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Comprehensive genome annotation 
of Bombyx mori p50ma strain, 
a newly developed standard strain
Jung Lee   1 ✉, Toshiaki Fujimoto2,4, Ken Sahara2, Atsushi Toyoda   3 & Toru Shimada   1

B. mori is a model species of lepidopteran insects. The genome assembly has been successively updated 
since the whole genome sequences were first determined in 2004. In addition, chromosome-scale 
genome assemblies of not only standard strains but also practical strains have been reported. We 
successfully constructed a chromosome-scale female genome assembly of p50ma, a standard strain 
developed by Kyushu University. This assembly is now certified as a ‘reference’ in the NCBI datasets.  
To improve the usability of this strain, here we report the achievement of gene model construction 
based on the transcriptome information, followed by functional annotation. The assembly harbours 
16,295 protein-coding genes. In addition, to improve gene knockout efficiency, we performed ATAC-seq 
in early embryos and comprehensively identified open chromatin regions. Finally, small RNA-seq  
(sRNA-seq) targeting PIWI-interacting RNA (piRNA) was performed in testes, ovaries, and early 
embryos to identify piRNA clusters comprehensively. These data will increase the usability of p50ma as 
a standard strain and facilitate NBRP users to exploit this strain.

Background & Summary
B. mori is a model species of lepidopteran insects. In 2004, the Chinese and Japanese groups independently 
reported the first draft genome assembly of B. mori1,2. Since then, nine assemblies of different strains have been 
registered in the NCBI database. Researchers constructed these assemblies using male individuals as genomic 
DNA donors because the female-specific W chromosome is occupied by repetitive sequences3,4. Short-read 
sequencing or noisy long-read sequencing cannot correctly assemble the W chromosome: since repetitive 
sequences on the W chromosome are longer (>300 bp) than short reads for a single unit5, assembly by short 
reads would be easily confused.

Neither can noisy long reads such as PacBio continuous long reads and Oxford nanopore long reads accu-
rately assemble the W chromosome. Our preliminary attempt to assemble the female genome with nanopore 
long reads managed to scaffold the W-linked sequences into a single sequence, but there were gaps of 3.3 Mbp in 
total (Supplementary Fig. 1a, Supplementary Table 1)6–40. This result contrasts the later assembly with PacBio’s 
highly accurate long high-fidelity (HiFi) reads41, harbouring only 46 bp gaps on the W chromosome. In addition, 
the preliminary attempt failed in assembling some autosomal regions (supplementary Fig. 1b–d) even though 
the average read length and N50 read length of nanopore reads were longer than HiFi long reads used in later 
trials (supplementary Table 2).

Instead of exploiting noisy long reads, we determined to take advantage of the PacBio HiFi long reads42, 
which led to the first successful assembly of the female genome at chromosome scale42. The donor strain was 
“p50ma”, a new standard strain that Kyushu University and the National BioResource Project (NBRP) silkworm 
recently developed. Here, we present the annotation information of the p50ma female genome assembly to 
facilitate the use of this strain.

Transcriptome-based gene prediction identified 16,295 protein-coding genes in p50ma genome. 
The following functional annotation was also performed using EnTAP43. Although application examples of 
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CRISPR/Cas9-mediated genome editing in p50ma have not been reported, applying genome editing tech-
niques should be a prerequisite for promoting further use of p50ma as a standard strain. Since Cas9 is known to 
be less efficient in heterochromatin regions44, we performed embryonic ATAC-seq to identify open chromatin 
regions.

Finally, we performed piRNA-targeted small RNA-seq to identify piRNA clusters (piCs) in early embryos, 
testes, and ovaries. BmN4, one of the cultured cell lines derived from B. mori ovaries, has been an excellent plat-
form for piRNA research45–47. However, high usability of BmN4 made researchers keep a wide berth of piRNA 
study using living animals. In this respect, the situation in Lepidoptera is quite different from that of genus 
Drosophila, where piRNA clusters in each species have been comprehensively defined48. Since we considered 
that any studies which are conducted in the context of ignoring organisms, piCs in the p50ma genome were 
identified in a tissue-comprehensive manner. These datasets will increase the usability of this strain as a platform 
for piRNA research.

Methods
Insect strain background and rearing conditions.  B. mori strain, p50ma was provided from NBRP 
silkworm (https://shigen.nig.ac.jp/silkwormbase/). Kyushu University developed p50ma strains by hybridization 
of p50 strain and T-series strain: F1 individuals were repeatedly sib-crossed for at least twenty generations. Larvae 
were fed on fresh leaves of Morus alba under a long-day condition (16 h light/8 h dark) at 25 °C.

Genome assembly of p50ma with nanopore long reads.  Genomic DNA was extracted by a p50ma 
female pupa using NucleoBond HMW DNA (Macherey-Nagel). The following adaptor ligation was conducted 
using 1D Ligation Sequencing Kit SQK-LSK110 (Oxford Nanopore Technologies, UK). The prepared sample 
was sequenced using Oxford Nanopore PromethION (Oxford Nanopore Technologies). Basic statistics of raw 
reads were summarized in Supplementary Table 1. Quality trimming was performed using porechop (v 0.2.3_
seqan2.1.1)49. The draft assembly was Flye assembler (v 2.9-b1768)50. Optical genome mapping was conducted as 
previously described6: Genomic DNA was isolated from the pupa immediately after the pupation for the optical 
genome mapping. DNA isolation was conducted using the Bionano Prep Animal Tissue DNA Isolation Fibrous 
Tissue Protocol (Bionano Genomics). We used two enzymes, namely, DLE-1 and Nt.BsqQI for labelling. The 
labelling procedure was conducted according to the Bionano Prep Direct Label and Stain Protocol. The labelled 
samples were scanned on the Bionano Saphyr system using Saphyr Chip G2.3. The obtained data were ana-
lyzed using Bionano Access (v 1.8.2)51 and Bionano Solve (v 3.8.2)52. In the two-enzyme pipeline, the process 
of creating the.cmap files was the same as in the one-enzyme pipeline. The resulting two.cmap files are sub-
mitted to runTGH.R (also bundled with Bionano Solve) with default settings. The.cmap files were deposited in 
DDBJ53. Mummer (v 4.0.0)54 was used to compare the nanopore-reads derived assembly, and HiFi-reads derived 
assembly6.

Repetitive elements annotation in the genomes.  Our group42 previously annotated repetitive ele-
ments of p50ma genome as briefly summarized here: repetitive elements in the genome assembly were identified 
using RepeatModeler (v 2.0.4)55 with the “-LTRstruct” option for performing an LTR structural search. The anno-
tated elements were specified and masked using RepeatMasker (v 4.1.2)56 with default settings. LTR, non-LTR 
(LINE or SINE), DNA transposons, and rolling circles were extracted among the repetitive elements. The density 
information of those repetitive groups is visualized by circlize (v 0.4.16)57 (Fig. 1). GC content and GC skew did 
not differ significantly among chromosomes, with GC content averaging about 38.3% (Fig. 1). However, the GC 
content was much higher in the W chromosome, at about 46.1%, reflecting the characteristics of W chromosomes 
to accumulate LTR retrotransposons42 (Fig. 1).

RNA sample preparation for sRNA-seq and Iso-seq.  All RNA samples were prepared precisely as pre-
viously described42. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s 
protocol. Embryos were sampled 24 hours after oviposition. The two aliquots of testis and ovary-derived RNA 
samples were subjected to RNA-seq and sRNA-seq, respectively. The three aliquots embryo-derived RNA samples 
were subjected to sRNA-seq, RNA-seq, and Iso-seq, respectively.

Library preparation for sRNA-seq and Iso-seq.  The sRNA-seq library was prepared using TruSeq 
small RNA kit (illumina) according to the manufacturer’s protocol with a slight modification. To target piRNA, 
a region of 147–158 nucleotides was extracted in the purification step of the cDNA construct using BluePippin 
(Sage Science, USA). The constructed library was sequenced on the illumina Hiseq2500 platform (illumina, 
USA). RNA-seq library was prepared using NEBNext Poly(A) mRNA Magnetic Isolation Module (New England 
BioLabs) and NEBNext® Ultra™ ll Directional RNA Library Prep Kit (New England BioLabs) according to the 
manufacturer’s protocol. The constructed library was sequenced on the illumina Novaseq6000 platform (illumina, 
USA). For Iso-seq, the library was constructed using Sequel Iso-seq Express Template Prep (Pacific Bioscience, 
USA) according to the manufacturer’s protocol. The constructed library was sequenced on the PacBio Sequel 
platform (Pacific Bioscience, USA).

Transcriptome-based gene prediction.  BRAKER3 (v 3.0.8) was used for gene prediction58,59. Thirty 
RNA-seq datasets60 were downloaded from the NCBI SRA database. In addition to RNA-seq data, Iso-seq data 
were submitted to BRAKER3 separately61, and Tsebra62 finally merged their respective prediction. The detailed 
information on transcriptome data is summarised in Supplementary Table 3. Quality trimming for short read data 
was conducted using fastp (v 0.20.1)63 with the following options: ‘-q 28 -l 80’. Trimmed short read data were sub-
mitted to BRAKER3 using the ‘--rnaseq_sets_ids’ option. Then, short reads were aligned to the genome assembly 
by HISAT2 (v 2.2.1)64. The alignment rate of each dataset is summarized in Supplementary Table 1. Iso-seq data 
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were generated consensus for each read cluster according to the following procedure65: Iso-seq subreads were 
converted to circular consensus sequences (ccs) using ccs v 6.4.0 with options ‘--minLength 10 --maxLength 
100000 --minPasses 0 --minSnr 2.5 --minPredictedAccuracy 0.0.’ lima (v 2.7.1) was used to remove primer 
sequences from the CCSs with options’--isoseq--peek-guess--ignore-biosamples.’ After the trimming of adaptors, 
PolyA tail trimming and concatemer removal were performed by IsoSeq3 (v 3.8.2) in ‘refine’ mode with option 
‘--require-polya’. Finally, IsoSeq3 conducted isoform-level clustering in ‘cluster’ mode with option ‘--use-qvs’. The 
resulting clustered.bam file was submitted to BRAKER3. Before gene prediction with Iso-seq data, BUSCO anal-
ysis on the genome assembly was conducted to obtain complete and single-copy BUSCO sequences42,66. Complete 
and single-copy BUSCO sequences were submitted to BRAKER3 with an Iso-seq-derived bam file. Since we had 
two Iso-seq datasets (Supplementary Table 3), we ran BRAKER3 for them separately. BUSCO analysis66 on the 
constructed gene models scored 97.8% completeness (Fig. 2a). Basic statistics of the predicted gene models were 
summarised in Table 1.

Functional annotation of gene models.  The deduced amino acid sequences of gene models were submit-
ted to EnTAP43 for functional annotation. A protein similarity search was conducted against the latest complete 
UniProtKB/TrEMBL protein data set and complete UniProtKB/Swiss-Prot data set using DIAMOND (v 0.9.14)67. 
A protein orthology search was also conducted against the EggNOG databases68 to assign Gene Ontology (GO), 
KEGG terms and protein domains from Pfam69 and SMART70. Additional family and domain search was performed 
against TIGRFAM71, SFLD72, HAMAP73, CDD74, SUPERFAMILY75, PRINTS76, PANTHER77, and Gene3D78 using 
InterProScan (v 5.68–100)79. The results of functional annotation are summarised in Table 2. The top 10 GOs 
assigned to the gene models are shown in Fig. 2b without distinguishing between molecular function, biological 
process, and cellular component. The top 10 GOs for each category are shown in supplementary Fig. 2.
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Fig. 1  General genome annotation information. Summary of p50ma genome characteristics. The outermost to 
the innermost circle shows I. chromosome ideograms; II. GC content; III. GC skew; IV. LTR element density; 
V. non-LTR retrotransposon density; VI. DNA transposon density; VII. rolling circle density; and VIII. gene 
model density.
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ATAC library preparation and data processing.  Another batch of early embryo samples subjected to 
Iso-seq and sRNA-seq were subjected to ATAC-seq. Fragmentation and amplification of the ATAC-seq libraries 
were conducted according to Buenrostro et al.80. The constructed libraries were sequenced on the Illumina HiSeq. 
ATAC-seq reads were pretreated with fastp and mapped to the genome with BWA-MEM2 (v 2.2.1)81. Alignments 
containing mismatches were then removed using bamutils (v 0.5.9)82. Next, we removed duplicated reads using 
GATK MarkDuplicates (v 4.1.7)83. The resulting bam files were converted to bigwig files using deepTools bam-
Coverage (v 3.5.1)84. Heatmap was created using deepTools computeMatrix, and the starting point of the gene 
model was set to the reference point (Fig. 3).

Small RNA mapping.  The small RNA reads were trimmed using Trim Galore (v 0.6.6)85 in small RNA 
mode. The trimmed small RNA reads were mapped to the assembled transcriptome, allowing up to 3 nucleotide 
mismatches using HISAT2 (v 2.1.0)64 and ngsutils (v 0.5.9)82. The information for each library is summarised in 
Supplementary Table 3.

piRNA cluster detection.  The piC detection was performed as previously described5. proTRAC (v 2.4.4)86 
was used with options’-clsize 5000 -pimin 23 -pimax 29 -1Tor10A 0.3 -1Tand10A 0.3 -clstrand 0.0 -clsplit 1.0 
-distr 1.0-99.0 -spike 90–1000 -nomotif -pdens 0.05.’ As a result, we successfully identified 560 piRNA clusters in 
the three tissues (Fig. 4). The two nearest gene models define the identity of piC. If multiple piCs were predicted 
between such two genes, such piCs were treated as a single piC. The genomic positions of piCs identified in testes, 
ovaries, and early embryos were visualized by RIdeogram (v 0.2.2)87 (Fig. 4a). The aggregation relationship of 
those piCs was visualized by ComplexUpset (v 1.3.3)88 (Fig. 4b).
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Fig. 2  BUSCO assessment and the top 10 GO assignments of transcriptome-based predicted gene models. 
(a) BUSCO scores of the gene models (top) and the genome assembly (bottom). (b) Overall top 10 GO 
assignments to gene models.

No. of protein coding gene 16,295

Average CDS length [bp] 1500.9

Average exon length [bp] 229.6

Average intron length [bp] 1705.01

Table 1.  Statistical summary of the constructed gene models.

Similarity search Ontology search

TotalEggNOG TrEMBL Swiss-prot EggNOG** InterPro

aligned
informative 12753 11925 7705 10771 12693

annotated*** 14407
uninformative* 0 2464 187 3188 —

unaligned 3542 1906 8403 2336 3602 unannotated*** 1888

Table 2.  Brief summary of functional annotation. *When the query sequences were aligned to sequences 
whose description contains any of conserved/predicted/unnamed/hypothetical/putative/unidentified/
uncharacterized/unknown/uncultured/uninformative, such alignment was categorized as “uninformative,” 
and the query sequence was treated as an unannotated sequence. **In this column, queries with at least one 
GO term were treated as “Informative,” while queries without GO terms were treated as “Uninformative.” 
“Unaligned” in this column means queries without protein family assignment. ***“Annotated” means at least 
one match yielded from any of the databases. “Unannotated” means no match yielded from all databases.
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Data Records
Newly sequenced transcriptome data for this study have been deposited in DDBJ. Iso-seq data derived from 
larval nerve system and pupal ovary are available under accession numbers DRS30255389 and DRS30255290, 
respectively. piRNA-targeted small RNA-seq data derived from pupal ovary and pupal testis are available 
under accession numbers DRR39619591 and DRR39619692, respectively. Embryonic ATAC-seq reads were reg-
istered under the accession number DRR51503893. Nanopore long read data were available under accession 
number DRR58386694. The accession numbers AP039547–AP0395816–40 were assigned to the sequences of the 
nanopore-derived genome assembly. For previously released data, see Supplementary Table 3. Nanopore-derived 
genome assembly is also available at the FigShare repository95. In addition to the nanopore-derived genome 

Fig. 3  Heatmap around gene bodies of ATAC-seq on early embryos.
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assembly, we deposited the following files at the FigShare repository95: 20240716_Bmo_Tsebra_merged.filtered.
renamed.cds/aa.fasta, 20240716_Bmo_Tsebra_merged.filtered.renamed.gtf/gff3, 20240716_entap_results.tsv, 
p50ma_Testis_piCs.gtf, p50ma_Ovary_piCs.gtf and p50ma_Early-Embryo_piCs.gtf. Two fasta files, 20240716_
Bmo_Tsebra_merged.filtered.renamed.cds/aa.fasta, contain nucleotide and amino acid sequences of the pre-
dicted gene models. 20240716_Bmo_Tsebra_merged.filtered.renamed.gtf/gff3 describe the genomic coordinate 
information of the gene models. The result of functional annotation was summarised in 20240716_entap_results.
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Fig. 4  piRNA clusters on p50ma genome. (a) piCs distribution detected in early embryos (box), pupal ovary 
(circle), and pupal testis (triangle). (b) UpSet plot visualizing piCs assigned to each tissue. The nearest two gene 
models defined the identity of piCs: When comparing piCs identified in different tissues, if the nearest upstream 
and downstream gene models are the same, those piCs were treated as the same piC.
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tsv. The coordinate information for piRNA clusters identified in three tissues was summarised in p50ma_Testis_
piCs.gtf, p50ma_Ovary_piCs.gtf, and p50ma_Early-Embryo_piCs.gtf.

Technical Validation
BUSCO (v 5.4.6)66 with lepidoptera_odb10 lineage dataset was used to assess the quality of gene models. For 
comparison, the results are summarized in Fig. 2, together with the results of BUSCO analysis for the genome 
assembly. 97.77% of the complete and single-copy BUSCO sequences were present in the gene models, while 
98.58% of the complete and single-copy BUSCO sequences were in the genome assembly. BUSCO complete-
ness scores were almost the same between the genome assembly and the gene model, suggesting that the gene 
prediction process is highly accurate across all genome regions. The mapping rates of RNA-seq data to genome 
assembly were summarized in Supplementary Table 4. The mapping rates ranged between 82.5–96.0% for all 
samples. The mapping rates and the above-mentioned BUSCO completeness scores ensure the RNA-seq data 
quality and the genome assembly quality.

Code availability
Programs exploited in this study were executed with the default parameters except where otherwise specified in 
the Methods section.
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