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Chromosome-level genome 
assembly of the parasitoid wasp 
Aenasius arizonensis
Wan-Ying Dong   1,7, Tian-Yu Huang2,7, Sheng-Yuan Zhao3, Juan Zhang4, Yang Lei1,5, 
Jun Huang1, Zhong-Shi Zhou2,6 ✉ & Yao-Bin Lu1,3 ✉

Aenasius arizonensis is an important solitary endoparasitoid successfully used for biocontrol of 
cotton mealybug. However, lacking genomic resources has limited molecular-level investigations. 
Our exploration produced a superior genomic assembly of A. arizonensis from the chromosome level 
by combining MGISEQ short reads, Hi-C scaffolding, and PacBio Revio sequencing techniques. The 
genome measured 398.69 Mb, including a contig N50 of 4.73 Mb, a BUSCO completeness level of 
97.07%, and a scaffold N50 of 35.96 Mb. Hi-C data were further utilized cluster and anchor 98.66% of the 
genome sequences into 11 chromosomes. Approximately, 165.90 Mb, representing about 41.61% of the 
genome, was identified as repeat elements. Non-coding sequence annotation identified 171 rRNAs,  
117 small RNAs, 331 regulatory RNAs, and 872 tRNAs. Genome annotation reveals 11,727 protein-
coding genes, with 10,842 (92.45%) genes functionally annotated. In summary, our chromosome-level 
genome assembly serves as a significant resource for advancing research on Encyrtidae parasitoids.

Background & Summary
Aenasius arizonensis (Girault, 1915) (Hymenoptera: Encyrtidae) is an obligate endoparasitoid that affects cot-
ton mealybug Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae), harmful invasive pests feeding on 
over 200 plant species, including field crops and horticultural plants1. Taxonomically, A. arizonensis is rec-
ognized as a junior synonym with Aenasius bambawalei (Hayat, 2009), a species presumably native to North 
America and recently recorded in India2, Pakistan3,4, China5, Iran6, Turkey7, Israel8, and Australia9. The 
parasitoid wasp A. arizonensis significantly suppresses the P. solenopsis population by parasitizing 2nd and 3rd 
instar nymphs and female adults under laboratory and field conditions10. The parasitization efficiency reached 
78 80% in Turkey11 and even up to 90–95% in India12 and Pakistan13. The parasitoid wasp kills P. solenopsis 
directly and drastically lowers the species’ fertility, fecundity, and survival rate14. Despite its ecological impor-
tance, key aspects of A. arizonensis biology remain poorly understood. These include its biological traits10,11,15,16, 
chemical ecology17,18, venom function19,20, ant-mealybug-parasitoids interactions21,22, and their responses to 
temperature23,24 and insecticide stresses25,26. To date, genetic research on this wasp has been limited to transcrip-
tomic studies and mitochondrial genome analyses27–30. Access to a high-quality, assembled, as well as anno-
tated genomic assembly for A. arizonensis offers a critical foundation for exploring diverse biological processes, 
including host localization, venomics, gender characterization, and genetic evolution.

Herein, we produce a chromosomal assembly for A. arizonensis by integrating PacBio long-read, MGISEQ 
short-read, and high-throughput chromosome conformation capture (Hi-C) approaches. A genome of 
398.69 Mb was produced with contig and scaffold N50 of 4.73 Mb and 35.96 Mb, respectively. Hi-C data under-
went clustering and anchoring into 11 chromosomes. Repeat elements constitute a significant portion of the 
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genome, accounting for 165.90 Mb (~41.61%) of the total assembly. Non-coding sequence annotation identified 
171 rRNAs, 117 small RNAs, 331 regulatory RNAs, and 872 tRNAs. To functionally characterize the genome, 
we performed structural and functional annotation using transcriptome data from female A. arizonensis. A 
total of 11,727 protein-coding genes were identified, of which 92.45% were successfully annotated. As the first 
chromosome-level genome assembly within the genus Aenasius, this high-quality reference genome offers a val-
uable to advance our understanding of the biocontrol capabilities of A. arizonensis. Furthermore, it is a critical 
foundation for following the investigation of the genetics, evolution, and host-parasitoid interactions within 
Encyrtidae parasitoids.

Methods
Sample collection and rearing.  Aenasius arizonensis specimens analyzed in this research were collected 
from Hibiscus mutabilis plants located in the suburban areas of Hangzhou, Zhejiang, China. These parasitoids 
were continuously cultured over 30 generations, using their natural host, the mealybug P. solenopsis, under stand-
ardized environmental conditions. The conditions for raising were kept at 27 ± 1 °C, 70% ± 5% relative humidity 
and a light-dark sequence of 14: 10 hours. The parasitoids underwent rearing in nylon net cages (50 × 50 × 60 cm). 
Sprouted potato tubers were also provided in the cage to feed mealybugs.

Library construction and sequencing.  For genomic DNA extraction, twenty newly emerged female 
adults from the laboratory population were surface-sterilized and processed using the QIAGEN Genomic-Tip 
(Qiagen, Germany). The extracted DNA was purified using a Grandomics Genomic kit (GrandOmics, China), 
following standardized protocols provided by the manufacturers for routine sequencing applications. Total 
RNA was isolated from an additional twenty newly emerged females of the laboratory population with TRIzol 
(Invitrogen, USA), adhering to the manufacturer’s directions. Following extraction, both DNA and RNA were 
assessed through multiple methods: 1% agarose gels were used to check for integrity, a NanoDropTM One UV-Vis 
spectrophotometer (Thermo Fisher, USA) was employed for measurement, and a Qubit® 4.0 Fluorometer 
(Invitrogen, USA) determined the concentration.

Genomic DNA was fragmented randomly for short-read sequencing, and libraries with insert sizes 200–
500 bp were created employing an Agencourt AMPure XP-Medium Kit (Beckman, USA). These libraries under-
went sequencing using the MGISEQ-T7 platform at GrandOmics (Wuhan, China), generating 42.38 Gb of raw 
data for genome survey analysis. The sequencing data exhibited high quality, with Q20 and Q30 rates of 99.21% 
and 96.91%, respectively, with an average coverage depth of 74.64 ×. After quality filtering with fastp v0.23.431, 
39.15 Gb of clean data were retained, of which 37.94 Gb (96.91%) exceeding the Q30 quality threshold (Table 1).

An SMRTbell library was generated with an SMRTbell® Prep Kit 3.0 (Pacific Biosciences, USA) for PacBio 
HiFi long-reads. This library underwent sequencing using a PacBio Revio with the Revio Polymerase Kit. This 
generated 16.48 Gb of high-quality HiFi reads, providing 28.88 × coverage for genome assembly. The clean data 
exhibited an N50 length of 21,531 bp, a maximum read length of 61,351 bp, and an average length of 20,999.70 bp 
(Table 1).

To perform Hi-C sequencing, muscle tissue underwent exposure to 2% formaldehyde to stabilize 
DNA-protein interactions through crosslink. Chromatin was incubated with DpnII. The Hi-C samples under-
went a series of steps, including biotin labeling, blunt-end ligation, and DNA purification. The final Hi-C library 
was sequenced on the MGISEQ-T7 platform, generating paired-end 150-bp reads to map spatial interactions 
within the chromosomes. A total of 67.58 Gb of Hi-C read data was generated, with 67.54 Gb retained after filter-
ing using fastp v0.23.431. Of these, 65.23 Gb (96.58%) exceeded the Q30 quality threshold (Table 1).

RNA sequencing (RNA-Seq) libraries were constructed utilizing a NEBNext® UltraTM RNA Library Prep Kit 
(NEB, USA) and sequenced using an MGISEQ-T7. RNA-Seq data (13.03 Gb) was generated, which was then 
utilized in whole-genome protein-coding gene forecasting.

Genome survey.  Before assembly, the genome size as well as heterozygosity were projected using k-mer on 
MGI paired-ended raw reads. In summary, 42.38 Gb raw data underwent quality filtering with fastp v0.21.031 
(parameters: -n 0 -f 5 -F 5 -t 5 -T 5 -q 20), resulting in 39.15 Gb of clean data (Table 1). Filtered reads underwent 
processing using KMC v3.2.132 (parameters: -k21 -ci1 -cs1000000) to generate k-21 mers frequency distribution 
and assess heterozygosity. Genome size was performed using the FindGSE program33 and GenomeScope v1.0.034 
under default configurations. The analysis revealed a genome size of 428.82 Mb and heterozygosity of 0.60%, 
determined from the k-mer depth distribution (Fig. 1).

Genome assembly.  Contig assembly from PacBio HiFi reads was performed using hifiasm v0.1935 (default 
parameters). To achieve high accuracy, the initial draft genome was further polished with NextPolish v1.2.436, 
incorporating short-read sequencing data generated from the MGISEQ-T7 platform. The assembled genome was 
aligned with all Illumina paired-end evaluation with the Burrows-Wheeler Aligner (BWA) v0.7.12-r103937, while 

Sequencing strategy Platform Usage Reads number Raw data (Gb) Clean data (Gb)

Short-reads MGISEQ- T7 Genome survey 282,502,066 42.38 39.15

Long-reads PacBio Revio Genome assembly 784,970 — 16.48

Hi-C MGISEQ- T7 Chromosome-level assembly 450,525,948 67.58 67.54

RNA-seq MGISEQ-T7 Gene structure annotation 86,851,686 13.03 13.00

Table 1.  Sequencing and methodologies employed to assemble the Aenasius arizonensis genome.
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base accuracy was evaluated using SAMtools v1.438 and Bcftools v1.8.039. The sequencing reads were assessed 
for alignment rate and genome coverage utilizing Minimap2 vr4140 (parameters: -x map-hifi). A thorough con-
taminant screening was conducted to ensure the integrity and purity of the draft genome assembly, utilizing 
blast v2.941 to align the assembly against the NT Database. This process identified and eliminated 7 contaminant 
contigs. Additionally, similarity searches were conducted using Purge_Dups42 (parameters: -f .9) to identify and 
discard redundant contigs, resulting in a final assembly. The initial assembly comprises 225 contigs, totaling 
406.67 Mb in length, and features a contig N50 of 4.73 Mb (see Table 2).

Hi-C scaffolding.  Raw Hi-C results underwent data analysis via Hi-C-Pro v2.8.143 and quality inspection 
procedures utilizing fastp v0.21.631. Clean reads underwent alignment to the draft genome assembly with bowtie2 
v2.3.244 (parameter: -end-to-end, -very-sensitive -L 30). Subsequently, uniquely mapped paired-end reads were 
processed through Hi-C-Pro v2.8.1 to filter out incorrect pairs, including self-cycle, dangling ends, re-ligations, 
and dumped sequences. A total of 99,670,120 valid interaction pairs were retained for scaffold correction. These 
pairs were utilized to cluster, order, and orient contigs onto chromosomes using LACHESIS45 (parameters: 
CLUSTER_MIN_RE_SITES=100, CLUSTER_MAX_LINK_DENSITY=2.5, CLUSTER NONINFORMATIVE 
RATIO=1.4, ORDER MIN N RES IN TRUNK=60, ORDER MIN N RES IN SHREDS=60).

The total genome length measured 398,693,586 bp, with 393,330,049 bp (98.66%) successfully anchored to 11 
 chromosomes, ranging 22.97–45.46 Mb (Tables 2, 3). A genome-wide chromatin interaction Hi-C heatmap,  
generated using Python, revealing strong diagonal interaction signals, further validating chromosome-level  
assembly quality (Fig. 2). Additionally, the chromosomal landscape was visualized using the Advanced Circos tool  
integrated into TBtools46 (Fig. 3).

Genomic repeat and non-coding RNA annotation.  Repeats identified in the assembled genome were 
separated into two categories: tandem repeats (TRs) and transposable elements (TEs). The detection of TRs was 
performed with GMATA v2.247 (default settings) and Tandem Repeats Finder v4.07b48 (parameters: 2 7 7 80 10 
50 500 -f -d -h -r). TE were annotated utilizing a hybrid methodology that integrates homology based and de novo 
techniques. The de novo repeat approach used LTR-retriever49 (default parameters) and RepeatModeler version 
open-1.0.11 (parameters: engine wublast). Predicted repeats were classified via TEclass v2.1.350, and merged with 
Repbase51 entries to compile a species-specific TE library, retaining redundant sequences. RepeatMasker v1.33152 
was then employed to identify TE sequences through homology searches against the library. Collectively, 4.41 Mb 
of TRs and 154.60 Mb of TEs were annotated, constituting 41.61% of the genome assembly (Table 4).

Non-coding RNA (ncRNA) labeling was accomplished by mapping genomic sequences to the RFAM data-
base53 (http://rfam.xfam.org/) with Infernal v1.1.254 (default parameters). Transfer RNA (tRNA) was detected 
with tRNAscan-SE v2.055 (parameters:--thread 4 -E -I). Ribosome RNA (rRNA) and subunits were annotated with 

Fig. 1  The analysis of the 21-mer sequences within the Aenasius arizonensis genome. The X-axis illustrates 
k-mer depth, while the Y-axis denotes k-mer frequency at a given depth.

Genome features Statistics

Draft genome size (bp) 406,665,476

Contig number 225

Contigs N50 size (bp) 4,728,094

Scaffold number 25

Scaffold N50 size (bp) 35,959,675

% of sequences anchored to chromosomes 98.66

Number of chromosomes 11

Total length of chromosomes (bp) 398,693,586

GC content (%) 35.42

Table 2.  Summary of the assembled Aenasius arizonensis genome.
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RNAmmer v1.256, which was configured with the settings “-S euk -m lsu, ssu, tus -gff”. Based on Rfam databases, 
the A. arizonensis genome contains 171 rRNAs, 117 small RNAs, 331 regulatory RNAs, and 872 tRNAs (Table 5).

Gene modeling and functional predictions.  Following repeat sequence masking, intact protein-coding 
gene models were predicted through an integrative pipeline combining three independent approaches: 
homology-based prediction, transcriptome-based prediction, and de novo prediction. For homology-based pre-
diction, protein sets from five insects species including Copidosoma floridanum57, Eretmocerus hayati, Nasonia 
vitripennis, Eurytoma adleriae, and Ormyrus pomaceus were retrieved from Insectbase 2.058 and aligned with 
GeMoMa v1.6.159 (default parameters). In order to make a prediction based on the transcriptome, high-quality 
RNA-seq data were aligned to the A. arizonensis genome assembly via STAR v2.7.3a60. This was then followed 
by the assembly of transcripts with Stringtie v1.3.4d61. Open reading frames (ORFs) underwent character-
ization utilizing PASA v2.3.362 to generate a training dataset. De novo gene models were constructed using 
Augustus v3.3.163 and GlimmerHMM v3.0.464. Gene models from these methodologies were combined into an 
integrated set utilizing EVidenceModeler (EVM) v1.1.1 (default parameters), which was further retained with 
PASA v2.3.3 to annotate untranslated regions. The genome annotation revealed 11,727 genes that code for pro-
teins (Table 6); these genes possessed a mean length of 17,936.89 bp and a mean length of 1,716.43 bp for their 

Chromosome Chromosome size (bp) Contig number

1 45,460,858 33

2 43,488,874 27

3 42,485,375 23

4 38,061,147 23

5 35,958,775 10

6 35,786,642 11

7 34,695,690 22

8 33,884,628 22

9 31,547,313 17

10 28,993,959 15

11 22,966,788 9

Table 3.  Overview of eleven assembled Aenasius arizonensis chromosomes.

Fig. 2  Hi-C assembly heatmap of Aenasius arizonensis. The X- and Y-axes indicate the sequential order of bins 
along their respective chromosome groups. The interaction intensity of Hi-C associations is depicted using a 
color gradient, illustrated on the left, from yellow, representing low-intensity to red, representing high-intensity.
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coding sequence (CDS). On average, 6.92 exons were found in each gene through structural analysis, with exon 
and intron lengths averaging 248.08 bp and 2,740.41 bp, respectively (Table 7).

Predicted protein-coding genes underwent functional characterization through alignment to five major 
databases: Kyoto Encyclopedia of Gene and Genomes (KEGG)65, Eukaryotic Orthologous Groups of pro-
tein (KOG)66, the National Center for Biotechnology Information (NCBI) non-redundant database (NR), 
Gene Ontology (GO)67, and SwissProt68. Predicted functional domains and GO identities were defined using 
InterProScan69 program (default parameters). Protein sequences integrated by EVM were compared against 
the mentioned databases using BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi), with a threshold E-value of 
1e-562. Consensus annotations from all five databases were integrated using EVM v1.1.162, resulting in successful 
functional annotation of 10,842 genes (92.45% of predicted genes) (Table 8).

Data Records
PacBio long-read sequences, Hi-C data, MGI short-read sequencing, and transcriptomic sequences can be 
accessed in NCBI Sequence Read Archive database (accession number PRJNA1178347)70. Specifically, genomic 
MGI sequencing data, PacBio sequel II long-read data, Hi-C sequencing results, and transcriptome sequences 
can be found in NCBI (accession number SRP541658)71. The Genbank accession number for the Whole Genome 
Shotgun project is JBISGU00000000072. Additionally, genome annotations can be found using Figshare: https://doi.
org/10.6084/m9.figshare.2793336073.

Fig. 3  Circos plot illustrating genome characteristics of Aenasius arizonensis, with all data represented in 50-kb 
genomic windows. (a) Chromosome the length (Mb); (b) gene density in each Mb (0–15) (c) GC abundance 
in each Mb (0%–100%); (d) repeat elements abundance (0%–100%); (e) transposable elements abundance 
(0%–100%); (f) tandem repeats abundance (0%–88.73%); (g) non-coding RNA abundance (0–19).
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Technical Validation
To ensure the quality of the genome assembly, three approaches were used to evaluate its accuracy and com-
pleteness. First, MGI short-read were aligned to the genome with BWA v0.7.12-r103937, achieving a 99.92% 
alignment rate and of 99.76% genome coverage. The genome exhibited heterozygous (0.002074%) and 
homozygous (0.000708%) nucleotide polymorphisms (SNPs), respectively, demonstrating elevated accuracy. 
Second, completeness and accuracy of core genes in the integrated genome were evaluated using the Core 
Eukaryotic Genes Mapping Approach (CEGMA, v2)74. Of 248 core eukaryotic genes (CEGs) identified in 

Type Number of elements Length of sequence (bp) Percentage of sequence (%)

TEs

Class I: 
Retroelement

LINE 74,638 25,834,248 6.48

LTR 83,767 37,258,922 9.35

SINE 5,891 651,582 0.16

Total 164,296 63,744,752 15.99

Class II: DNA 
transposon

DNA 357,536 83,191,135 20.87

RC 8,822 1,610,915 0.40

MITE 20,666 6,048,250 1.52

Total 387,024 90,850,30 22.79

Total TEs 551,320 154,595,052 38.78

Tandem Repeats

SSR 79,905 999,375 0.25

Tandem repeat elements 37,592 3,407,250 0.85

Total 117,497 4,406,625 1.11

Simple repeats 1,914 200,178 0.05

Other 2,348 319,792 0.08

Unknown 28,907 6,367,098 1.60

Low complexity 91 11,573 0.00

Total repeats 702,077 165,900,318 41.61

Table 4.  Overview of repetitive sequences within the Aenasius arizonensis genome.

Class Type Copy number Average length (bp) Total length (bp) Percentage of sequence (%)

rRNA (171)

18 S 45 1,934.73 87,063 0.0218

28 S 25 4,289.52 107,238 0.0269

5.8 S 49 155.00 7,595 0.0019

5 S 45 115.09 5,179 0.0013

snRNA (117)

snRNA 19 102.00 1,938 0.0005

miRNA 43 82.53 3,549 0.0009

Spliceosomal 45 158.16 7,117 0.0018

Other 10 213.30 2,133 0.0005

Regulatory cis-regulatory elements 331 47.01 15,560 0.0039

tRNA tRNA 872 75.78 66,077 0.0166

Table 5.  Overview of non-coding RNAs within the Aenasius arizonensis genome.

Gene set
Total number 
of genes

Average gene 
length (bp)

Average CDS 
length (bp)

Average exons 
number per gene

Average exon 
length (bp)

Average intron 
length (bp)

Homoloy

C. floridanum 20,784 17,848.14 1,448.45 5.12 282.7 3,977.07

E. hayati 45,650 17,463.63 1,266.15 3.66 346.08 6,092.69

N. vitripennis 26,058 18,498.17 1,446.22 5.07 285.02 4,185.49

E. adleriae 33,952 13,395.79 1,191.98 4.13 288.4 3,895.2

O. pomaceus 33,602 12,987.71 1,206.77 3.93 307.0 4,019.69

GeMoMa 33,390 11,282.02 1,076.59 3.38 318.19 4,281.75

Transcriptome
NGS RNA seq 16,291 23,141.57 3,543.85 7.89 449.42 2,846.25

PASA 15,792 22,419.65 3,549.13 7.88 450.45 2,743.21

De novo
AUGUSTUS 12,881 18,318.39 1,679.79 6.93 242.36 2,805.41

GlimmerHMM 28,064 12,719.03 823.41 4.5 182.88 3,396.29

Final EVM 11,727 17,936.89 1,716.43 6.92 248.08 2,740.41

Table 6.  Gene annotation results within the Aenasius arizonensis genome, generated through three different 
strategies.
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CEGMA, 246 (99.19%) were successfully assembled, with 239 CEGs (96.37%) being complete. According 
to these results, the genome assembly contains a nearly full complement of core genes. Third, genome com-
pleteness was quantified using Benchmarking Universal Single Copy Orthologs (BUSCO v4.0.5)75 (parame-
ters: -l endopterygota_odb10 -g genome). At the contig level, the completeness of single-copy genes reached 
96.89%, with 92.75% being single-copy and 4.14% duplicated. At the chromosome level, the completeness 
of single-copy genes was 97.07%, consisting of 95.68% single-copy and 1.39% duplicated genes. Functional 
annotation further corroborated these results, showing that 94.73% of protein-coding genes were classified as 
complete, with 93.08% being single-copy and 1.65% duplicated (Table 9). Collectively, these analyses demon-
strate increased accuracy and completeness.

Code availability
No custom scripts or code were used in this study.
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Table 7.  Comparison analysis of protein-coding genes annotations between the Aenasius arizonensis genome 
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Type Number Percent (%)

Annotation

NR 10,776 91.89

KEGG 6,786 57.87

KOG 7,622 65.00

GO 7,059 60.19
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Total
Annotated 10,842 92.45

Gene 11,727 —

Table 8.  Gene functional annotation of Aenasius arizonensis.

Data
Complete 
gene (%)

Single-copied 
gene (%)

Duplicated 
gene (%)

Fragmented 
gene (%)

Missing 
gene (%)

Contig level assembly 96.89 92.75 4.14 0.42 2.68

Chromosome level assembly 97.07 95.68 1.39 0.44 2.49

All protein-coding gene 94.73 93.08 1.65 0.47 4.80

Functionally annotated protein-coding gene 94.73 93.08 1.65 0.47 4.80

Table 9.  Assessment of genome assembly and protein-coding gene completeness using BUSCO analysis.
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