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Trichogramma spp. is a genus of minute egg parasitoids frequently used in agricultural pest 
management that can feed on the eggs of various lepidopteran pests. Currently, there is a scarcity of 
high-quality genomic resources for this category of tiny parasitoids, which impedes our comprehension 
of the population evolution and parasitic ecology of this collective. In this case, a chromosome-level 
genome of Trichogramma chilonis was produced by integrating PacBio HiFi, Illumina, and Hi-C data. The 
genome size totals 202.48 Mb, with a scaffold N50 length of 40.00 Mb. A total of 98.59% (199.63 Mb) 
of contigs were effectively mapped onto five chromosomes. The BUSCO assessment revealed that 
the genome assembly achieved 98.1% (n = 1,367) completeness, with 95% representing single-copy 
BUSCOs and 3.1% duplicated BUSCOs. Also, the genome comprises 24.16% (48.91 Mb) repeat elements 
and 12,163 predicted protein-coding genes. The high-quality genome of T. chilonis presented in this 
study offers an invaluable asset for elucidating its evolutionary path and ecological interactions.

Background & Summary
Globally, there exist over 600 recognized members of the Trichogrammatidae clan, with approximately 210 
species of Trichogramma spp. capable of parasitizing the eggs of diverse crop pests, rendering them the most 
extensively employed taxon of natural enemies in a range of biological control initiatives1,2. The Trichogramma 
wasp deposits their eggs inside the eggs of the host pest, and their larvae ingest the nutrients within the eggs, 
destroying the growth and development of the embryos, thus adequately controlling the pest population3,4. The 
application of Trichogramma wasps substantially decreases dependence on chemical pesticides and alleviates the 
adverse effects of agriculture on the environment and human health.

Trichogramma chilonis serves a crucial role in biological control as one of the main Trichogramma species 
systematically bred and released5. Despite its minute size, measuring only 0.5–1 mm6, this species exhibits a 
broad host range and can manage diverse agricultural pests, including the Cnaphalocrocis medinalis, Spodoptera 
frugiperda, Tuta absoluta, Chilo infuscatellus, Chilo suppressalis, Helicoverpa armigera, and others7–12. 
Therefore, T. chilonis is extensively employed in pest management for crops like rice, corn, cotton, sugarcane, 
and vegetables13.

The swift advancement of genome sequencing technology in recent years has underscored the importance 
of utilizing genomes to unveil the biological traits and parasitic mechanisms of T. chilonis, essential for pro-
ducing the efficacy of biological control strategies14. However, genome data has been disclosed for only three 
Trichogramma wasps14, with none reported for T. chilonis. The inadequate availability of genetic resources has 
impeded our comprehension of its biological traits and parasitic mechanisms.
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Here, we constructed the chromosome-level genome of T. chilonis by integrating PacBio HiFi, Illumina, and 
Hi-C data, which annotated the repeats, non-coding RNAs, and protein-coding genes. This high-quality genome 
establishes a valuable dataset for delving deeper into the evolution and essential traits of Trichogrammatidae 
species.

Methods
Insect preparation.  The T. chilonis utilized in this research was obtained from the Natural Enemies and 
Pollinator Breeding Center at the Institute of Plant Protection, Shandong Academy of Agricultural Sciences 
(Jinan, China). The internal transcribed spacer 2 (ITS2) sequence was amplified and performed for species iden-
tification at the molecular level15. The findings indicated that the ITS2 sequence amplified from the randomly 
chosen Trichogramma individuals (n = 8) exhibited the highest similarity with the ITS2 sequence (Accession 
number: FN665797.1) of T. chilonis in the NCBI database, ranging from 99.57% to 99.78% (Fig. S1). To minimize 
heterozygosity, an isofemale line was established through the backcrossing of male offspring with a virgin female. 
Corcyra cephalonica eggs served as the host for T. chilonis, and following a minimum of six generations of cultiva-
tion, substantial populations of female adults were gathered.

DNA and RNA sequencing.  The TaKaRa MiniBEST Universal Genomic DNA Extraction Kit Ver. 5.0 
(TaKaRa, Tokyo, Japan) was utilized to extract genomic DNA from 1000 female adults. For constructing the 
PacBio HiFi 20Kb library (insert size), the SMRTbell® Express Template Prep Kit 2.0 (Pacific Biosciences) 
was employed, and sequencing was conducted in HiFi mode on the PacBio Sequel II platform. Illumina 
whole genome sequencing (WGS) short-read libraries were created using the TruSeq DNA PCR-free kit, 
comprising 150 bp paired-end reads and 350 bp insert size. High-throughput chromosome conformation 
capture (Hi-C) was carried out following established protocol16, involving cross-linking, restriction enzyme 
digestion, end repair, DNA cyclization, and purification. All short-read libraries were sequenced on the illu-
mina NovaSeq 6000 platform.

RNA was isolated from 200 female adults employing Trizol (Invitrogen, California, CA, USA) as per the 
manufacturer’s instructions. Libraries were prepared with the TruSeq RNA Library Prep Kit v2 (Illumina, 
California, CA, USA) and then underwent Illumina sequencing. Notably, our genome sequencing yielded 
19.29 Gb (95.27×) of PacBio long-reads, 11.82 Gb (58.38×) of Illumina short-reads, 18.55 Gb (91.63×) of Hi-C 
data, and 11.43 Gb of transcriptome data (Table 1).

Genome survey.  To ensure the reliability of the genomic data, the Illumina raw data underwent quality 
control using BBTools v38.8217. The clumpify.sh script was employed to eliminate duplicate sequences, while 
the bbduk.sh script was utilized for specific quality control measures such as removing sites with base quality 
values below 20, sequences shorter than 15 bp, and poly-A/G/C endings longer than 10 bp. GenomeScope v2.018 
was used for k-mer analysis, setting the maximum k-mer coverage cutoff at 1,000. The k-mer frequencies were 
assessed using klist.sh (BBTools) with a length of 21 k-mers. By analyzing the coverage and frequency distribution 
of k-mers, the estimated genome size of T. chilonis was determined to be approximately 203.22 Mb with a hete-
rozygosity rate of 0.261% (Fig. 1).

Genome assembly.  The high-quality PacBio HiFi long-reads underwent primary assembly using Hifiasm 
v0.16.119. Contigs with a sequencing depth greater than 10 × were selectively retained to mitigate the inclusion 
of potentially contaminated or erroneous low-depth sequences. Subsequently, the alignment tool Minimap2 
(v2.23)20 was executed using Purge_dups (v1.2.5)21 to remove haplotigs, with a haploid cutoff of 70 (‘-s 70’) 
applied20 to identify contigs as haplotigs. Juicer v1.6.222 was utilized to align Hi-C reads with refined genomes, 
and the 3D-DNA v18092223 procedure was employed to anchor contigs for chromosome assembly with default 
settings. Assembly errors were manually reviewed and rectified using Juicebox v1.11.0822. To identify poten-
tial bacterial and human contaminants in the assembly outcomes, a BLASTN-like search was conducted using 
MMseq. 2 v1324 against the NCBI Nucleotide database. Contaminants from vectors were examined against the 
UniVec database employing BLAST + v2.11.025 with the VecScreen parameters. The chromosome-level genome 
of T. chilonis was assembled to a size of 202.48 Mb, consisting of 31 scaffolds and 63 contigs. The longest scaffold 
and contig measured 49.97 Mb and 24.21 Mb, respectively (Table 2). It featured a scaffold N50 length of 40.00 Mb 
and a contig N50 size of 10.27 Mb, and the GC content was 39.84% (Table 2). A sum of 199.63 Mb contigs was 
effectively arranged onto five chromosomes, achieving a mounting rate of 98.59% (Fig. 2), and chromosome 
sizes range from 33.83 to 49.97 Mb (Fig. 3). The count of haploid chromosomes assembled by us aligns with 
those documented for Trichogramma brassicae26, Trichogramma embryophagum27, and Trichogramma pretiosum28 
previously. Moreover, the BUSCO assessment of genome assembly completeness is demonstrated to be 98.1% 
(Table 3). All the indicators show that our genome assembly has achieved an exceptionally high level of continuity 
and integrity.

Libraries Insert sizes (bp) High-quality data (Gb) Sequencing coverage (x)

Illumina 350 11.82 58.38

PacBio HiFi 20 Kb 19.29 95.27

Hi-C 350 18.55 91.63

RNA 350 11.43 —

Table 1.  Statistics of the sequencing data used for genome assembly.
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Fig. 1  Genome survey at 21-mer of T. chilonis was estimated using GenomeScope. The vertical dotted lines 
indicate the coverage peaks for heterozygous, homozygous, and duplicated sequences separately.

Assembly Total length (Mb)
Number scaffolds 
(chromosomes)

Number contigs 
(chromosomes)

Scaffold N50 
length (Mb)

Contig N50 
length (Mb) GC (%)

BUSCO (n = 1,367) (%)

C D F M

Hifiasm 210.77 167 167 10.27 10.27 39.94 98.2 3.7 0.4 1.4

Purge_Dups 205.21 57 66 10.27 10.27 39.86 98.1 3.1 0.4 1.5

3D-DNA 205.22 57(5) 92(5) 40.00 10.27 39.86 98.1 3.1 0.4 1.5

Final 202.48 31(5) 63(5) 40.00 10.27 39.84 98.1 3.1 0.4 1.5

Table 2.  Genome assembly statistics for T. chilonis. C: complete BUSCOs; D: complete and duplicated BUSCOs; 
F: fragmented BUSCOs; M: missing BUSCOs.

Fig. 2  Contact map. Chromosome-level heat map of T. chilonis, with each chromosome outlined in blue.
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Genome annotation.  The de novo repeat library was created through RepeatModeler v2.0.429 along with 
an extra LTR discovery pipeline (-LTRStruct). Subsequently, this library was combined with the Dfam 3.530 and 
RepBase-2018102631 databases to produce the ultimate custom database. Following this, RepeatMasker v4.1.432 

Fig. 3  Genomic features of T. chilonis are illustrated in a circular arrangement. Starting from the innermost 
circle moving outwards, they include simple repeats, long terminal repeats (LTR), long interspersed nuclear 
elements (LINE) and short interspersed nuclear elements (SINE), DNA transposons density, GC content, gene 
density (GENE), and chromosome length (Chr).

Genome assembly metrics Trichogramma chilonis Trichogramma dendrolimi

Total length (Mb) 202.48 215.2

Number scaffolds 31 316

Number contigs 63 364

Scaffold N50 length (Mb) 40.00 1.4

Contig N50 length (Mb) 10.27 1.3

GC (%) 39.84 39.8

BUSCO completeness (%) 98.1 93.4

Table 3.  Comparative statistics of Trichogramma chilonis and Trichogramma dendrolimi genome assembly.
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software was utilized to analyze the conclusive database, leading to the discovery of 319,998 repeat sequences cov-
ering 48,914,773 bp, representing 24.16% of the genome. The repetitive elements based on proportion included 
unclassified (15.97%), simple repeats (1.88%), long-interspersed elements (LINEs, 2.42%), long-terminal repeats 
(LTRs, 1.60%), DNA transposons (1.43%), and other elements (Fig. 3; Table 4).

We employed the MAKER3 v3.01.0333 annotation pipeline to forecast protein-coding gene structures, 
including ab initio gene structure prediction, transcript sequence alignment with genomes, and comparison 
with protein sequences from known homologous species. BRAKER v2.1.634 and GeMoMa v1.835 were uti-
lized to integrate transcriptome and protein evidence, with the generated files being used for MAKER’s ab 
initio prediction. BRAKER automatically trained Augustus v3.3.436 and GeneMark-ES/ET/EP 4.68_3.60_lic37 
and cross-referenced the arthropoda protein sequence library (OrthoDB10 v1) to enhance prediction accu-
racy38. Transcript assembly guided by the genome was conducted using StringTie v2.1.639, and the out-
comes were utilized as mRNA evidence for MAKER. Additionally, transcriptome alignment was carried out 
using HISAT2 v2.2.040, and homologous proteins from five species (Apis mellifera (GCF_003254395.2)41, 
Bombyx mori (GCF_014905235.1)42, Nasonia vitripennis (GCF_009193385.2)43, Drosophila melanogaster 
(GCF_000001215.4)44, Tribolium castaneum (GCF_000002335.3)45) were supplied to aid in the gene prediction 
process of GeMoMa with the parameters “GeMoMa.c = 0.4 GeMoMa.p = 10”. The genome of T. chilonis pre-
dicted a total of 12,163 protein-coding genes, with an average length of 6,814.3 bp (Table 4). The completeness of 
the protein-coding gene sequences, assessed by BUSCO, reached 97.2% (Table 4).

Gene function annotation was carried out by comparing the UniProtKB database using the more sensitive 
mode (conditions “-e 1e-5”) in Diamond v2.0.11.146. Also, InterProScan 5.53–87.047 and eggNOG-mapper 
v2.1.548 were utilized for functional annotation, encompassing Gene Ontology (GO) terms, signaling pathways 
(KEGG and Reactome), and the recognition of conserved protein domains. This was accomplished through 
the comparison of the five databases: Pfam49, SMART50, Superfamily51, CDD52, and eggNOG v5.053. The anno-
tation outcomes produced by the above tools are merged to derive the ultimate list (Fig. 4) of predicted gene 
functions. As follows: The UniProtKB database contains entries for 11,515 genes, with 1,142 of them being 
individually annotated. Through InterProScan, 10,004 protein-coding genes were identified, with only 32 
of them not being annotated by other databases. A total of 11,037 genes were annotated by the eggNOG 
database, with 1,599 of them being individually annotated. Additionally, 6,369 genes were annotated consist-
ently by all databases. Finally, the structural features of the genome (Fig. 3) were visualized by using TBTools 
(v1.098769)54.

Two strategies were employed for non-coding RNA (ncRNA) annotation. Initially, Infernal v1.1.455 was uti-
lized to compare against the established ncRNA database (Rfam v14.10) for the annotation of ribosomal RNA 
(rRNA), small nuclear RNA (snRNA), and microRNA56. Subsequently, tRNAscan-SE v2.0.957 with the script 
“EukHighConfidenceFilter” was used to predict transfer RNA (tRNA) sequences within the genome. Our 
genome yielded 782 ncRNAs, comprising 2 long ncRNAs (lncRNAs), 250 rRNAs, 75 microRNAs, 96 snRNAs, 
and 265 tRNAs.

Data Records
The original sequencing data and genome assembly of Trichogramma chilonis have been submitted to the 
National Center for Biotechnology Information (NCBI). The data includes Hi-C, transcriptome, whole 
genome sequencing, and PacBio HiFi data, which can be accessed using the identification numbers 
SRR31510496-SRR3151049958. The assembled genome can be found on NCBI under the accession number 
GCA_045269175.159. Results of the repeat analysis, gene structures, and functional predictions are available on 
figshare60.

Characteristics T. chilonis

Genome annotation

Repetitive elements

Size (Mb) 48.91 (24.16%)

DNA transposons (Mb) 2.97 (1.43%)

SINEs (Mb) 0.32 (0.15%)

LINEs (Mb) 4.93 (2.42%)

LTRs (Mb) 3.26 (1.60%)

Unclassified (Mb) 32.33 (15.97%)

Protein-coding genes

Number 12,163

Mean gene length (bp) 6,814.3

BUSCO completeness (%) 97.2

ncRNA

Number of ncRNA 782

rRNA 250

miRNA 75

snRNA 1

Table 4.  Genome annotation statistics of T. chilonis.
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Technical Validation
Compared to the genome of T. dendrolimi, our genome assembly demonstrates enhanced continuity and com-
pleteness attributed to the utilization of long reads and Hi-C sequencing. The number of scaffolds/contigs, 
as well as the N50 scaffold/contig length of T. chilonis are much better than those of T. dendrolimi (Table 3). 
Furthermore, the integrity of the genome assembly was evaluated using BUSCO v5.0.461. The completeness 
assessment revealed 98.1% overall completeness, with 95% for single-copy BUSCOs, 3.1% for duplicated 
BUSCOs, 0.4% for fragmented BUSCOs, and 1.5% for missing BUSCOs, representing a notable improvement 
over T. dendrolimi in assembly integrity (Table 3). To further assess the assembly’s integrity, the mapping rate was 
determined by aligning PacBio, Illumina, and RNA sequencing reads with the final assembly using Minimap2 
and SAMtools. The mapping ratio for PacBio, Illumina, and RNA reads were 99.84%, 98.46%, and 98.03%, 
respectively. These analyses collectively confirm the high quality of the genome assemblies generated in this 
study.

Code availability
The scripts employed for genome assembly and annotation in this publication have been shared on figshare60. All 
commands and pipelines utilized in data processing were executed in accordance with the manuals and protocols 
provided by the respective bioinformatic software.
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