv351.

BUSCO software. Available online: http://busco.ezlab.org/ (accessed on 2 February 2020).

MISA software. Available online: http://pgrc.ipk-gatersleben.de/misa/misa.html (accessed on 2 February
2020).

Primer3 software. Available online: http://primer3.sourceforge.net/releases.php (accessed on 2 February
2020).

Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter,
S.C; Finn, R.D., et al. The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic. Acids Res.
2019, 47, W636-W641, doi:10.1093/nar/gkz268.

Ronquist, F.; Teslenko, M.; van der Mark, P.; Ayres, D.L.; Darling, A.; Hohna, S.; Larget, B.; Liu, L.; Suchard,
M.A.; Huelsenbeck, ]J.P. MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a
large model space. Syst. Biol. 2012, 61, 539-542, doi:10.1093/sysbio/sys029.



Insects 2020, 11, 101 15 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

FigTree v1.4.4 software. Available online: https://github.com/rambaut/figtree (accessed on 2 February
2020).

Joga, M.R,; Zotti, M.].; Smagghe, G.; Christiaens, O. RNAi Efficiency, Systemic Properties, and Novel
Delivery Methods for Pest Insect Control: What We Know So Far. Front. Physiol. 2016, 7, 553,
doi:10.3389/fphys.2016.00553.

Behura, S.K. Molecular marker systems in insects: current trends and future avenues. Mol. Ecol. 2006, 15,
3087-3113, doi:10.1111/j.1365-294X.2006.03014.x.

Hurst, G.D.D.; Jiggins, F.M. Problems with mitochondrial DNA as a marker in population,
phylogeographic and phylogenetic studies: the effects of inherited symbionts. Proc. Biol. Sci. 2005, 272,
1525-1534, doi:10.1098/rspb.2005.3056.

Mehta, B.; Daniel, R.; Phillips, C.; McNevin, D. Forensically relevant SNaPshot(A (R)) assays for human
DNA SNP analysis: a review. Int. ]. Legal. Med. 2017, 131, 21-37, doi:10.1007/s00414-016-1490-5.
Henriques, D.; Parejo, M.; Vignal, A.; Wragg, D.; Wallberg, A.; Webster, M.T.; Pinto, M.A. Developing
reduced SNP assays from whole-genome sequence data to estimate introgression in an organism with
complex genetic patterns, the Iberian honeybee (Apis mellifera iberiensis). Evol. Appl. 2018, 11, 1270-1282,
doi:10.1111/eva.12623.

Tarver, M.R.; Huang, Q.; de Guzman, L.; Rinderer, T.; Holloway, B.; Reese, J.; Weaver, D.; Evans, ].D.
Transcriptomic and functional resources for the small hive beetle Aethina tumida, a worldwide parasite of
honey bees. Genom. Data 2016, 9, 97-99, doi:10.1016/j.gdata.2016.06.003.

Guirao-Rico, S.; Gonzalez, J. Evolutionary insights from large scale resequencing datasets in Drosophila
melanogaster. Curr. Opin. Insect Sci. 2019, 31, 70-76, d0i:10.1016/j.cois.2018.11.002.

Singh, N.; Choudhury, D.R; Singh, A.K,; Kumar, S.; Srinivasan, K,; Tyagi, RK.; Singh, N.K,; Singh, R.
Comparison of SSR and SNP Markers in Estimation of Genetic Diversity and Population Structure of Indian
Rice Varieties. Plos One 2013, 8, doi:ARTN e84136

10.1371/journal.pone.0084136.

Ismail, N.A ; Rafii, M.Y.; Mahmud, T.M.M.; Hanafi, M.M.; Miah, G. Molecular markers: a potential resource
for ginger genetic diversity studies. Mol. Biol. Rep. 2016, 43, 1347-1358, doi:10.1007/s11033-016-4070-3.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Materials and Methods
	2.1. Sampling and RNA Extraction
	2.2. cDNA Library Construction and Illumina Sequencing
	2.3. De novo Assembly and Annotation
	2.4. Detection of SSR, SNP Markers
	2.5. Phylogenetic Analysis and Quantification of Gene Expression Levels

	3. Results
	3.1. Sequencing and de novo Assembly of Vespa Velutina Transcriptomes
	3.2. Functional Annotation
	3.3. Functional Classification in GO, KOG, and KEGG Databases
	3.4. Development of SSR and SNP Markers
	3.5. Identification of Potential Target Genes of OBP and Vitellogenin in the Hornet Brain

	4. Discussion
	5. Conclusions
	References

