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Chromosome-level genome 
assembly of the stonefly 
Indonemoura scalprata (Plecoptera: 
Nemouridae)
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Plecoptera (stoneflies) are hemimetabolous insects of significant ecological importance in freshwater 
ecosystems and are key to understanding early insect diversification and aquatic adaptation. Here, 
we present a high-quality, chromosome-level reference genome assembly for Indonemoura scalprata 
(Li & Yang, 2007), a nemourid stonefly widely distributed in southern China (Fujian, Guangdong, and 
Guangxi), with the sequenced specimen originating from the Qianjiadong National Nature Reserve 
in Guangxi. The genome was assembled using PacBio HiFi reads and Hi-C chromatin interaction 
data. The final assembly spans 257.81 Mb, with 99.76% (257.18 Mb) successfully anchored into 11 
pseudochromosomes. The scaffold N50 reaches 26.45 Mb, and BUSCO completeness using the insecta_
odb12 dataset (n = 3,114) is 97.0%. Repetitive elements constitute 31.20% of the genome (80.44 Mb). 
We identified 1,491 non-coding RNAs and predicted 12,200 protein-coding genes, achieving 97.7% 
completeness in the BUSCO (insecta_odb12) assessment. This high-quality genome provides a valuable 
resource for comparative genomics in Polyneoptera and studies of adaptation to cold, fast-flowing 
streams and early winged insect evolution.

Background & Summary
Plecoptera, commonly known as stoneflies, are a key component of EPT taxa (Ephemeroptera, Plecoptera, 
Trichoptera). Globally, approximately 17 families and 4,000 species are currently recognized, distributed across 
all continents except Antarctica1,2, with their evolutionary origin dating back to the Upper Carboniferous period 
around 300 million years ago3. Stonefly nymphs typically inhabit clean, fast-flowing, well-oxygenated streams 
or springs, exhibiting an extensive altitudinal range from tens of meters above sea level to alpine snow zones 
exceeding 5,000 meters. Adults are generally terrestrial, feeding and mating in riparian habitats near the water 
bodies from which they emerged. Adult stoneflies typically do not feed or feed only sparingly, whereas nymphs 
occupy diverse trophic roles as predators, shredders, collector-gatherers, and scrapers, frequently exhibiting 
generalist feeding strategies or ontogenetic shifts in diet4. Mature nymphs usually emerge from the water onto 
stones or vegetation to undergo the final molt into adults, a process typically cued by temperature and/or pho-
toperiod5–9. Due to their high sensitivity to water quality changes, Plecoptera are considered one of the most 
threatened freshwater insect groups by environmental change and are widely used as bioindicators in aquatic 
biomonitoring programs worldwide10–14.

The family Nemouridae belongs to the order Plecoptera, suborder Arctoperlaria, infraorder Euholognatha, 
and superfamily Nemouroidea, and is the most species-rich and diverse family within the superfamily, currently 
comprising 21 genera and nearly 800 species—accounting for approximately half of the total species diversity 
in Nemouroidea1. As an ecologically significant group within the Plecoptera, its members are primarily found 
in lotic habitats and cold-water lakes within mountain stream ecosystems. This family occupies a key position 
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in the phylogeny of Plecoptera and is divided into two subfamilies: Amphinemurinae and Nemourinae. The 
genus Indonemoura Baumann, 1975, belonging to the subfamily Amphinemurinae, is relatively species-rich, 
with over 60 species recorded worldwide, predominantly distributed in the Oriental Region, of which 35 species 
are known from China, representing a significant component of the genus diversity15–17.

Phylogenetic analyses based on both morphological and molecular data consistently support the mono-
phyly of Nemouridae18–30. Mitogenome-based phylogenetic analyses further indicate that Nemouridae and 
Notonemouridae form a sister group, a finding consistent with the morphology-based phylogenetic hypoth-
esis for Plecoptera at the family level proposed by Zwick (2000)21,24,25,27,28,30,31. Moreover, the sister relation-
ship between the two subfamilies is supported24,31. Currently, research on the biogeographic dispersal history, 
developmental and evolutionary trajectory, and genetic basis of adaptation in Nemouridae remains at a pre-
liminary stage, primarily due to the scarcity of large-scale genomic data within this group. To resolve these 
phylogenetic conflicts and elucidate the evolutionary history of Nemouridae, high-quality genomic resources 
across its diverse lineages are urgently needed. However, such data remain scarce. To date, only 12 genomes of 
Plecoptera species have been deposited globally (accessed from the NCBI database in August 2025), among 
which four belong to the family Nemouridae. Within this family, two species from the subfamily Nemourinae 
have been assembled at the chromosome level and formally published32,33. Although no genomes from the sub-
family Amphinemurinae have been officially published, one species has achieved chromosome-level assembly.

In this study, we obtained a high-quality chromosome-level genome assembly for Indonemoura scalprata (Li 
& Yang, 2007), a species representative of the data-deficient Amphinemurinae subfamily, distributed in Fujian, 
Guangdong, and Guangxi of China15,16,34–36, using PacBio HiFi, short-read sequencing (for genomic survey and 
RNA-seq), Hi-C, and long-read transcriptome sequencing. We annotated essential genomic elements, including 
repetitive elements, non-coding RNAs (ncRNAs), and protein-coding genes. This genomic resource provides a 
valuable foundation for studying the biology, evolution, and conservation of stoneflies and their unique adapta-
tions to freshwater ecosystems.

Methods
Sample collection.  Adult specimens of Indonemoura scalprata used in this study were collected on 
November 25, 2024, from the Qianjiadong National Nature Reserve in the Guangxi Zhuang Autonomous Region, 
China (25°25′28″ N, 111°12′15″ E, 404 m; and 25°28′45″ N, 111°12′26″ E, 290 m). The samples were flash-frozen 
in liquid nitrogen and stored at −80 °C until DNA extraction. Following DNA extraction, the voucher specimens 
were deposited in the Insect Collection of the Henan Institute of Science and Technology (HIST), Xinxiang, 
Henan Province, China.

Genome and transcriptome sequencing.  PacBio HiFi, genome survey (WGS), and Hi-C sequencing 
were performed on individual specimens. For transcriptome analysis, both short-read RNA-seq and full-length 
ONT transcriptome sequencing were conducted using RNA extracted from a single specimen. Genomic DNA 
and total RNA for standard RNA-seq were extracted from the specimen using a CTAB-based method and 
TRIzol™ Reagent, respectively. For full-length transcriptome sequencing, RNA was isolated using the RNA prep 
Pure Plant Plus Kit (DP441).

A 20-kb insert SMRTbell® library was constructed using the SMRTbell® Express Template Prep Kit 3.0 
(Pacific Biosciences) for PacBio HiFi genome sequencing. An ONT full-length transcriptome library was 
independently prepared using the SQK-PCS109 and SQK-PBK004 kits (Oxford Nanopore Technologies) for 
isoform-level analysis.

A 350-bp insert library was constructed using the VAHTS Universal Plus DNA Library Prep Kit (Vazyme) 
and sequenced on an Illumina Xplus platform with 150-bp paired-end reads.

In brief, Hi-C libraries were generated using the restriction enzyme MboI (GATC recognition site), followed 
by proximity ligation and amplification. Chromatin was crosslinked with formaldehyde and digested with MboI. 
After biotin labeling of the digested ends, proximity ligation was performed, and biotinylated ligation products 
were enriched, sheared, and converted into Illumina-compatible libraries through end repair, A-tailing, adapter 
ligation, and PCR amplification.

Berry Genomics was responsible for constructing the PacBio HiFi, Illumina WGS, Illumina RNA-seq, and 
Hi-C libraries. BenaGen constructed the ONT full-length transcriptome library.

Finally, we generated 23.46 Gb (91.01X) of PacBio HiFi reads, 12.12 Gb (47.01X) of Illumina WGS reads, 
and 35.46 Gb (137.53X) of Hi-C reads for de novo genome assembly (Table 1). For transcriptome analysis, two 
RNA libraries were sequenced: one short-read RNA-seq library on the Illumina Xplus platform yielding 9.63 Gb 
of data, and one full-length transcriptome library on the Oxford Nanopore PromethION platform generating 
12.60 Gb of long-read RNA sequences. These multi-platform sequencing data provide comprehensive support 
for high-quality genome assembly, gene annotation, and functional genomics analysis of Indonemoura scalprata.

Genome assembly and scaffolding.  The Illumina short-read data were subjected to quality control and 
trimming using Fastp version 0.23.437 with the following parameters: quality trimming (>Q20), removal of dupli-
cate reads (-D), poly-G/X tail trimming (-g -x), exclusion of reads with more than 10% unqualified bases (-u 10), 
and base correction using overlapping read information (-c). We analyzed the genomic features of Indonemoura 
scalprata using a k-mer approach, with k-mer counts generated by BBTools v38.9038 (k = 21). Genome charac-
teristics were estimated using GenomeScope2 version 2.039 with a maximum k-mer coverage cutoff of 1,000. The 
analysis predicted a haploid genome size of 264.75 Mb, a heterozygosity rate of 2.51%, and a repeat content of 
16.68% (Fig. 1).

For de novo genome assembly, high-fidelity PacBio HiFi reads were generated using pbccs v6.4.0 (https://
github.com/PacificBiosciences/ccs) with a minimum quality score of Q20. Initial assembly was performed with 
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Hifiasm v0.24.040 using default parameters, excluding contigs with coverage below 9X, corresponding to less 
than 1/10 of the average sequencing depth. Redundant contigs resulting from heterozygosity were removed 
using Purge_dups v1.2.541 with default parameters (−2 -a 70), based on contig similarity and sequencing depth. 
Briefly, HiFi reads were first aligned to the initial assembly using Minimap2 v2.2942,43 with the -x map-hifi preset 
to generate a PAF file for Purge_dups input; Minimap2 was also used for self-alignment of the assembly (-x asm5 
-DP) for downstream analyses. The assembly was not polished with short reads due to the inherently high accu-
racy of HiFi data, as confirmed by Merqury analysis showing a consensus quality value (QV) >60.

Chromosome-level scaffolding was achieved using Hi-C data. Briefly, Hi-C reads were aligned and processed 
using Chromap v0.2.644, with duplicate removal and Hi-C contact extraction, followed by initial scaffolding 
with YAHS v1.245. Manual correction of misjoins, inversions, and translocations was performed using Juicebox 
v1.11.081046, after which a second round of scaffolding was conducted to generate the final assembly for I. scal-
prata. The sequencing depth of each pseudochromosome was independently assessed using SAMtools v1.1047 
based on alignments generated by Minimap2 with either PacBio HiFi reads (-ax map-hifi) or short-read WGS 
data (-ax sr). The final assembly yielded 11 pseudochromosomes ranging from 14.92 Mb to 36.69 Mb in length, 
with a total size of 257.18 Mb (99.76% of the assembled genome; Figs. 2, 3; Table S1). The circular visualization 
was generated using TBTools (v2.096). These chromosomes show high and uniform sequencing coverage and 
QV values exceeding 68, supporting a high-quality, chromosome-level genome assembly (Table S1).

Assembly quality was evaluated using multiple metrics. BUSCO v6.0.048 with the insecta_odb12 dataset 
(n = 3,114) showed 97.0% completeness, with only 0.8% duplicated genes, indicating high completeness and 
low redundancy. Read mapping rates, calculated from alignments generated by Minimap2 and SAMtools, were 
exceptionally high: 93.98% (Illumina WGS), 96.11% (RNA-seq), 96.34% (ONT full-length RNA), and 99.89% 
(PacBio HiFi), confirming high data utilization and assembly integrity. Contamination screening was conducted 
using MMseq. 2 v1349 against the NCBI nt and UniVec databases, revealing no significant non-target sequences. 
Merqury v1.350 confirmed high base accuracy (QV >60) and low heterozygosity across all chromosomes.

The final chromosome-level assembly of I. scalprata spans 257.81 Mb, with 57 contigs and 22 scaffolds, a scaf-
fold N50 of 26.45 Mb, and the largest scaffold reaching 36.69 Mb (Table 2). The GC content is 36.39% (Table 2). 
This assembly exhibits high contiguity and accuracy, representing a high-quality reference genome for the stone-
fly lineage. Compared to the four published and assembled Plecoptera genomes, the genome size of I. scalprata is 

Library Type Insert Size Sequencing Platform Read Type Clean Data (Gb) Sequencing Coverage (X) SRA Accession Number

WGS 350 bp Illumina Xplus PE150 12.12 47.01 SRR35196256

HiFi ~20 kb PacBio Sequel Revio HiFi long 
reads 23.46 91.01 SRR35196254

Hi-C 300–800 bp Illumina Xplus PE150 35.46 137.53 SRR35196255

RNA-sr 350 bp Illumina Xplus PE150 9.63 — SRR35196252

RNA-ONT N/A (full-length cDNA) Oxford Nanopore PromethION Long reads 12.60 — SRR35196253

Table 1.  Sequencing data for de novo genome assembly and annotation of Indonemoura scalprata. Note: PE150 
denotes paired-end 150 bp reads. de novo assembly was supported by PacBio HiFi and Hi-C data.

Fig. 1  GenomeScope genome size estimates for Indonemoura scalprata.
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smaller than that of Brachyptera putata (Taeniopterygidae; 436.5 Mb)51, Leuctra nigra (Leuctridae; 536.3 Mb)52, 
and Nemoura dubitans (Nemouridae; 321.0 Mb)33, but similar to Nemurella picteti (Nemouridae; 257 Mb)32. Its 
GC content (36.39%) is also lower than that of the other species (B. putata: 36.5%, L. nigra: 38%, N. dubitans: 
43.5%, and N. picteti: 43.5%).

Genome annotation.  Repetitive elements in the genome of Indonemoura scalprata were identified using a 
combined approach of homology-based and de novo prediction methods. A species-specific de novo repeat library 
was constructed using RepeatModeler v2.0.553 with the LTR structural search pipeline (-LTRStruct). This de novo 
library was merged with the Dfam 3.854 and RepBase-2018102655 databases to generate a custom, comprehen-
sive repeat database. Repetitive sequences were identified by homology-based alignment using RepeatMasker 
v4.1.556 and the custom repeat library. A total of 80.44 Mb of repetitive sequences were identified, accounting for 

Fig. 2  Genome-wide chromosomal heatmap of Indonemoura scalprata.

Fig. 3  The genome characteristics of Indonemoura scalprata are depicted in a circular layout. Blocks on the 
outermost circle represent the 11 pseudochromosomes of I. scalprata. Peak plots from outer to inner circles 
represent chromosome length (a), GC content (b), protein-coding gene density (c), DNA transposon density 
(d), SINE density (e), LINE density (f), LTR density (g), and simple repeats density (h), respectively.
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31.20% of the I. scalprata genome. This includes 29.72% interspersed repeats, 1.12% simple repeats, 0.26% sat-
ellites, 0.09% low-complexity regions, and 0.01% rRNA/tRNA/snRNA-derived repeats. Among the interspersed 
repeats, 3.07% of the genome were classified as LINEs, 2.43% as DNA transposons, 3.24% as LTR retrotranspos-
ons, 1.23% as Rolling-circle elements, and 1.74% as SINEs. Notably, unclassified repeats constituted 17.98% of the 
genome, indicating a substantial proportion of novel or divergent repetitive elements (Table S2). Gypsy (0.80%), 
L2 (1.44%), and Helitron (1.23%) were the most prevalent known TE families. Consistent with a history of recent 
transposable element activity, the distribution of Kimura 2-parameter divergence values showed a peak at low 
divergence levels, suggesting a potential burst of TE expansion in the I. scalprata genome (Fig. S1).

Two strategies were employed for noncoding RNA annotation in the I. scalprata genome: (1) homology-based 
identification using the Rfam database and Infernal version 1.1.557 for structural RNAs, and (2) de novo predic-
tion of transfer RNAs using tRNAscan-SE version 2.0.1258 with filtering of low-confidence hits via the built-in 
EukHighConfidenceFilter script. Noncoding RNAs, including transfer RNAs (tRNAs), microRNAs (miRNAs), 
ribosomal RNAs (rRNAs), and small nuclear RNAs (snRNAs), were identified accordingly. A total of 1,491 
noncoding RNAs (ncRNAs) were annotated, encompassing both infrastructural (housekeeping) and regulatory 
RNA classes. The numbers of rRNA, tRNA, snRNA, miRNA, lncRNA, ribozyme, and other ncRNA motifs were 
605, 402, 87, 54, 2, 3, and 341, respectively. The rRNAs included four 5.8S rRNAs, 583 5S rRNAs, eight large 
subunit (LSU) rRNAs, and ten small subunit (SSU) rRNAs. The tRNAs covered 21 amino acid isotypes, with the 
highest copy number observed for tRNA-Pro (36 copies) and the lowest for tRNA-SeC (1 copy). The snRNAs 
were classified into 55 spliceosomal RNAs (including U1, U2, U4, U5, U6, and U11), three minor spliceosomal 
RNAs (U4atac, U6atac, U12), 25 C/D box snoRNAs, and three H/ACA box snoRNAs. A total of 54 miRNA 
genes were identified, representing 44 distinct miRNA families based on Rfam annotation, including evolution-
arily conserved ones such as let-7, mir-1, mir-8, and mir-9. Additionally, two long non-coding RNAs (Sphinx_1 
and Sphinx_2) and three catalytic RNAs (two nuclear RNase P and one RNase MRP) were detected (Table S3). 
Notably, 341 copies of the histone 3′ UTR stem-loop motif were identified, reflecting the tandem organization 
of core histone genes in the genome.

Protein-coding genes were annotated by integrating evidence from (1) ab initio prediction, (2) 
transcriptome-based prediction, and (3) homology-based prediction. For ab initio prediction, BRAKER 
v3.0.659 and GeMoMa v1.960 were used to generate gene models, which were combined and supplied as the 
ab initio evidence for MAKER. BRAKER automatically trained Augustus v3.4.061 and GeneMark-ETP62 using 
RNA-seq data and protein sequences from the OrthoDB11 database63. Short-read RNA-seq alignments were 
generated with minimap2 using the splice-aware option -x splice:sr. For transcriptome-based prediction, 
both short-read (Illumina) and long-read (Nanopore) RNA-seq data were assembled using StringTie v2.2.164 
in–mix mode, with splice junctions guided by the genome alignment BAM files produced by minimap2 (-x 
splice). For homology-based prediction, GeMoMa was employed to transfer annotations from high-quality 
genomes of closely related species, including Ischnura elegans (Odonata), Drosophila melanogaster (Diptera), 
Rhopalosiphum maidis (Hemiptera), and three polyneopteran insects: Anabrus simplex (Orthoptera), Bacillus 
rossius redtenbacheri (Phasmatodea), and Periplaneta americana (Blattaria). GeMoMa was run with parameters 
GeMoMa.c = 0.4 and GeMoMa.m = 57,000 for I. scalprata. All three lines of evidence were integrated using 
the MAKER v3.01.0465 pipeline to produce the final gene models. A total of 12,200 protein-coding genes were 
predicted, with a mean gene length of 11,407.7 bp and a mean protein length of 588.5 amino acids. On average, 
each gene contained 8.2 exons (mean length: 299.8 bp) and 7.2 introns (mean length: 1,309.0 bp), corresponding 
to 7.9 CDSs per gene (mean length: 218.2 bp) (Table 3). The gene space completeness was assessed using BUSCO 

Characteristics I. scalprata

Genome Assembly

Assembly size (Mb) 257.81

Number of scaffolds / contigs 22 / 57

Longest scaffold / contig (Mb) 36.692 / 33.232

Scaffold N50 / Contig N50 (Mb) 26.446 / 16.69

GC content (%) 36.39

Chromosome-level anchoring 
(Mb, %) 257.18 (99.76%)

BUSCO Completeness (%)

Complete 97.0

Complete single-copy 96.3

Complete duplicated 0.8

Fragmented 0.3

Missing 2.7

Read Mapping Rate (%)

Illumina WGS 93.98

PacBio HiFi 99.89

RNA-seq (short-read) 96.11

RNA-ONT (long-read) 96.34

Table 2.  Genome assembly summary for Indonemoura scalprata.
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(insecta_odb12, n = 3,114), yielding a completeness score of C:97.7% [S:81.6%, D:16.1%], F:0.7%, M:1.6%, indi-
cating high-quality gene annotation.

Gene functional annotation was performed by searching against the UniProtKB (Swiss-Prot + TrEMBL) 
database (https://www.uniprot.org/) using DIAMOND v2.1.7.16166 with the ‘–very-sensitive’ mode and an 
E-value cutoff of 1e-5. Protein domains and Gene Ontology (GO) terms were assigned using InterProScan 
v5.70-102.067 against multiple databases, including Pfam (v32.0)68, SMART, Gene3D, SuperFamily, and the 
Conserved Domain Database (CDD). Additionally, eggNOG-mapper v2.1.1269 was employed with the eggNOG 
v5.0.270 database to annotate orthologous groups, GO terms, KEGG orthology (KO), COG functional categories, 
and Enzyme Commission (EC) numbers. The results from InterProScan and eggNOG-mapper were integrated 
to generate comprehensive functional annotations for the protein-coding genes. A total of 11,343 (92.98%) 
protein-coding genes showed significant homology to entries in the UniProtKB database. Functional domain 
analysis revealed that 10,318 (84.59%) genes were assigned at least one domain by InterProScan. When combin-
ing InterProScan and eggNOG-mapper results, 9,679 (79.33%) genes were annotated with Gene Ontology (GO) 
terms, and 4,744 (38.89%) were assigned KEGG pathway entries (Table 3). The overall functional annotation 
coverage in the I. scalprata genome is comparable to other well-annotated insect genomes. The high annotation 
rate, particularly for protein domains (84.57%), indicates a robust and sensitive annotation pipeline.

Data Records
The raw sequencing data and genome assembly of Indonemoura scalprata have been deposited under BioProject 
PRJNA1234515 at the National Center for Biotechnology Information (NCBI). Accession numbers for the data 
are as follows: PacBio HiFi (SRR35196254)71, Illumina WGS (SRR35196256)72, Hi-C (SRR35196255)73, Illumina 
RNA-seq (SRR35196252)74, and Oxford Nanopore full-length transcriptome (SRR35196253)75. The assembled 
genome has been deposited in the NCBI GenBank database under accession number JBMUJJ00000000076. 
Additionally, the genome annotation results have been deposited in the Figshare repository77.

Technical Validation
The quality of the Indonemoura scalprata genome assembly was assessed using multiple complementary 
approaches. First, completeness was evaluated using BUSCO v6.0.0 with the insecta_odb12 dataset (n = 3,114), 
yielding a high completeness score of 97.0% (S: 96.3%, D: 0.8%) at the genome level, indicating excellent gene 
space representation and low redundancy. Second, assembly accuracy was assessed by mapping sequencing 

Annotation Number

Structure annotation

Number of protein-coding genes 12,200

Number of predicted protein sequences 15,638

Mean protein length (aa) 588.5

Mean gene length (bp) 11,407.70

Gene ratio 53.98%

Number of exons per gene 8.2

Mean exon length (bp) 299.8

Exon ratio 11.72%

Number of CDSs per gene 7.9

Mean CDS length (bp) 218.2

CDS ratio 8.23%

Number of introns per gene 7.2

Mean intron length (bp) 1,309.00

Intron ratio 42.26%

Function annotation

Number of genes matching Uniprot records 11,343

Number of genes labelled as “Uncharacterized protein” 588

Number of genes labelled as “unknown function” 903

Number of genes with InterProScan annotations 10,318

Number of genes with GO items from InterProScan annotations 6,273

Number of genes with eggNOG annotations 11,306

Number of genes with GO items from eggNOG annotations 8,599

Number of genes with Enzyme Codes (EC) from eggNOG annotations 2,757

Number of genes with KEGG ko terms from eggNOG annotations 7,743

Number of genes with KEGG pathway terms from eggNOG annotations 4,744

Number of genes with COG Functional Categories from eggNOG annotations 10,699

Number of genes with GO items (combining InterProScan and eggNOG results) 9,679

Number of genes with KEGG pathways items (combining InterProScan and eggNOG results) 4,744

Table 3.  Summary of protein-coding gene structural features in the Indonemoura scalprata genome.
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reads back to the assembly. Mapping rates were exceptionally high: 99.89% for PacBio HiFi reads, 93.98% for 
Illumina WGS reads, 96.11% for Illumina RNA-seq reads, and 96.34% for Oxford Nanopore full-length tran-
scriptome reads, demonstrating strong sequence-level consistency. Additionally, contamination screening using 
MMseq. 2 against the NCBI nt and UniVec databases revealed no significant non-target sequences. These results 
collectively confirm that the I. scalprata genome assembly is highly complete, accurate, and free of contamina-
tion, representing a high-quality reference for stonefly genomics.

Data availability
The dataset described in this study is novel and has not been published previously. All data are publicly 
available. The raw sequencing data and genome assembly for Indonemoura scalprata have been deposited in the 
National Center for Biotechnology Information (NCBI) under BioProject accession number PRJNA1234515. 
Comprehensive genome annotation files, including repetitive element annotations, gene models, and functional 
annotations, are available in the Figshare repository at https://doi.org/10.6084/m9.figshare.30048700.v2.

Code availability
No custom scripts were developed for this study. All data processing was performed using standard bioinformatics 
software, following the recommended protocols and official documentation, with parameter settings detailed in 
the Methods section.
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