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(Hemiptera: Pseudococcidae)
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: Among over 2,000 species of mealybugs (Hemiptera: Pseudococcidae), only 13 genomes have been

. published so far, seriously limiting the researches on the phylogeny and adaptive evolution of this

. group. The continuous publication of mealybug genomes will significantly facilitate our exploration

. ofthe biological characteristics, detrimental attributes, and control strategies of the Pseudococcidae

: family. Jack Beardsley mealybug (Pseudococcus jackbeardsleyi) as one of the hazardous invasive pests,
it could cause enormous losses to the fruit and vegetable industries worldwide. Herein, we combined
Nanopore long-read, short-read lllumina and Hi-C sequencing, generating a high-quality chromosome-

. level genome assembly of P. jackbeardsleyi. The genome size was determined to be 334.818 Mb, which

. was assembled into 5 linkage groups with a N50 of 67.233 Mb. The BUSCO analysis demonstrated

. the completeness of the genome assembly and annotation are 95.7% and 92.8%, respectively.

. The developed high-quality genome will serve as an asset for delving into the genetic mechanisms

© underlying the invasiveness of P. jackbeardsleyi, thereby offering a crucial theoretical foundation for the
prevention and management of Pseudococcidae pests.

: Background & Summary

. Mealybugs (Hemiptera: Pseudococcidae) are significant pests including over 2,000 species, of which 20% are
: polyphagous, affecting a wide variety of agricultural, horticultural, and ornamental plants worldwide'2. They
: feed on plant sap and excrete honeydew, leading to plant growth restriction, yields reduction, or even plant
. death, which could cause huge crop losses®. Their broad host range, rapid reproduction cycle, global distribu-
. tion, and ability to transmit important plant viruses, contribute to their considerable potential for causing dam-
© age*. Among the members of Pseudococcidae, Jack Beardsley mealybug (Pseudococcus jackbeardsleyi Gimpel
- and Miller) is a polyphagous species originating from the neotropical region®. This species is known to infest
. plant species including 88 genera of hosts in 38 plant families, including various vegetables, fruits, and orna-
© mental crops, such as Luffa cylindrica, Nephelium lappaceum and Ficus microcarpain, which are of significant
© economic importance®. As one important invasive species, P. jackbeardsleyi is widely distributed in 46 countries
- and regions till now, and is still expanding its invasion ranges rapidly®. Except for the direct impact on host plant,
. P jackbeardsleyi is also a potential vectors of plant virus such as CaMMV (Cacao Mild Mosaic Virus)”. Therefore,
: its broad spectrum of economic hosts and the capacity to extend its geographical make it a candidate pest target
© in the future®. However, there is limited information concerning control strategies for this species. Here, whole
. genome sequencing was performed to construct a high-quality genome assembly for this species, which will help
. to study the role of Pseudococcidae in ecosystems, protect biodiversity and promote sustainable development.

: Among the multitude of species within the Pseudococcidae family, only 13 genomes have been published, with
. merely 5 of them assembled to the chromosomal level thus far (Table 1), which severely impacted our understand-
. ing of their adaptability, systematic evolution and invasive strategies. In the present study, we have successfully
© generated a high-quality reference genome of P. jackbeardsleyi at a chromosomal level, utilizing a comprehensive
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Fig. 1 Assembly features of Pseudococcus jackbeardsleyi genome. (a) Kmer (21) distribution and estimated
genome size, heterozygosity and duplication rate; (b) genome-wide all-by-all Hi-C interaction.

Source Complete (C) Single copy (S) | Duplicated (D) | Fragmented (F) | Missing (M)
Contig-level 95.7% 93.0% 2.7% 0.7% 3.6%
Chromosome-level 95.7% 93.4% 2.3% 0.8% 3.5%
Annotation 92.8% 89.5% 3.3% 2.3% 4.9%

Table 3. Completeness of Pseudococcus jackbeardsleyi genome assembly and annotation evaluated by BUSCO
based on insecta_odb10 database (1,367 genes).

approach that combines Nanopore long-read sequencing, high-throughput chromosome conformation cap-
ture (Hi-C) technology, and Illumina platform paired-end short-read sequencing. The assembled genome size is
334.818 Mb, which were clustered into 5 linkage groups with an N50 of 67.233 Mb. Moreover, we have identified
10,908 annotated protein-coding genes and Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis
demonstrated the completeness of 95.7% of chromosome-level genome and 92.8% of annotated genes. Additionally,
12 gene families covering detoxification and chemosensory genes were also predicted. Overall, the high-quality
P jackbeardsleyi genome not only provides a useful resource for understanding the phylogenomic and comparative
genomics of Pseudococcidae, but also facilitates the development of potential control strategies for these pests.

Methods

Samples collection, DNA and RNA preparation.  Pseudococcus jackbeardsleyi were collected from mango-
steens in Pingxiang, Guangxi Zhuang Autonomous Region of China (22.1178° N, 106.7394° E) for genome sequenc-
ing. Genomic DNA for the Nanopore and the Illumina paired-end library preparation was extracted from 20 females
using Blood & Cell Culture DNA Kits (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
The purity and concentration of all DNA extracts were verified using the Qubit™ dsDNA Quantification Assay Kits
(Life Technologies Corporation, Eugene, OR, USA) with a NanoDrop (NanoDrop Products, Wilmington, DE, USA)
and a Qubit®3.0 Fluorometer (Life Technologies Corporation, Eugene, OR, USA). The Blue Pippin system (Sage
Science, Beverly, MA, USA) was used to retrieve large DNA fragments by gel cutting. For RNA-seq, total RNA from
one female was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and quantified with a NanoDrop
ND-2000 spectrophotometer (NanoDrop Products, Wilmington, DE, USA), with three biological replicates prepared.

Genome sequencing and assembly. Genomic DNA was repaired and purified using the same meth-
ods employed in previous study®. Ligation Sequencing Kit (Cat# SQK-LSK109, Oxford Nanopore Technologies,
Oxford, UK) was used for adaptors ligation and purification. Subsequently, the DNA library was constructed, and
its quantitation was measured using the Qubit®3.0 Fluorometer (Life Technologies Corporation, Eugene, OR,
USA). Approximately 700 ng DNA library was prepared and performed on an Oxford Nanopore PromethION P48
device with MinKNOW v22.03.4 using flow cell R9.4.1 (FLO-PR0O002) (Oxford Nanopore Technologies, Oxford,
UK) at the Genome Center of Grandomics (Wuhan, China) for real-time single-molecule sequencing. The Guppy
basecaller (v6.0.7) was used to convert the raw signal into canonical DNA bases for basecalling with the specific
parameters (--flowcell FLO-PRO002 --kit SQK-LSK109 --basecaller r9.4.1 --min_length 1000 --compress_fastq).
After sequencing and basecalling, the fastq data can be used for genome assembly. For short-read sequencing, a
paired-end library construction and sequencing followed previously described methods'. After quality control,
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Parameter Value
Sequenced Read Pairs 109,359,863

Normal Paired 91,989,238 (84.12%)
Chimeric Paired 13,386,340 (12.24%)
Chimeric Ambiguous 2,420,030 (2.21%)
Unmapped 1,564,255 (1.43%)
Ligation Motif Present 67,777,133 (61.98%)
glﬁgnable (Normal + Chimeric 105,375,578 (96.36%)

aired)
Unique Reads 45,133,938 (41.27%)
PCR Duplicates 59,592,184 (54.49%)
Optical Duplicates 649,456 (0.59%)
Library Complexity Estimate 52,123,569
Intra-fragment Reads 8,501,126 (7.77%/18.84%)
Below MAPQ Threshold 8,110,642 (7.42%/17.97%)
Hi-C Contacts 28,522,170 (26.08%/63.19%)
Ligation Motif Present 20,951,834 (19.16%/46.42%)
3’ Bias (Long Range) 78% - 22%

Pair Type %(L-I-O-R) 25% - 25% - 25% - 25%
Inter-chromosomal 5,178,347 (4.74%/11.47%)
Intra-chromosomal 23,343,823 (21.35%/51.72%)
Short Range (<20Kb) 19,074,662 (17.44%/42.26%)
Long Range (>20Kb) 4,268,693 (3.90%/9.46%)

Table 4. Summary of Hi-C data for chromosome-level assembly of Pseudococcus jackbeardsleyi genome.

Species Name Assemble Level NO. protein-coding genes
Pseudococcus jackbeardsleyi Chr. 10,908
Pseudococcus viburni Scaf. 23,629
Phenacoccus solenopsis Chr. 11,880
Planococcus citri Chr. 18,954
Coronaproctus castanopsis Chr. 10,542
Ferrisia virgata Scaf. 47,978
Maconellicoccus hirsutus Scaf. 21,623

Table 5. Statistics for number of protein-coding genes in the genome of Pseudococcus jackbeardsleyi and other
scale insects.

we obtained 15.468 Gb of short reads (coverage: 47.741 x) from the Illumina platform and 42.105 Gb of long reads
(coverage: 129.954 x) from the Nanopore platform for genome assembly (Table 2).

Oxford Nanopore long reads were utilized for de novo genome assembly. Raw reads were corrected and assembled
using NextDenovo v2.4.0 (https://github.com/Nextomics/NextDenovo) with default parameters to generate a draft
assembly. After assembly, NextPolish v1.3.1!! was used to further improve single base accuracy using standard param-
eters as described in previous publication’. This process resulted in 96 contigs with a contig N50 length of 7.767 Mb
(Table 1). Genome size, heterozygosity, and duplication were estimated by the K-mer method. K-mers were counted
by jellyfish v2.2.9'% with 21-base oligonucleotide based on Illumina short reads (Fig. 1a). Parameters were determined
by GenomeScope v1.0". BUSCO v4.1.4 was used to assess the completeness of the assembly based on the insecta_
0db10 database (1,367 genes)'*, revealing that 95.7% of the genes were complete in the contig-level genome (Table 3).

Hi-C sequencing and chromosome anchoring. The Hi-C library was constructed by a standard protocol
described previously with certain modifications'. Briefly, 20 females of P. jackbeardsleyi were ground in 2% formal-
dehyde for cross-linking cellular protein. Cross-linking was halted by adding glycine and applying additional vac-
uum infiltration. Fixed tissue was then ground into a powder, resuspended in nuclei isolation buffer, and the purified
nuclei were digested with 100 units of DpnlI restriction enzyme, marked by incubating with biotin-14-dATP as
described in previous studies”!°. Hi-C libraries were quantified using quantitative real-time PCR with a library quan-
tification kit/Illumina GA Universal (KAPA, Wilmington, MA, USA). Subsequently, the libraries were sequenced
on the Illumina NovaSeq platform, generating 150 bp paired-end reads. In total, 33.114 Gb (coverage: 102.204 %)
of Hi-C data for P. jackbeardsleyi was generated (Table 2). Juicer v1.6 and 3D de novo assembly (3D-DNA) pipe-
lines were used to assemble the scaffolds into a chromosome-level genome!®"’. The results showed 84.12% normal
paired reads, while the others were chimeric paired (12.24%), chimeric ambiguous (2.21%) or unmapped reads
(1.43%), with 26.08% of the read pairs showing Hi-C contacts (Table 4). The assembled contigs were clustered into
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Types Number Length (bp) Percentage (%)
Retroelements 23,414 17,479,410 522
SINEs 61 9,813 0
Penelope 31 29,910 0.01
LINEs 6,205 1,671,215 0.5
CRE/SLACS 0 0 0
L2/CR1/Rex 927 328,377 0.1
R1/LOA/Jockey 2,848 570,516 0.17
R2/R4/NeSL 0 0 0
RTE/Bov-B 136 27,046 0.01
L1/CIN4 0 0 0
LTR elements 17,148 15,798,382 4.72
BEL/Pao 590 733,282 0.22
Tyl/Copia 2,294 2,695,829 0.81
Gypsy/DIRS1 7,417 9,319,913 278
Retroviral 1,004 109,343 0.03
DNA transposons 82,721 18,792,160 5.61
hobo-Activator 29,616 6,473,573 1.93
Tc1-18630-Pogo 16,404 3,948,341 1.18
En-Spm 0 0 0
MuDR-IS905 0 0 0
PiggyBac 190 101,936 0.03
Tourist/ Harbinger 2,530 622,867 0.19
Other (Mirage, P-element, Transib) 0 0 0
Rolling-circles 7,887 2,366,428 0.71
Unclassified 313,462 79,851,041 23.85
Total interspersed repeats 419,597 116,122,611 34.68
Small RNA 248 228,707 0.07
Satellites 4,380 624,937 0.19
Simple repeats 63,734 2,869,998 0.86
Low complexity 14,688 1,558,602 0.47

Table 6. Statistics for repeat elements in the genome of Pseudococcus jackbeardsleyi.

Types Number
Candidate tRNAs read 244
Infernal stats Infernal-confirmed tRNAs 219
Bases scanned by Infernal 24,287
tRNAs decoding Standard 20 AA 195
Selenocysteine tRNAs (TCA) 0
tRNA count Possible suppressor tRNAs (CTA,TTA,TCA) 0
tRNAs with undetermined/unknown isotypes | 10
Predicted pseudogenes 14
Total tRNAs 219
tRNAs with introns 17
5s TRNA 26
5.8s TRNA 14
rRNA
18s rRNA 19
28s rRNA 24
miRNA 28

Table 7. Statistics for noncoding RNA genes in the genome of Pseudococcus jackbeardsleyi.

5 linkage groups with an N50 of 67.233 Mb (Fig. 1b, Table 1). BUSCO was also used to evaluate the completeness of
the chromosome-level genome, which showed that 95.7% was identified as complete genes (Table 3).

RNA-seq. The cDNA libraries were constructed with the TruSeq™ RNA sample preparation Kit (Illumina,
San Diego, CA, USA) using 1 ug of total RNA. Libraries were size-selected for 300 bp target fragments on 2%
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Fig. 2 Overview of assembled Pseudococcus jackbeardsleyi genome.The outer layer of coloured blocks is a
circular representation of the 5 linkage-groups and circos demonstration of gene count (histogram), repeat
density (heatmap) and GC content (line) from the outer to the inner circle, respectively.

low range ultra-agarose, followed by PCR amplification for 15 cycles using Phusion DNA polymerase (NEB,
Ipswich, MA, USA). After quantification by TBS380 (Picogreen, Waltham, MA, USA), the paired-end library
was sequenced on an Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA) at Majorbio Bio-pharm
Technology Co., Ltd (Shanghai, China). Trinity v2.11.0 was used for de novo assembly to obtain corresponding
transcripts from RNA-seq raw data with default parameters'® (--seqType fq --max_memory 200 G --left R1.raw.
fastq --right R2.raw.fastq --CPU 60 --trimmomatic --output pj_trinity).

Gene structure and function annotation.  Gene structure annotation was performed using Maker v3.01.03
genome annotation pipeline, following established protocols'®!®. RNA-seq evidence described above was utilized
for genome annotation to improve exon nucleotide accuracy. Gene functions were annotated using eggnog-mapper
v2.1.7%. A total of 10,908 annotated protein-coding genes were identified, and BUSCO analysis showed that 92.8%
of the evaluated single-copy genes were identified as complete, with 2.3% fragmented and 4.9% missing gene
(Table 3). In scale insects, species with genomes assembled to the chromosome level tend to have fewer genes com-
pared to those at the scaffold level, which may be due to redundancy caused by insufficient assembly levels (Table 5).

Repeats and non-coding RNA (ncRNA) annotation. RepeatMasker v4.0.7 was used to detect
repetitive elements in scaffolds longer than 1,000 bp against the Insecta repeats within RepBase Update?!
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Number of annotated | Number of Ily | Total ber of | Total number of identified genes

Gene Family | genes Identified annotated genes identified genes | clustering identical sequences
P450 83 0 83 83

GST 16 1 17 17

CCE 150 0 150 150

UGT 38 0 38 38

ABC 83 3 86 86

OBP 21 1 22 22

OR 5 16 21 21

GR 15 8 23 23

IR 19 8 27 27

CSP 9 2 11 11

SNMP 12 0 12 12

HSP 47 17 64 62

(http://www.girinst.org). For ab initio prediction, RepeatModeler v2.0.1 (http://www.repeatmasker.org/
RepeatModeler.html, RRID: SCR_015027) were first used for de novo candidate database constructing of repet-
itive elements. Among the repetitive sequences, retroelements and DNA transposons accounted for 5.22%
and 5.61% of the whole genome, respectively (Table 6). Totally 4,380 satellites and 63,734 simple repeats were
identified as tandem repeats (TRs), accounting for 0.19% and 0.86% of the P. jackbeardsleyi genome, respec-
tively (Table 6). For ncRNA annotation, transfer RNA (tRNA) and ribosome RNA (rRNA) were predicted by
tRNAscan-SE and RNAmmer with default parameters?»*. MicroRNAs (miRNA) were predicted by aligning the
genomic sequence against RFAM v14.10 database (http://rfam.xfam.org/) using BLASTN?%. A total of 219 tRNAs,
83 rRNAs, and 28 microRNAs were predicted in the P. jackbeardsleyi genome (Table 7). A circular diagram illus-
trating gene count, repeat density and GC content was generated using Circos® (Fig. 2).

Genome family analysis. Twelve gene families associated with detoxification and chemosensory functions
were manually annotated in P. jackbeardsleyi, including cytochrome P450 monooxygenase (P450s), glutathione
S-transferase (GSTs), carboxyl/cholinesterase (CCEs), UDP-glycosyltransferases (UGTs), ATP-binding cassette
(ABC) transporter, heat shock protein (HSP), odorant binding protein (OBP), odorant receptor (OR), gustatory
receptor (GR), Ionotropic receptors (IR), chemosensory proteins (CSP), and sensory neuron membrane protein
(SNMP). The bioinformatic pipeline BITACORA (full mode) conducted HMMER and BLAST analyses®®. Genes
were annotated with a default cutoff E-value of 10e-5 and manually verified based on gene length and conserved
domains sourced from the SMART database?”. In total, we identified 83 P450s, 16 GSTs, 150 CCEs, 38 UGTs, 83
ABC transporters and 47 HSPs in P. jackbeardsleyi genome (Table 8). Additionally, there are 81 chemosensory
genes in P, jackbeardsleyi, including 21 OBPs, 5 ORs, 15 GRs, 19 IRs, 9 CSPs and 12 SNMPs (Table 8).

Data Records

The dataset is available at the National Center for Biotechnology Information (NCBI), under the genome acces-
sion number of JAZDXF000000000%. The NCBI BioProject accession number is PRINA1070360. RNA-seq,
Hi-C and Illumina raw reads have been deposited in the Sequence Read Archive (SRA) repository with the
accession number of SRP486604%. In addition, the annotation files for genome, ncRNA and repeat content had
been submitted at the figshare®*-2,

Technical Validation

The integrity of the extracted DNA was assessed by agarose gel electrophoresis, and DNA concentration was
determined using NanoDrop and Qubit 3.0 Fluorometer with an absorbance of approximately 2.0 at 260/280.
The scaffold N50, indicating the length at which half of the genome assembly is in scaffolds of this size, notably
improved to 67.233 Mb, surpassing many other genomes (Table 1). We evaluated the completeness of the genome
assembly using the sequence identity method, aligning small fragment library reads with the assembled genome
using BWA software. The BUSCO analysis demonstrated 95.7% completeness (Table 3), affirming the high qual-
ity of the genome assembly. The percentage of duplicated single-copy genes assessed by BUSCO was minimal
at 2.3% (Table 3), indicating that duplication was not a significant issue in the assembly process. Furthermore,
BlobTools was utilized to detect potential contamination in the assembly, revealing no indications of contamina-
tion. These results indicated that we successfully acquired a high-quality genome of P. jackbeardsleyi.

Code availability

The data analyses were performed according to the manuals and protocols by the developers of corresponding
bioinformatics tools and all software, and codes used in this work are publicly available, with corresponding
versions indicated in Methods.
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