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Abstract

Cylas formicarius is one of the most important pests of sweet potato worldwide, causing considerable ecological and economic

damage. To improve the effect of comprehensive management and understanding of genetic mechanisms, the genetic functions of

C. formicarius have been the subject of intensive study. Using Illumina and PacBio sequencing, we obtained a chromosome-level

genome assembly of adult weevils from lines inbred for 15 generations. The high-quality assembly obtained had a size of 338.84

Mb, with contig and scaffold N50 values of 14.97 Mb and 34.23 Mb, respectively. In total, 157.51 Mb of repeat sequences and

11,907 protein-coding genes were predicted. A total of 337.06 Mb of genomic sequences was located on the 11 chromosomes,

and the sequence length that could be used to determine the sequence and direction accounted for 99.03% of the total length of

the associated chromosome. Comparative genomic analysis showed that C. formicarius was sister to Dendroctonus ponderosae,

and C. formicarius diverged from D. ponderosae approximately 138.89 million years ago (Mya). Many important gene families

that were expanded in the C. formicarius genome were involved in the chemosensory system. In an in-depth study, the binding

assay results indicated that CforOBP4-6 had strong binding affinities for sex pheromones and other ligands. Overall, the

high-quality C. formicarius genome provides a valuable resource to reveal the molecular ecological basis, genetic mechanism

and evolutionary process of major agricultural pests, deepen the understanding of environmental adaptability and apparent

plasticity, and provide new ideas and new technologies for ecologically sustainable pest control.
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Abstract

Cylas formicarius is one of the most important pests of sweet potato worldwide, causing considerable eco-
logical and economic damage. To improve the effect of comprehensive management and understanding of
genetic mechanisms, the genetic functions of C .formicarius have been the subject of intensive study. Using
Illumina and PacBio sequencing, we obtained a chromosome-level genome assembly of adult weevils from
lines inbred for 15 generations. The high-quality assembly obtained had a size of 338.84 Mb, with contig
and scaffold N50 values of 14.97 Mb and 34.23 Mb, respectively. In total, 157.51 Mb of repeat sequences
and 11,907 protein-coding genes were predicted. A total of 337.06 Mb of genomic sequences was located
on the 11 chromosomes, and the sequence length that could be used to determine the sequence and direc-
tion accounted for 99.03% of the total length of the associated chromosome. Comparative genomic analysis
showed that C . formicarius was sister toDendroctonus ponderosae , and C . formicariusdiverged from D
. ponderosae approximately 138.89 million years ago (Mya). Many important gene families that were ex-
panded in theC . formicarius genome were involved in the chemosensory system. In an in-depth study,
the binding assay results indicated that CforOBP4-6 had strong binding affinities for sex pheromones and
other ligands. Overall, the high-quality C. formicarius genome provides a valuable resource to reveal the
molecular ecological basis, genetic mechanism and evolutionary process of major agricultural pests, deepen
the understanding of environmental adaptability and apparent plasticity, and provide new ideas and new
technologies for ecologically sustainable pest control.

Keywords

Cylas formicarius , PacBio, Hi-C, chromosome-level genome, functional annotation, odorant binding proteins

1 |Introduction

Brentidae, members of which are also called primitive weevils,includes over 11,000 described extant species,
including many of the world’s insect pest species (https://bugguide.net/node/view/15740) (Bouchard et
al., 2011; Gunter, Oberprieler, & Cameron, 2016; Schon & Skuhrovec, 2016). Weevils are responsible
for substantial damage to food and cash crops, causing severe reduction in crop yields and considerable
economic loss (Christiaens et al., 2016; Hardee, Jones, & Adams, 1999; Industry, 2016; Kyereko, Hongbo,
Amoanimaa-Dede, Meiwei, & Yeboah, 2019). Sweet potato weevil (SPW),Cylas formicarius (Fabricius)
(Coleoptera: Brentidae), is a major destructive pest that causes drastic yield decline, resulting in a loss
of millions of dollars annually. Although olfaction-based strategies have been used to prevent and control
infestations of the sweet potato weevil as part of integrated pest management (IPM) programmes (Coffelt,
Vick, Sower, & Mcclellan, 1978; Heath et al., 1986), they exhibit a unique ability to damage sweet potato
throughout tropical and subtropical regions of the world (Kyereko et al. , 2019). To provide a wealth of
information to improve the effect of comprehensive management and understand the molecular ecology and
evolution of this species, the genetic functions of C. formicarius have been the subject of intensive study.
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. Sweet potato (Ipomoea batatas [L.] Lam), the seventh most important crop in the world and the fourth most
significant crop in China (Food and Agriculture Organization of the United Nations), is an important source
of calories, proteins, vitamins and minerals for humans (J. Yang et al., 2017). Sweet potato has immense
potential to play a major role in human nutrition, food security, and poverty alleviation in developing
countries (Bovell-Benjamin, 2007). C . formicarius is the major destructive pest of sweet potato throughout
Africa, Asia, the Pacific islands, the Caribbean, USA, Venezuela and Guyana (Hiroyoshi, Kohama, & Reddy,
2016; Kyerekoet al. , 2019) and has been found in higher-latitude areas as well (Korada & Mukherjee, 2012).
AlthoughC. formicarius prefers sweet potato, more than 30 species ofIpomoea and other genera have been
recorded as its host plants (McConnell & Hossner, 1991; Sutherland, 1986). In southern China (Jiangsu,
Zhejiang, Jiangxi, Hunan, Fujian, Guizhou, Sichuan, Yunnan, Guangxi, Guangdong, Hainan and Taiwan), C
. formicarius can produce several generations per year and overwinter in storage or in open fields (Ma, Wang,
Li, Gao, & Chen, 2016) After originating in the Indian subcontinent approximately 80-100 million years ago
(Mya) (Wolfe, 1991), C . formicariusfirst became associated with sweet potato, which originated in or near
northwestern South America, at the beginning of the sixteenth century (Austin, 1988). C . formicarius was
first described in 1792-1794 by Fabricius from Trenquebar (India), and it was first reported as an economic
pest in 1857 (Cockerham, Deen, Christian, & Newsom, 1954). Over the course of 150 years of research, many
studies on C . formicarius management and control have been carried out, including studies on agricultural
measures, chemical and biological control, host plant resistance, insect sterilization techniques and IPM.

Furthermore, the sex pheromone of C. formicarius , (Z)-3-dodecen-1-yl (E)-2-butenoate, was first extracted
in 1978 (Coffeltet al. , 1978), and the bioactivity of the synthetic compound was tested in both laboratory and
field experiments in 1986 (Heath et al. , 1986). Olfaction-based approaches, using synthetic sex pheromones
to monitor and interfere with the pests’ ability to find suitable mates, have been used successfully in “push-
pull” control strategies (Hlerema, Laurie, & Eiasu, 2017). However, becauseC. formicarius populations
have overlapping generations and because these insects are active throughout the year, have unknown larval
feeding behaviour, fly short distances, and are mainly nocturnal as adults, there are no effective control
strategies for application in the production of sweet potato (Kyereko et al. , 2019). Generally, in quarantine
areas worldwide, C. formicariuscauses extensive loss of sweet potato (Kyereko et al. , 2019; Ondiaka,
Maniania, Nyamasyo, & Nderitu, 2008). Thus, there is an urgent need to develop alternative pest control
methods. So far, the development of different but related gene expression patterns has been reported based
on transcriptome analysis (Bin, Qu, Pu, Wu, & Lin, 2017; Ma et al. , 2016); however, genomic research on
C . formicarius , including on the mechanism of environmental adaptation and the molecular mechanism of
olfactory recognition, has been very limited.

In the present study, we report a chromosome-level genome assembly ofC .formicarius using Illumina paired-
end (PE) sequencing, Pacific Biosciences (PacBio) long reads and High-throughput chromosome conforma-
tion capture technology (Hi-C) chromatin interaction maps. The high-quality genome sequence will provide
a strong foundation for the biological study of C . formicarius , which will advance the knowledge of the
mechanisms of molecular evolution, host-plant specialization, ecological adaptation and innovative pest con-
trol.

2 | Materials and Methods

2.1 | Insects

C .formicarius(NCBI Taxonomy ID: 2611,543) (Figure 1) was collected from Nanning, Guangxi, China,
followed by 15 generations of single-pair mating with fresh sweet potato roots at a temperature of 27±1
°C under 60±5% relative humidity (RH) and a 16:8 h light-dark (L:D) photoperiod at the School of Life
Sciences, Jiangsu Normal University.

2.2 |Genome sequencing

High-molecular-weight genomic DNA was isolated from approximately 400 male and female weevils using a
TreliefTM Animal Genomic DNA Kit (TsingKe, China), and the DNA quality and quantity was assessed
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) and a Qubit(r) 3.0 Fluorometer

3
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. (Invitrogen, USA). The extracted DNA was then used to construct Illumina libraries and PacBio RSII
libraries. PE genomic libraries with an insertion length of 270 bp were constructed and sequenced on an
Illumina HiSeq X Ten platform (Illumina, USA) according to the Illumina TruSeq Nano DNA Library Prep
Kit; a total of 27.64 Gb of raw data of PE sequences (2 x 150 bp) forC. formicarius were obtained. For long-
read sequencing, single molecule real-time (SMRT) cell 20-kb DNA libraries were constructed on a PacBio
Sequel sequencer (Pacific Biosciences, Menlo Park, CA, USA) according to the standard PacBio protocol; one
movie of the SMRT cells was acquired at Biomarker Technologies Corporation (Beijing, China). The original
data were subjected to strict quality control before assembly. For Illumina data, we used the Trimmomatic
program v0.33 (Trimmomatic, RRID:SCR-011848) to remove adaptor sequences and trim low-quality reads
(Bolger, Lohse, & Usadel, 2014).

2.3 | Genome evaluation, assembly and correction

The sequence data (27.64 Gb of clean reads) from 270-bp PE libraries were employed in the analysis of the
k-mer (k=19) depth frequency distribution map. The size of theC. formicarius genome was estimated as
follows: G = K-num/K-depth (where G represents the genome size, K-num is the total number of 19-mers,
and K-depth is the average k-mer depth) (Marcais & Kingsford, 2011). The 19-mer peak was at a depth of
61X. The estimated genome size was used to obtain the subsequent genome assembly results.

The PacBio long-read data were assembled using an overlap-layout-consensus method (Staden, 1980). First,
the longer reads were selected and corrected, and these were then used to obtain a draft assembly. Second,
the draft assembly was polished. PacBio long reads were assembled and corrected using the Canu program (v
1.7) (Koren et al., 2017). To obtain their maximum supported range, error-corrected reads were obtained by
trimming unsupported bases and hairpin adapters with default parameters, and then, the draft assembly was
generated. Preliminary assembly was conducted using Falcon v1.2.4 (Koren et al. , 2017). To further improve
the quality of the reference assembly, PacBio data were assembled into contigs with the Wtdbg program
(Ruan & Li, 2020). We obtained a 338.84 Mb genome assembly and contig N50 of 14.97 Mb. To further
improve the accuracy of the assembly and evaluate the genomic integrity, four rounds of consensus correction
were performed using Illumina reads mapped with Burrows-Wheeler Aligner (BWA v0.7.10-r789) (H. Li &
Durbin, 2009), Pilon (Pilon, RRID:SCR-014731) (Walker et al., 2014) software, CEGMA v2.5 (http://
korflab.ucdavis.edu/ Datasets) (Parra, Bradnam, & Korf, 2007) and BUSCO v2.0 (http://busco.ezlab.org)
(Simao, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015).

2.4 |Hi-C library construction and chromosome assembly based on Hi-C data

To generate the linear chromosome-level assembly of theC. formicarius genome, we constructed the Hi-C
fragment library ranging from 300 to 700 bp by following previously described protocols (Nagano et al., 2015;
Rao et al., 2014). Insect tissue was fixed with 2% (vol/vol) formaldehyde in PBS, and the DNA was digested
with HindIII. The sticky ends were biotinylated and proximity-ligated to form chimaeric junctions, which
were enriched and further sheared into 300-700 bp fragments by sonication. These chimaeric fragments were
sequenced using a PE strategy on the Illumina HiSeq X Ten platform at Biomarker Technologies Corporation
(Beijing, China). To obtain clean data, adapter sequences and low-quality PE reads were removed using
FastQC software (Andrews, 2014). Then, the clean reads were mapped using BWA v0.7.10-r789 (H. Li
& Durbin, 2009; Walker et al. , 2014) (Table S4). Only uniquely aligned PE reads were considered for
subsequent analysis. Identification and filtering of the invalid read pairs, sorting and quality assessment
were performed using HiC-Pro (v2.11.1) (Servant et al., 2015). By using Lachesis software, the verified data
were used to group, cluster, sort and orient the contigs into chromosome-level sequences (Burton et al.,
2013). (Table S5, Figure 1).

2.5 |Genome sequence annotation

Repeat sequences are less well conserved among species and play an important role in genome evolution
(Treangen & Salzberg, 2012). Based on the assembled genome, we used the RepeatScout v1.05 (Price,
Jones, & Pevzner, 2005), PILER-DF v2.4 (Edgar & Myers, 2005), LTR-FINDER v1.05 (Z. Xu & Wang,
2007) and MITE-Hunter v1.0.0 (Han & Wessler, 2010) software packages to construct a de novo repeat
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. library with default parameters. First, we used TRF (v.4.09), RepeatMasker (v. 3.3.0; RepeatMasker,
RRID:SCR 012954) and Repeat Protein Mask (v. 3.3.0) to detect repeat sequences and classify different
types of repetitive sequences by aligning genome sequences to the Repbase library (v. 17.01) (Bao, Kojima, &
Kohany, 2015). Next, we conducted a RepeatModeler analysis on the de novo library and used RepeatMasker
(v4.0.6) (Tarailo-Graovac & Chen, 2009). Then, PASTEClassifier (Wicker et al., 2007) was used to classify
the repeat libraries, and the Repbase database (Jurka et al., 2005) was used to merge the libraries. Finally,
we used RepeatMasker v4.0.6 to identify the repeat regions by aligning sequences against the Repbase and
de novo repeat libraries.

After masking the repeat sequence, de novo-based, homologue-based and RNA sequence-based gene meth-
ods were employed for gene prediction in theC . formicarius genome assembly. We first used the software
programs Genscan v3.1 (Burge & Karlin, 1997), Augustus v3.0 (Augustus, RRID:SCR 008417) (Stanke,
Steinkamp, Waack, & Morgenstern, 2004), GlimmerHMM v3.0.4 (Majoros, Pertea, & Salzberg, 2004), SNAP
v2006-07-28 (Korf, 2004) and GeneID v1.4 (Blanco, Parra, & Guigo, 2007) for de novo prediction. The
protein sequences of the coleopteran insects C .formicarius , Anoplophora glabripennis ,Dendroctonus pon-
derosae , Oryctes borbonicus ,Tribolium castaneum and Drosophila melanogasterwere downloaded from the
National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/genome/),
and homology-based prediction was performed using GeMoMa v1.3.1 (Keilwagen et al., 2016) as a reference.

In the process of RNA sequence-based gene prediction, eleven RNA samples were extracted from larvae
and 3-day-old adult tissues (antennae, heads, legs, thoraxes and abdomens) of males and females using a
V Total RNA Isolation System kit (Promega Madison, WI, USA). The RNA-seq reads of C . formicarius
from Illumina sequences were assembled with the reference genome using Hisat V2.0.4 (Kim, Langmead,
& Salzberg, 2015) and Stringtie V1.2.3 (Pertea, Kim, Pertea, Leek, & Salzberg, 2016). After filtering,
TransDecoder v2.0 (http:// trans decod er.github.io), GenemarkS-T v5.1(Tang, Lomsadze, & Borodovsky,
2015) and Program to Assemble Spliced Alignments (PASA, RRID:SCR 014656) (Haas et al., 2003) were
used for RNA-seq-based gene prediction. Finally, the results of gene annotation from the three approaches
were integrated by EVidenceModeler (EVM) v1.1.148 (EVM, RRID:SCR 014659) (Haas et al., 2008). To
avoid the loss of some reliable genes in EVM integration, the genes lost in EVM integration were added
based on the predicted results of the de novo-based, homologue-based and RNA sequence-based methods
and modified with PASA v2.0.2 to obtain the whole-genome assembly.

According to the structural characteristics of different non-coding RNAs, different strategies (rRNA, mi-
croRNA and tRNA prediction) were adopted to predict the C . formicarius genome. The rRNAs were
predicted using RNAmmer v1.2 software by aligning the C .formicarius genome to the Rfam database (re-
lease 13.0) (Kalvari et al., 2018). The tRNAs were identified using tRNAscan-SE v1.3.1 (tRNAscan-SE,
RRID: SCR 010835) software with default parameters for eukaryotes (Lowe & Eddy, 1997). Based on the
miRBase database (Griffiths-Jones, Grocock, van Dongen, Bateman, & Enright, 2006), Infinal 1.1(Nawrocki
& Eddy, 2013) was used to predict microRNAs. The results of non-coding RNA annotation are presented in
Table S14.

For the annotation of pseudogenes, we searched for sequences homologous to the known protein-coding genes
in the C. formicarius genome using Genblasta V1.0.4 (She, Chu, Wang, Pei, & Chen, 2009). The premature
termination codons or frameshift mutations located in the above sequences were identified and pseudogenes
were obtained using Genewise V2.4.1 (RRID:SCR 015054) (Birney, Clamp, & Durbin, 2004). A total of 503
pseudogenes were annotated in the genome of C. formicarius .

Gene functional annotation was performed by alignment to the Eukaryotic Orthologous Groups of pro-
teins (KOG) database (Tatusov et al., 2001), nucleotide collection (nr/nt) (Marchler-Bauer et al., 2011),
TrEMBL database (Boeckmann et al., 2003), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Figure
S4) (Kanehisa & Goto, 2000) and Swiss-Prot protein knowledgebase (http:// www.expasy.org/sprot/ and
http://www.ebi.ac.uk/ swissprot/) using Basic Local Alignment Search Tool (BLAST) v2.2.31 (Altschul,
Gish, Miller, Myers, & Lipman, 1990) and KAAS v2.1(Marcais & Kingsford, 2011). Furthermore, Inter-
ProScan v5.8-49.0 (RRID:SCR 005829) (Jones et al., 2014) was used to annotate conserved functional motifs

5
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. and protein domains, and the functional annotations were aligned to the following databases: PROSITE
(RRID: SCR003457) (Bairoch, 1991), PRINTS (RRID: SCR 003412) (Attwood & Beck, 1994), SUPER-
FAMILY (Gough & Chothia, 2002), PANTHER (RRID: SCR 004869) (Mi et al., 2005), TIGRFAMs (Haft,
Selengut, & White, 2003), SMRT 4.0 (RRID:SCR 005026) (Letunic et al., 2004), PIRSF (C. H. Wu et al.,
2004), ProDom (RRID: SCR 006969) (Bru et al., 2005), Pfam (RRID: SCR 004726) (Finn et al., 2014),
HAMAP (Lima et al., 2009) and CATH-Gene3D (Lees et al., 2012). Finally, 1386 motifs and 24493 protein
domains were annotated in the genome ofC. formicarius .

2.6 | Comparative genomic analysis

We used the whole-genome sequence ofC. formicarius and 15 published whole-genome sequences, namely,
those ofT.castaneum (Richards et al., 2008), Onthophagustaurus (Choi et al., 2010), D . ponderosae (Keeling
et al., 2013), A. glabripennis (McKenna et al., 2016),O. borbonicus (Meyer et al., 2016),Agrilusplanipennis
(Duan et al., 2019), Bombyx mori (Xia et al., 2004),Apis mellifera (Sequencing Consortium, 2006),Lo-
custa migratoria (Wang et al., 2014),D.melanogaster (Gelbart, 1992), Acyrthosiphon pisum(International
Aphid Genomics, 2010),Pediculus humanus(Pittendrigh et al., 2006), Cimex lectularius (Rosenfeld et al.,
2016),Zootermopsisnevadensis (Terrapon et al., 2014), andCaenorhabditiselegans (Consortium, 1998), to
predict orthologs and infer a phylogenetic tree. To identify the conserved orthologues, we aligned all the
protein sequences translated from the longest transcripts of each gene in pairwise using BLASTP (E-value
cut-off of 1e-5). The BLASTP results were used to cluster gene families and 1:1 orthologous gene sets in
OrthoMCL (L. Li, Stoeckert, & Roos, 2003). Multiple alignments were performed for each orthologue group
of the coding sequences of the single-copy families using MAFFT (Katoh, Misawa, Kuma, & Miyata, 2002).
Using the orthologous single-copy genes of the 16 species, we connected the genes in each species to ob-
tain super-sequences for phylogenetic tree building. Maximum-likelihood (ML) phylogenetic analysis with
1000 bootstrap repeats and discrete gamma distribution across sites was performed by PhyML3.0 software
(Guindon et al., 2010). C.elegans was used as an outgroup. The CodeML model (Schabauer et al., 2012)
in Phylogenetic Analysis by Maximum Likelihood (PAML) (Z. Yang, 2007) and a branch site model were
applied to analyse the selective pressure of single-copy genes in each species. The functional annotation and
enrichment analysis of the obtained rapidly evolving genes were carried out using GO and KEGG, respec-
tively (Figure S5). On the basis of the phylogenetic tree, divergence time was estimated using MCMCTREE
in the PAML package (Z. Yang, 2007). The TimeTree database (Hedges, Dudley, & Kumar, 2006) and
divergence times were applied as the time controls, and the fossil calibration used in the evolutionary trees
was derived. We assessed the convergence of the independent runs by a comparison of likelihood scores and
model parameter estimates in TRACER v1.5 (Rambaut, Suchard, Xie, & Drummond, 2013).

The most recent common ancestor gene families of the 16 species were used in an analysis of expansion
and contraction. OrthoMCL (version 2.0) was used to cluster the homologous groups of the 16 species.
Comparisons of the expansion and contraction of orthologous gene families were performed by Computational
Analysis of gene Family Evolution (CAFE v4.1) (De Bie, Cristianini, Demuth, & Hahn, 2006) using birth-
death models to infer the process in the phylogeny of gene gain and loss.

2.7 | Identification of thechemosensory gene families

The chemosensory gene families were manually annotated using the NCBI BLAST program with T. cas-
taneum sequences as queries (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The protein sequences of olfactory
receptors (ORs) and odorant binding proteins (OBPs) ofT. castaneum (Tcas), D . ponderosae (Dpon) and
A. glabripennis (Agla) were downloaded from GenBank (Andersson, Keeling, & Mitchell, 2019; Mitchell,
Schneider, Schwartz, Andersson, & McKenna, 2020). The amino acid sequences were used to construct
an ML tree. The phylogenetic tree was constructed in MEGA X10.0 using the ML method (Tamura et
al., 2011) with a suitable evolutionary model. Finally, the tree was annotated using Evoview software
(https://www.evolgenius.info/evolview) (Subramanian, Gao, Lercher, Hu, & Chen, 2019).

The tissue-specific expression profiles of CforOBP4-36 were evaluated by real-time quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) analysis. cDNA was generated following the instructions
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. of the PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Beijing, China). Three reference genes,
namely, ῝φορβ-αςτιν(GenBank accession MH 716465), CforGAPDH (GenBank accession MT 512411) and
CforUBE4A (GenBank accession MT 512412), were used as the controls (Hua et al., 2021). The specific
primers are listed in Table S1. qRT-PCR was performed using TB Green Premix Ex Taq II (TaKaRa,
Beijing, China) in a CFX96 Real-Time PCR Detection System (Bio-Rad, Richmond, CA, USA). Thermal
cycling was performed using the following parameters: initial denaturation at 94 °C for 30 s, followed by 40
cycles of 94 °C for 5 s and 60 °C for 30 s. According to the dilution concentration and the corresponding CT
value, a standard curve was generated, and the amplification efficiency was calculated by the equation E =
10-1/slope. The means and standard errors were calculated for three biological replicates with three technical
replicates of each tissue and control. The relative Ct values were analysed using the 2-T method.

2.8 | Expression and purification of recombinant CforOBP4-6 proteins

Recombinant CforOBP4-6 were expressed in Escherichia coli cells. Prokaryotic expression primers (Table
S1) were designed for CforOBP4-6 (the signal peptide was removed) and contained the BamHI and EcoRI
restriction sites. The positive clone was cultured in 5 mL of Luria-Bertani (LB) liquid medium containing
kanamycin (50 μg/mL) and grown overnight at 37 °C with shaking (220 r/m). The culture was then diluted
to 500 mL in LB medium and cultured at 37 °C. Recombinant protein expression was induced by the addition
of isopropyl-β -D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM when the OD (600 nm)
of the culture reached 0.6 to 0.8. After 4 h of incubation at 28 °C with shaking (180 r/m), the cells were
harvested by centrifugation (12000 r/m, 10 min, 4 °C) and sonicated in binding buffer (20 mM sodium
phosphate, 0.5 M NaCl, 20 mM imidazole; pH 7.4). The recombinant CforOBP4-6 proteins were purified
using a Ni-ion affinity chromatography column (HisTrap HP; GE Healthcare, Piscataway, NJ, USA). The
His-tag was removed using enterokinase solution (2 U/mg) (Sigma St Louis, MO, USA) at 24 °C for 4
h. The purified protein was analysed by 15% sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and then dialyzed using a HiTrap desalting column (GE Healthcare). The concentration of the
protein was measured with the BCA Assay Kit (Sangong, Shanghai, China). The purified protein was stored
at -80 °C.

2.9 | Fluorescence displacement binding assay

A fluorescence displacement binding assay was performed to determine the affinity of CforOBP4-6 for 102
volatiles (Table S2) according to the methods described in our previous study (Hua et al. , 2021). The ligand
binding experiment was carried out on an F-4700 fluorescence spectrophotometer (Hitachi, Japan) using
N-phenyl-1-naphthylamine (1-NPN) as a fluorescent probe with excitation at 337 nm, and emission spectra
were recorded from 400 nm to 550 nm. 1-NPN and all the ligands were dissolved in methanol. The binding
constants for 1-NPN were measured by adding 1-NPN to 2 μM CforOBP4-6 in 50 mM Tris-HCl buffer (pH
7.4) to achieve final concentrations ranging from 2 to 20 μM. The binding affinities of the ligands were
measured using 1-NPN as a fluorescence probe with a stoichiometry of 1:1 (ligand:protein). The binding
affinities of ligands were obtained from an average of three independent experiments with a stoichiometry
of 1:1 (1-NPN and CforOBPs). The CforOBP4/1-NPN dissociation constant (Kd) and the curves were
calculated from the relative Scatchard plots using GraphPad Prism 8 software (GraphPad, La Jolla, CA,
USA). The binding affinity (Ki) of the competitors was calculated based on the IC50 values using the
equation Ki = [IC50]/(1+[1-NPN]/K1-NPN), where [1-NPN] is the free concentration of 1-NPN and K1-NPN

is the dissociation constant of the CforOBP4/1-NPN complex.

3 | Result

3.1 | Genome size evaluation

The genome size ofC. formicarius was estimated by k-mer analyses of the Illumina DNA data. The average
k-mer depth was 61 (i.e., the main peak) (Figure S1). The k-mer depth at twice that of the main peak was a
repetitive peak, and the k-mer depth at half the depth of the main peak was heterozygous. The total number
of k-mers obtained from the sequencing data was 24,314,168,078. After removing abnormal k-mers, a total of
22,494,390,501 k-mers were used to evaluate genome size and characteristics, and the C. formicarius genome
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. size was estimated to be 364.51 Mb. The k-mer distribution analysis showed that the repetitive sequence
content was approximately 28.60% and that the heterozygosity was approximately 0.43% (Table S3). There
was no obvious heterozygous peak. A quality check did not find plant and microbe contamination (Figure
S2). These characteristics implied that the genome of C. formicarius is a simple genome, which is conducive
to the construction of a genome map.

3.2 |Illumina and PacBio sequencing and genome assembly

To assemble and annotate a draft genome of C. formicarius , we used a hybrid sequencing approach to
generate short and long reads from both the Illumina and PacBio platforms. Using Illumina PE genomic
sequencing, approximately 27.64 Gb of raw data was obtained, and removal of low-quality reads and adapter
sequences resulted in 27.40 Gb of clean data (Table S4). For long-read sequencing, after filtering raw reads,
we obtained 2,884,459 reads and 34,139,672,427 bases (˜100x depth) on the PacBio platform. The statistical
data showed that the mean subread length was 11.84 kb, the read N50 length was 18.75 kb, and the longest
read was 89.71 kb. Finally, we obtained 27.40 Gb of short clean reads and 34.14 Gb of long clean reads (Table
S5), which were combined to assemble the C. formicariusgenome. A 338.84 Mb assembly was obtained for
C. formicarius with a contig N50 length of 14.97 Mb and a longest contig length of 27.31 Mb (Table 1,
Table S6). TheC. formicarius assembly genome size is similar to the mean assembly size of the previously
published coleopteran genomes (ranging from 110 to 850 Mb) (Hlerema et al. , 2017) and is comparable
to the genome sizes ofPlastocerus angulosus (367 Mbp) (Kusy, Motyka, Bocek, Vogler, & Bocak, 2018)
andHycleus phaleratus (308 Mbp) (Y. M. Wu, Li, & Chen, 2018).

To assess the assembly accuracy, the completeness of the draft genome was evaluated with single-copy
orthologous genes using BUSCO, mapping the Illumina data to a reference genome, and analysis with
CEGMA v2.5. The CEGMA v 2.5 analysis showed that 98.03% of the 458 conserved core genes of eukaryotes
in the CEGMA database were completely detected, and 94.76% of the 248 highly conserved core genes
of eukaryotes were found in the assembled genome (Table S8). Furthermore, 98.87% and 0.56% of the
1,054 highly conserved insect orthologues from BUSCO v3.0.1 were identified as complete and fragmented,
respectively, in the assembly (Table S9). In total, approximately 98.01% reads and 96.04% proper reads were
mapped to the assembled genome sequences (Table S7). These analyses indicated that the C. formicarius
genome obtained was a high-quality assembly.

3.3 | Chromosome sequence assembly

We obtained 32.83 Gb of clean reads from the Hi-C fragment library after filtering, representing 97-fold
coverage of the draft genome (338.84 Mb). In total, 80.04 Mb of unique mapped read pairs and 32.23 Mb
of valid interaction pairs were generated (Table S10). After error correction with Illumina PE sequencing,
PacBio long-read sequencing and Hi-C interaction maps, we obtained a final assembly that was 337.06 Mb in
size, comprising 221 contigs and 154 scaffolds, with a contig N50 of 13.21 Mb and a scaffold N50 of 34.23 Mb.
Finally, a total of 337.06 Mb of genome sequences, accounting for 99.42% of the assembled draft genome,
was anchored to 11 pseudo-chromosomes. More importantly, 78 scaffolds, comprising 99.03% of the total
sequence length, were ordered and oriented (Table S11, Figure 2). These results indicated that the assembled
draft genome ofC. formicarius had a high degree of continuity and completeness.

3.4 |Repeat annotation

In total, the C . formicarius genome was found to contain 157.51 Mb of repetitive sequences (approximately
46.49% of the assembled genome), of which 41.55% were transposable elements (TEs) (Table S12). DNA
transposons accounted for 21.61% of the C. formicarius genome, and the most common classification assigned
to these repetitive elements was terminal inverted repeat (TIR) (length of 64.78 Mb, 19.11% of assembly)
(Table 2). The proportion of repetitive sequences in the C. formicarius genome was higher than that in other
coleopteran genomes, such as theHypothenemus hampei (2.7% of assembly) (Vega et al., 2015),Nicrophorus
vespilloides (12.85% of assembly) (Cunningham et al., 2015),Leptinotarsa decemlineata (17% of assembly)
(Schoville et al., 2018), D .ponderosae (17% and 23% of assembly for males and females, respectively) (Keeling
et al. , 2013), Hycleus cichorii andH. phaleratus (22.73% and 13.47% of assembly, respectively) genomes, and
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. was similar to that in thePyrocoelia pectoralis (44.88% of assembly) (Fu et al., 2017) andPropylea japonica
(58.22%) (L. Zhang et al., 2020) genomes.

3.5 | Gene prediction and functional annotation We used three different methods to predict protein-
coding genes in theC. formicarius genome, namely, ab initio, RNA-seq-based and homology-based methods.
Then, we used EVM v1.1.1 software to integrate the prediction results. A total of 11,907 protein-coding
genes were found in the C. formicarius genome (Table 3 and Table 4), which were divided into 9,291 gene
families, 75 of which were unique gene families (Table S13). With the support of RNA-seq-based and
homology-based gene prediction methods, the final prediction results showed 11,610 protein-coding genes,
accounting for 97.51% of the total protein-coding genes (Figure S3), showing a good gene prediction effect
on the C. formicarius genome. Functional annotation statistics showed that 11,469 genes (96.32% of the
predicted genes) were assigned to corresponding putative functions (Table S14; Figure 3). Compared with
other known coleopteran genomes, the number of genes in the C. formicarius genome was similar to that in
T. castaneum (12,841),O .taurus (14,402), D . ponderosae (12,102), A .glabripennis (14,533), O . borbonicus
(14,402), andA . planipennis (11,373) (Table S13). We also identified and annotated various non-coding
RNAs sequences, including 102 rRNAs, 165 tRNAs and 40 miRNAs (Table S15).

3.6| Species phylogeny analysis The phylogenetic analysis showed that there were fewer species-specific
genes in C. formicarius (223) than in the 15 other species of insects, except the coleopteran insect O. borbon-
icus (55) and hymenopteran insect A. mellifera (141) (Figure 4). The 11,907 one-to-one homologous genes
from the gene family analysis were used to infer the phylogeny. Finally, 223 unigenes from C. formicarius
were obtained, corresponding to 75 gene families. In total, 11,011 orthologues were identified, which could
be clustered with the other 15 insects, including 896 unclusters (Table S13). Among them, the proportion
of species-specific genes in the six coleopteran insect genomes ranged from 0.82% (O. borbonicus ) to 7.38%
(O. taurus ). All bootstrap values of the nodes generated were above 90%, the majority being higher than
99%. C. formicarius and two other coleopteran insects clustered together. C. formicarius and D. ponderosae
diverged from the common ancestor of A. glabripennis187.54 Mya, and the divergence time between D. pon-
derosae andC. formicarius was approximately 138.89 Mya (Figure 4). The coleopteran insects from the same
order were clustered together and formed a clade, clearly sharing a common ancestor. The evolution time of
the other insects was consistent with previous studies (McKenna et al. , 2016), and the differentiation time
of C. elegans was the most primitive as an outgroup.

A total of 132,846 gene families in the most recent common ancestor of the 16 species were obtained by
analysing the gene family expansion and contraction. The numbers of expanded and contracted gene fam-
ilies inC. formicarius were 31 and 28, respectively (Figure S5). Compared with D . ponderosae and A .
glabripennis ,C. formicarius had 27 expanded and 16 contracted gene families, which demonstrated that the
number of expanded genes in C. formicarius had increased significantly. This result indicated thatC. formi-
carius may have experienced more duplication events thanD . ponderosae . We found that these genes in C.
formicarius were also the most abundant based on the multicopy homologous gene number (Figure S5). In
addition, we performed GO and KEGG enrichment analyses of these expanded and contracted genes in theC.
formicarius genome (Figure S6). We found lineage-specific expansion of genes related to the biosynthesis of
chemosensory metabolites, which may affect the biosynthesis of olfaction-related proteins and improve the
olfactory sensitivity of C. formicarius(Table S17).

3.7 | Identification of the chemosensory gene families

During interactions with the environment, C. formicarius gene families are probably involved in a variety
of sensory processes, including in searching for food sources, locating mates and spawning sites, avoiding
predators, exchange of information between individuals and socializing among groups (Hua et al. , 2021).
To better study insect behaviour, the olfactory mechanism of C. formicarius was explored. We annotated
a complete set of chemosensory genes in the existing C. formicarius genome (Table S16). As an obvious
comparison for the coleopteran insect C. formicarius , the coleopteran insectA. glabripennis has 61 genes
encoding OBPs, 132 genes encoding ORs, 234 genes encoding gustatory receptors (GRs), 72 genes encoding
ionotropic receptors (IRs), 17 genes encoding chemosensory proteins (CSPs) and 4 genes encoding sensory
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. neuron membrane proteins (SNMPs) (McKenna et al. , 2016). We manually annotated 36 OBPs, 154 ORs,
46 GRs, 39 IRs, 13 CSPs, and 4 SNMPs in the C. formicarius genome (Table S16).

In general, the genome of C. formicarius encodes components similar to those of other weevils. The notable
exceptions are the OR and OBP families, in which a total of 190 components (154 ORs and 36 OBPs) were
found, indicating massive gene expansion in the C. formicarius genome. We compared the OR and OBP
gene families involved in chemosensory activity between C . formicarius andT.castaneum, D . ponderosae
and A .glabripennis (Figures 5 and 6). C. formicarius has 153 OR genes in addition to the highly conserved
OR coreceptor CforOrco (Table S17: Figure 5). These include representatives of all seven subfamilies
of beetle ORs except group 4/6 and follow the pattern of frequent paralogous radiation typical of insect
chemoreceptors. One new lineage of ORs was identified and placed as group 8 in C. formicarius(CforOr91-
150). Many C. formicarius ORs are in tandem arrays (Figure 5) and are derived from recent expansions.
C. formicariusmay thus harbour the larger identified insect OR repertoire, because there are 46 ORs in A.
planipennis , 79 in D. ponderosae , 121 in A. glabripennis , and 270 in T . castaneum(Mitchell et al. , 2020).
The large numbers of C. formicarius and T . castaneum ORs are thought to be due to current or past
difficulties in findings hosts and food. As has been suggested for Solenopsis invicta (Wurm et al., 2011), the
large number for C. formicarius may be due to the importance of chemical communication among weevils.
OBPs constitute an essential family of genes that are also known to play roles in chemosensation inDrosophila
(P. Xu, Atkinson, Jones, & Smith, 2005). The majority of identified OBPs comprise a large expansion of the
minus-C subfamily, and the remaining genes encode the classic 6-cysteine motif and were placed alone or in
a small radiation pattern. Five OBPs (CforOBP10, CforOBP11, CforOBP21, CforOBP22 and CforOBP24)
were identified as members of the plus-C group and were identical to T. castaneum(TcasOBP6),D. ponderosae
(DponOBP26) and A. glabripennis (AglaOBP15) (Figure 6).

3.8 | Tissue expression profile of CforOBPs inC. formicarius

To obtain initial insights into expression differences among tissue samples, we comparatively analysed the
expression of CforOBPs in the main chemosensory tissue, the antennae, heads (the whole head capsule
excluding the antennae), legs, thoraxes (excluding head and legs) and abdomens of males and females.

The expression of the CforOBP s was restricted to the main chemosensory tissues (antennae and heads)
(Figure 7). The transcripts of 24 of the 33 CforOBP s were significantly enriched in antennae (CforOBP4 ,
CforOBP5 , CforOBP7 , CforOBP9 ,CforOBP10 , CforOBP11 , CforOBP12 , CforOBP14 ,CforOBP15 ,
CforOBP16 , CforOBP17 , CforOBP19 ,CforOBP20 , CforOBP21 , CforOBP22 , CforOBP23 ,CforOBP24
, CforOBP27 , CforOBP28 , CforOBP29 ,CforOBP32 , CforOBP34 , CforOBP35 andCforOBP36 ),
whereas three were enriched in the mouthparts (CforOBP4 , CforOBP5 and CforOBP11 ). Statistical
analysis of the male and female antennal samples showed no significant difference; 13 of the 24 CforOBP
s were significantly enriched in female antennae (CforOBP5 , CforOBP7 , CforOBP10 ,CforOBP14 ,
CforOBP17 , CforOBP19 , CforOBP20 ,CforOBP21 , CforOBP22 , CforOBP29 , CforOBP32 ,CforOBP34
and CforOBP35 ). Nevertheless, CforOBP16 ,CforOBP23 and CforOBP28 showed more than fivefold over-
expression in male antennae compared to female antennae (Figure 7). The fact that we found major and
significant differences between males and females is consistent with anatomical data from the antennal lobe,
where sexual dimorphism was found (Sutherland, 1986). Interestingly, seven of the CforOBP s were signifi-
cantly enriched in the female abdomen (CforOBP10 , CforOBP13 , CforOBP19 ,CforOBP25 , CforOBP30
, CforOBP32 andCforOBP33 ). Most of the CforOBP s were expressed in the main chemosensory tissue,
that is, antennae and heads, and only seven were significantly enriched in female antennae compared to
female legs. Thus, these genes were most likely exclusively involved in chemosensory processing.

In our previous study, CforOBP1-3 were also enriched in antennae, whereas CforOBP1 was also detected in
the abdomen and legs. Functional characteristic analysis results suggested that CforOBP1-3 are involved
not only in the reception of sex pheromones but also in the behaviour of searching for host plants (Hua et
al. , 2021). To further study the role of CforOBPs in olfactory recognition of C .formicarius , we performed
functional analysis of CforOBP4-6 in vitro.
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. 3.9 | Fluorescence binding assay

Recombinant CforOBP4-6 proteins, expressed predominantly in antennae, were produced using a prokaryotic
expression system. The prokaryotic expression vectors pET30a/CforOBP4-6 were successfully expressed in
E . coli (Figure 8A). Purified recombinant mature proteins were obtained by cleaving the His-Tag using
enterokinase. The purified recombinant proteins were examined by SDS-PAGE, as shown in Figure 8B.

To determine the binding specificity of antennae-enriched CforOBP4-6, 102 odorant compounds, including
sex pheromones and host plant volatiles (Table S4), were chosen as ligands to characterize the binding prop-
erties of CforOBP4-6. The Kd values for CforOBP4-6 bound to 1-NPN were 3.295±0.151 μM, 3.072±0.1881
μM and 3.491±0.2524 μM, respectively (Figure 9A). Representative 1-NPN displacement curves were dis-
played in Figure 5A. Based on these curves, the median inhibitory concentration (IC50, displacement of
more than 50% of 1-NPN) and the reciprocal values of the dissociation constant (Ki) were calculated (Figure
9).

The binding test results indicated that the Ki values of recombinant CforOBP4-6 with the sex pheromones
were 1.564 ± 0.229 μM, 1.064 ± 0.221 μM and 1.351 ± 0.093 μM, respectively (Table 5), indicating strong
binding affinities (Figure 9B-D). Among the 43 tested sweet potato volatiles, kaempferol-3-glucoside showed
the highest binding affinity for CforOBP5, with a Ki of 0.289±0.026 μM, followed by the affinity of kaempferol
3,7,4’-trimethyl ether for CforOBP5, with a Ki of 1.370±0.028 μM, and those of tiliroside, 1-aminoanthracene
and rhamnetin for CforOBP6, with Ki values of 1.690±0.114, 7.05±0.305 μM and 8.112±0.248 μM, respec-
tively (Figure 5B-D).

4 | DISCUSSION

C . formicarius is the most important pest of sweet potato and invades many of the main areas of sweet
potato production throughout the tropics and subtropics (Capinera, Jansson, & Raman, 1999; Hiroyoshiet
al. , 2016; Reddy, Zhao, & Humber, 2014). With continued research on C . formicarius , its morphological,
ecological and physiological characteristics have become clear. The mitochondrial genome (H. Yang & Li,
2019) and the transcriptome of C . formicarius (Binet al. , 2017; Ma et al. , 2016) have been previously
studied. However, abundant genomic resources and genome-wide molecular markers of C . formicarius and
related species are still lacking. The genome sequence of C . formicarius provides a novel resource for
Brentidae, many species of which are economically and ecologically important pests in agriculture. At the
same time, it provides comparative data for the genome sequence and provides the basis for evolutionary
research on coleopteran and other insects.

In this study, we report the first draft genome sequence of C .formicarius at the chromosome level using
the Illumina and PacBio sequencing platforms and Hi-C technology. With recent developments in SMRT
sequencing technology, chromosomal-level genome assembly using long-read sequencing strategies and Hi-
C technology was also reported recently in insects (Y. Li, Park, Smith, & Moran, 2019; Liu et al., 2019;
Meng et al., 2020; J. Yang et al., 2020). The high-quality genome that we assembled could provide an
important resource for the molecular ecological development of C .formicarius and its related species. K-
mer distribution analysis showed that the C . formicariusgenome was small and homozygous compared with
the genomes of other known coleopteran insects (Evans et al., 2018; Fu et al. , 2017; L. Zhang et al. , 2020).
The low heterozygosity indicates the low level of the population genetic diversity of C . formicarius in the
narrow feeding habitat, or it might be due to single-pair mating. Based on the k-mer depth distribution
map, the estimated C . formicarius genome size was approximately 364.51Mb (Figures S1 and S2).

The C . formicarius genome size was determined to be approximately 338.84 Mb using SMRT assembly.
Hi-C decodes the 3D structure of chromatin by detecting genome-wide DNA interactions (Belaghzal, Dekker,
& Gibcus, 2017). Hi-C-assisted genome assembly is mainly based on two principles: the interaction between
DNA fragments within chromosomes is greater than that between chromosomes, and the interaction signals
and their linear distance are subject to a power law. (Dekker, Rippe, Dekker, & Kleckner, 2002; Flot, Marie-
Nelly, & Koszul, 2015). Therefore, this technology can be used to determine the chromosomal locations
of most of the sequences in the preliminary assembled draft genome and to identify the group, order and
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. orientation of these sequences and has been successfully used to assist genome assembly (Dudchenko et al.,
2017; Rusk, 2014). Using Hi-C sequence data, 221 contigs were constructed on 11 chromosomes with a
genome size of 337.06 Mb, with a scaffold N50 of 34.23 Mb and contig N50 of 14.97 Mb. In addition, 11,907
protein-coding genes were predicted in the genome, and 96.32% of the genes were functionally annotated
through a search in public databases. To date, the C . formicarius assembly is the most comprehensive
of all published coleopteran genomes, with the longest N50 of 14.97 Mb (L. Zhang et al. , 2020). The
completeness and high quality of this assembly are comparable to those of other high-quality coleopteran
genomes, providing a new paradigm for future assemblies of coleopteran genomes and even other insect
genomes (Ando et al., 2018; Y. M. Wu et al. , 2018; L. Zhang et al. , 2020).

The C . formicarius genome assembly will facilitate evolutionary studies. The phylogenetic analysis of 16
insect species showed that the coleopteran insects diverged from the ancestor of dipteran and lepidopteran
insects approximately 410 Mya, consistent with the ML phylogenetic analysis using 745 single-copy genes
from 11 species representing five orders and one mite species (L. Zhang et al. , 2020). Coleopteran insects
(six species) were clustered in the same lineages. The estimated divergence time between the ancestor ofT .
castaneum and A. glabripennis was approximately 223.47 Mya.A. glabripennis diverged from the ancestor of
D .ponderosae and C . formicarius approximately 187.54 Mya;C .formicarius was sister to D . ponderosae ,
andC . formicarius diverged from D . ponderosaeapproximately 138.89 Mya, all of which are consistent with
a previous phylogenetic analysis based on ML, with 523 orthologues from 15 insect species (McKenna et al.
, 2016) and based on two ML methods (RAxML and IQ-TREE) and a Bayesian approach (ExaBayes), with
95 nuclear protein-coding genes from 373 beetle species (Mckenna et al., 2015; S. Q. Zhang et al., 2018).

Studies have shown that the male adults have a high affinity for sex pheromones released by the females
(Coffelt et al. , 1978; Heathet al. , 1986), but the mechanisms of sex pheromone perception, especially
ORs, have not been reported. Some key functional genes that appeared to expand in C . formicarius
were also identified; these genes may play a role in environmental adaptation (N. Wu et al., 2019). These
functional genes are associated with ORs, GRs and IRs, as well as OBPs, CSPs, and SNMPs, revealing
their ability to interact with a diverse chemical environment (Keeling et al. , 2013; Richardset al. , 2008).
Among these expanded genes, we identified ORs and OBPs that were inferred to mediate taste chemical
neurotransmission and are potential targets for biological control (Bargmann, 2006; Sato et al., 2008; Tiwari,
Karpe, & Sowdhamini, 2019; Wurm et al. , 2011). At the same time, the binding characteristics of CforOBP4-
6 were identified. The fluorescent competitive binding assay results indicated that CforOBP4-6 had strong
binding affinities for sex pheromones and other ligands.

These putative candidates will be particularly important for further research; for example, exploration of the
function of ORs will help us to clarify the odorant recognition mechanism of insects and provide a theoretical
basis screening more effective behavioural interference factors at the molecular level. The findings provide a
new strategy for pest management by regulating odorant perception behaviour; therefore, ORs are believed
to play an important role in the recognition of volatile compounds by insects (Fleischer, Pregitzer, Breer, &
Krieger, 2018) and are frequently used to study the relationship among ecological specialization, adaptability
and gene family evolution (Anderssonet al. , 2019; Mitchell et al. , 2020). In the future, the gene families
that exhibited expansion or contraction will be further studied. The functional verification of these candidate
species will help in the study of the mechanism by which some invasive species adapt to other species and
environments.

In summary, we constructed the first high-quality chromosome-level genome of C . formicarius , performed
a comparative genomic analysis between this species and 15 other species, and found that OR and OBP
gene families were expanded in C .formicarius . These datasets not only provide a wealth of information for
studying the genetics and evolutionary mechanisms of this species but also provide very valuable resources for
further study on the molecular mechanisms of stress resistance, allowing researchers to identify important
functional genes and population genetic patterns of C . formicarius . A complete genome sequence will
advance our understanding of the molecular mechanisms underlying the processes of tolerance to insecticides
and abiotic and biotic stresses and will accelerate studies on population genetics, which will facilitate the
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. development of IPM of C . formicarius .
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Figure and Table Legends

Figure 1. Cylas formicarius. a-g indicates different phenotypes. (a) Egg. (b) Larva. (c) Pupa. (d)
Female. (e) Male. (f) The antennal sensilla showed strong sexual dimorphism in females and males. (g) Death
feigning.

Figure 2 Genome-wide chromosomal contact matrix for Cylas formicarius showing interactions
among the 11 chromosomes. The number of log2 links was calculated as the interaction frequency
distribution of Hi-C links between and within chromosomes. The colour key of the heatmap ranging from
light yellow to dark red indicates the frequency of Hi-C interaction links from low to high.
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. Figure 3 Venn diagram of functional annotation based on five databases. NR, KOG, GO, KEGG
and TrEMBL.

Figure 4 Phylogenetic trees and gene orthology of Cylas formicarius and six other coleopteran
insects and model insects. Node values show the divergence times from the present (million years ago,
Mya). 1:1:1 (single-copy orthologous genes in common gene families); N:N:N (multiple-copy orthologous ge-
nes in common gene families); Specific (genes from a unique gene family from each species); Other (genes
that do not belong to any abovementioned orthologous categories); Uncluster (genes that do not cluster
with any families). Insect-specific genes are those that are present in only the 16 insect species.Tribolium
castaneum (Richards et al. , 2008),Onthophagus taurus (Choi et al. , 2010),Dendroctonus ponderosae (Kee-
ling et al. , 2013),Anoplophora glabripennis (McKenna et al. , 2016),Oryctes borbonicus (Meyer et al. ,
2016),Agrilus planipennis (Duan et al. , 2019),Bombyx mori (Xia et al. , 2004), Apis mellifera (Sequen-
cing Consortium, 2006), Locustamigratoria (Wang et al. , 2014), Drosophilamelanogaster (Gelbart, 1992),
Acyrthosiphon pisum(International Aphid Genomics, 2010), Pediculus humanus(Pittendrigh et al. , 2006),
Cimex lectularius(Rosenfeld et al. , 2016), Zootermopsis nevadensis(Terrapon et al. , 2014), Caenorhabditis
elegans(Consortium, 1998).

Figure 5. Phylogenetic tree of the odorant receptor (OR) family. The receptor sequences included
were from Cylas formicarius (Cfor, red), Dendroctonus ponderosae (Dpon, blue),Anoplophora glabripennis
(Agla, green), Tribolium castaneum (Tcas, violet) and Onthophagus taurus (Otau, brown). The coloured arcs
indicate the seven major coleopteran OR groups. To reduce tree size, the massively expanded coleopteran-
specific OR lineages in former OR groups 1-7 are represented here by 5 ORs each. The sources of sequence
data and explanation of receptor suffixes are detailed in Table S11.

Figure 6. Phylogenetic tree of CforOBPs and OBPs from other insect species. The OBPs origi-
nated from Tribolium castaneum(Tcas), Anoplophora chinensis (Achi), Sitophilus zeamais(Szea), and Den-
droctonus ponderosae (Dpon).

Figure 7. Expression profile of CforOBPs. Heatmap showing the relative expression level of CforOBP4-
36 as log2 in different tissues (adult antennae, heads (missing antennae but including mouth parts), legs,
thoraxes and abdomens). The expression levels are represented by log2 red with high expression levels. The
asterisks mark statistically significant differentially expressed genes compared to the expression in female
legs. The black asterisks represent upregulation, and the red asterisks represent downregulation (p-values
are * < 0.05; ** < 0.01; *** < 0.001).

Figure 8. A, Double restriction enzyme digestion of the pET/CforOBP4-6 prokaryotic expres-
sion vector; B, SDS-PAGE analysis of CforOBP4–6 purification. M, protein molecular marker; A
1,3,5, the pET/CforOBP4-6 vector was not digested; A 2,4,6, the pET/CforOBP4-6 vector was digested. B
1,4,7, total protein expression in E. colipET/CforOBP4-6 was not induced by IPTG; B 2,5,8, total protein
expression in E. coli pET/CforOBP4-6 was induced by IPTG; 3,6,9, purified pET/CforOBP4-6.

Figure 9. Competitive binding curves of CforOBP4-6 with various odorant compounds. (A)
Affinity of CforOBP4-6 for the fluorescent probe N-phenyl-1-naphthylamine (1-NPN). Binding of CforOBP4
(B), CforOBP5 (C), and CforOBP6 (D) to ligands. (E) Comparison of the binding ability [calculated as
1/Ki (reciprocals of the dissociation constants) values] of these three proteins with (Z)-3-dodecen-1-yl(E)-2-
butenoate and 22 ligands that exhibited significant affinity.

Table 1 Summary of assembly results for Cylas formicariusobtained by different methods

Table 2 Statistics of repeat elements

Table 3 Statistics of gene prediction results based on three methods

Table 4 Summary of the consensus gene set of the Cylas formicarius genome

Table 5. Binding affinities of the CforOBP4-6 proteins to 102 chemical compounds
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. Supplemental information

Figure S1. Distribution frequency of 19-mers in the Cylas formicarius genome.

Figure S2. Distribution of Cylas formicarius reads in the top 13 species according to the
comparisons of 10000 NGS reads and the NT library.

Figure S3 Distribution of predicted genes by three methods: ab initio, homology-based method,
and RNA-seq.

Figure S4 Gene functional annotation of Cylas formicariuswas performed by alignment to the
Gene Ontology (GO) database (a), eukaryotic orthologous groups of proteins (KOG) database
(c), nucleotide collection (nr/nt) (b) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
(d).

Figure S5 Phylogenetic tree of 16 insect species and the sizes of expanded and contracted gene
families. C. formicarius ,D . ponderosae , O . borbonicus , T .castaneum , A . planipennis , A .glabripennis
, O . taurus , A .mellifera , C . lectularius , D .melanogaster , B . mori , P . humanus ,L . migratoria
manilensis , C . elegans ,Z . nevadensis and A . pisum .

Figure S6 Functional annotation and enrichment analysis of the obtained rapidly evolving
genes were carried out using GO (a) and KEGG (b). (a) GO enrichment analysis of expanded
gene families of C. formicarius . Bars are subdivided to represent different GO terms. (b) KEGG pathway
enrichment analysis was performed for gene family expansion of C. formicarius . The graph depicts the most
highly enriched pathways.

Table S1. Primer pairs used for cloning, prokaryotic expression and gene expression analysis
using qRT-PCR.

Table S2. Purity and source of standard chemical compounds.

Table S3. Statistical information of the 19-kmer analysis of theCylas formicarius genome.

Table S4. Summary of sequence reads generated using the Illumina system.

Table S5 Summarized sequence reads derived from the PacBio system.

Table S6 Length distribution of PacBio clean reads.

Table S7 Summary of Illumina reads aligned to the Cylas formicarius genome assembly.

Table S8 CEGMA evaluation of the Cylas formicarius genome assembly based on 458 core
eukaryotic genes (CEGs) and 248 highly conserved CEGs.

Table S9 BUSCO evaluation for the Cylas formicariusgenome assembly based on 1054 core
eukaryotic genes.

Table S10. Summary of Hi-C data for error correction and chromosome assembly.

Table S11. Hi-C libraries for chromosome-level assembly.

Table S12. Statistics of repeat sequences.

Table S13 Statistics of the comparison of gene sets ofCylas formicarius and 15 other insect
species.

Table S14 Statistics of functional annotation of predicted genes.

Table S15 Statistics of the predicted non-coding RNA.

Table S16. Comparison of the chemoreceptor and detoxification superfamilies of various spe-
cies.
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. Table S17. Sequences used for building phylogenetic trees.
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Figure 1. Cylas formicarius. a-g indicates different phenotypes. (a) Egg. (b) Larva. (c) Pupa.
(d) Female. (e) Male. (f) The antennal sensilla showed strong sexual dimorphism in females and males. (g)
Death feigning.
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Figure 2 Genome-wide chromosomal contact matrix for Cylas formicarius showing interactions
among the 11 chromosomes. The number of log2 links was calculated as the interaction frequency
distribution of Hi-C links between and within chromosomes. The colour key of the heatmap ranging from
light yellow to dark red indicates the frequency of Hi-C interaction links from low to high.
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Figure 3 Venn diagram of functional annotation based on five databases. NR, KOG, GO, KEGG
and TrEMBL.

Figure 4 Phylogenetic trees and gene orthology of Cylas formicarius and six other coleopteran
insects and model insects. Node values show the divergence times from the present (million years ago,
Mya). 1:1:1 (single-copy orthologous genes in common gene families); N:N:N (multiple-copy orthologous
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. genes in common gene families); Specific (genes from a unique gene family from each species); Other (genes
that do not belong to any abovementioned orthologous categories); Uncluster (genes that do not cluster
with any families). Insect-specific genes are those that are present in only the 16 insect species.Tribolium
castaneum (Richards et al. , 2008),Onthophagus taurus (Choi et al. , 2010),Dendroctonus ponderosae
(Keeling et al. , 2013),Anoplophora glabripennis (McKenna et al. , 2016),Oryctes borbonicus (Meyer et
al. , 2016),Agrilus planipennis (Duan et al. , 2019),Bombyx mori (Xia et al. , 2004), Apis mellifera
(Sequencing Consortium, 2006), Locustamigratoria (Wang et al. , 2014), Drosophilamelanogaster (Gelbart,
1992), Acyrthosiphon pisum(International Aphid Genomics, 2010), Pediculus humanus(Pittendrigh et al.
, 2006), Cimex lectularius(Rosenfeld et al. , 2016), Zootermopsis nevadensis(Terrapon et al. , 2014),
Caenorhabditis elegans(Consortium, 1998).

Figure 5. Phylogenetic tree of the odorant receptor (OR) family. The receptor sequences included
were from Cylas formicarius (Cfor, red), Dendroctonus ponderosae (Dpon, blue),Anoplophora glabripennis
(Agla, green), Tribolium castaneum (Tcas, violet) and Onthophagus taurus (Otau, brown). The coloured arcs
indicate the seven major coleopteran OR groups. To reduce tree size, the massively expanded coleopteran-
specific OR lineages in former OR groups 1-7 are represented here by 5 ORs each. The sources of sequence
data and explanation of receptor suffixes are detailed in Table S11.
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Figure 6. Phylogenetic tree of CforOBPs and OBPs from other insect species. The OBPs
originated from Tribolium castaneum(Tcas), Anoplophora chinensis (Achi), Sitophilus zeamais(Szea), and
Dendroctonus ponderosae (Dpon).

Figure 7. Expression profile of CforOBPs. Heatmap showing the relative expression level of CforOBP4-
36 as log2 in different tissues (adult antennae, heads (missing antennae but including mouth parts), legs,
thoraxes and abdomens). The expression levels are represented by log2 red with high expression levels. The
asterisks mark statistically significant differentially expressed genes compared to the expression in female
legs. The black asterisks represent upregulation, and the red asterisks represent downregulation (p-values
are * < 0.05; ** < 0.01; *** < 0.001).
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Figure 8. A, Double restriction enzyme digestion of the pET/CforOBP4-6 prokaryotic expres-
sion vector; B, SDS-PAGE analysis of CforOBP4–6 purification. M, protein molecular marker; A
1,3,5, the pET/CforOBP4-6 vector was not digested; A 2,4,6, the pET/CforOBP4-6 vector was digested. B
1,4,7, total protein expression in E. colipET/CforOBP4-6 was not induced by IPTG; B 2,5,8, total protein
expression in E. coli pET/CforOBP4-6 was induced by IPTG; 3,6,9, purified pET/CforOBP4-6.
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Figure 9. Competitive binding curves of CforOBP4-6 with various odorant compounds. (A)
Affinity of CforOBP4-6 for the fluorescent probe N-phenyl-1-naphthylamine (1-NPN). Binding of CforOBP4
(B), CforOBP5 (C), and CforOBP6 (D) to ligands. (E) Comparison of the binding ability [calculated as
1/Ki (reciprocals of the dissociation constants) values] of these three proteins with (Z)-3-dodecen-1-yl(E)-2-
butenoate and 22 ligands that exhibited significant affinity.

Table 1 Summary of assembly results of different methods forCylas formicarius

Strategies Contig Scaffold

SMRT assembly
Genome size (bp) 34,139,672,427 -
Total number 2,884,459 -
Max length (bp) 89,710 -
N50 size (bp) 18,725 -
Contig N90 (bp) 4,519,195 -
Hi-C scaffolding and gap filling
Genome size (bp) 339,045,436 339,038,736
Total number 154 221
Max length (bp) 49,944,160 27,328,994
N50 size (bp) 34,231,294 13,216,042
Contig N90 (bp) 20,733,671 2,902,866

Table 2 Statistics of repeat elements
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. Classes Type Number Length Rate(%)

RNA 491713 103073651 30.4
DIRS 6732 2301757 0.68
LARD 55504 10642243 3.14
LINE 129821 27870928 8.22
LTR/Copia 2014 801356 0.24
LTR/Gypsy 9889 4594013 1.35
LTR/Unknown 5977 3263649 0.96
PLE 278835 61058986 18.01
SINE 444 86177 0.03
TRIM 1693 2070686 0.61
Unknown 804 321973 0.09

DNA 367692 73273338 21.61
Crypton 3940 1124157 0.33
Helitron 2751 558071 0.16
MITE 495 73898 0.02
Maverick 29512 7703503 2.27
TIR 323939 64780365 19.11
Unknown 7055 1086541 0.32
PotentialHostGene 476 153271 0.05
SSR 658 362661 0.11
Unknown 45612 8740806 2.58
Total 906151 157507930 46.46

Table 3 Statistics of gene prediction results based on three methods

Method Software and gene set Gene number

Ab initio Genscan 14,203
Augustus 10,593
GlimmerHMM 36,128
GeneID 8,104
SNAP 22,127

Homology-based Anoplophora glabripennis 12,478
Dendroctonus ponderosae 10,499
Oryctes borbonicus 8,839
Tribolium castaneum 10,489
Drosophila melanogaster 7,434

RNA-seq PASA 17,697
TransDecoder 23,437
GeneMarkS-T 35,199

Integration EVM 11,907

Table 4 Summary of the consensus gene set of the Cylas formicarius genome

Software EVM

Gene number Gene number 11,907
Gene length (bp) Gene length (bp) 119,607,661
Average gene length (bp) Average gene length (bp) 10,045
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. Software EVM

Exon length (bp) Exon length (bp) 26,779,793
Average exon length (bp) Average exon length (bp) 2249
Intron length (bp) Intron length (bp) 92,827,868
Average intron length (bp) Average intron length (bp) 7,796

Table 5. Binding affinities of the CforOBP4-6 proteins to 102 chemical compounds.

Potential ligands a CforOBP4 CforOBP4 CforrOBP5 CforrOBP5 CforrOBP6 CforrOBP6

IC50 Ki IC50 Ki IC50 Ki
(Z)-3-dodecen-1-yl (E)-2-buten b 1.614±0.083 1.004±0.052 3.104±0.401 1.880±0.243 2.589±0.252 1.646±0.160
Benzaldehyde 2.7±0.168 1.680±0.105 2.923±0.193 1.770±0.117 2.07±0.096 1.316±0.61
β-Cyclocitral 1.871±0.062 1.164±0.039 1.934±0.039 1.171±0.024 2.513±0.028 1.598±0.018
Damascenone 1.096±0.073 0.682±0.045 2.531±0.11 1.533±0.063 1.444±0.1 0.918±0.064
β-Ionone 1.007±0.034 0.627±0.021 1.451±0.078 0.879±0.047 0.965±0.0303 0.613±0.019
Kaempferol 3,7,4’-trimethyl ether c N.D. d N.D. 2.262±0.047 1.370±0.028 N.D. N.D.
Kaempferol -3-glucosidec N.D. N.D. 0.4773±0.0433 0.289±0.026 N.D. N.D.
Tiliroside c N.D. N.D. N.D. N.D. 2.658±0.179 1.690±0.114
2-Hexanone [?]50 [?]50 N.D. N.D. N.D. N.D.
Docosane c 47.31±6.85 29.440±4.263 [?]50 [?]50 N.D. N.D.
Eucalyptol [?]50 [?]50 N.D. N.D. N.D. N.D.
Ethyl butyrate 35.8±4.81 22.278±2.993 46.04±4.6 27.886±2.786 16.82±0.7 10.693±0.445
Butyl acetate 29.34±1.78 18.258±1.108 17.07±0.29 10.339±0.176 23.07±0.85 14.666±0.540
Butyl formate 25.57±2.58 15.912±1.605 [?]50 [?]50 [?]50 [?]50
Rhamnetin c 32.06±2.98 19.950±1.854 40.27±3.75 24.391±2.271 12.76±0.39 8.112±0.248
3-Hexanol N.D. N.D. [?]50 [?]50 N.D. N.D.
2-Hexanol N.D. N.D. 36.85±2.92 22.320±1.769 33.47±1.1 21.278±0.699
1-Hexanol N.D. N.D. 20.85±0.26 12.629±0.157 19.4±0.93 12.333±0.591
2-Heptanone N.D. N.D. 18.31±0.64 11.090±0.388 10.67±0.65 6.783±0.413
Phenylacetaldehyde N.D. N.D. 16.88±1.81 10.224±1.096 3.407±0.323 2.166±0.205
Daucosterol c N.D. N.D. N.D. N.D. 46.36±8.15 29.472±5.181
6-Methyl-5-hepten-2-one N.D. N.D. N.D. N.D. 28.81±5.84 18.315±3.713
Eucalyptol N.D. N.D. N.D. N.D. 16.38±0.46 10.413±0.292
1-Aminoanthracene c N.D. N.D. N.D. N.D. 11.09±0.48 7.05±0.305
Octyl aldehyde N.D. N.D. N.D. N.D. 5.467±0.546 3.476±0.347
a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay. a: More potential ligands were tested, but the remaining 77 potential ligands did not bind any of the CforOBP4-6 proteins. b:Sex pheromone components. c:Are sweet potato secondary metabolites. d:N.D. is an abbreviation for not detected, which means that no significant binding was detected in the assay.
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