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Abstract
The silk gland of the silkworm Bombyx mori is a specialized organ where silk proteins are efficiently synthesized under 
precise regulation that largely determines the properties of silk fibers. To understand the genes involved in the regulation of 
silk protein synthesis, considerable research has focused on the transcripts expressed in silk glands; however, the complete 
transcriptome profile of this organ has yet to be elucidated. Here, we report a full-length silk gland transcriptome obtained 
by PacBio single-molecule long-read sequencing technology. In total, 11,697 non-redundant transcripts were identified in 
mixed samples of silk glands dissected from larvae at five developmental stages. When compared with the published refer-
ence, the full-length transcripts optimized the structures of 3002 known genes, and a total of 9061 novel transcripts with an 
average length of 2171 bp were detected. Among these, 1403 (15.5%) novel transcripts were computationally revealed to be 
lncRNAs, 8135 (89.8%) novel transcripts were annotated to different protein and nucleotide databases, and 5655 (62.4%) 
novel transcripts were predicted to have complete ORFs. Furthermore, we found 1867 alternative splicing events, 2529 
alternative polyadenylation events, 784 fusion events and 6596 SSRs. This study provides a comprehensive set of reference 
transcripts and greatly revises and expands the available silkworm transcript data. In addition, these data will be very useful 
for studying the regulatory mechanisms of silk protein synthesis.
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Introduction

The silk produced by the domesticated silkworm Bombyx 
mori is an excellent natural protein that has been extensively 
used not only in the textile industry but also in the fields of 
tissue engineering, biomaterials, and cosmetics, among oth-
ers (Song et al. 2016; Li et al. 2015; Omenetto and Kaplan 
2010). The silk gland of B. mori, which is morphologically 
divided into the anterior silk gland (ASG), middle silk 
gland (MSG) and posterior silk gland (PSG), is a highly 
specialized organ that controls the synthesis of two major 
components of silk protein: the fibroin protein, which is 
synthesized in the PSG, and the sericin protein, which is 
synthesized in the MSG. In the last larval instar (the fifth 
larval instar, 5L), especially after the third day of 5L, the silk 
gland grows rapidly and synthesizes a remarkable quantity 
of silk proteins; fibroin is continuously transported out of the 
PSG, accumulated and coated with sericin in the MSG, and 
finally secreted though the ASG to form the cocoon (Tomita 
2011; Takasu et al. 2010). The mechanism by which silk 
proteins are efficiently synthesized and precisely regulated 
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is an important but challenging research topic, as silk protein 
synthesis is a complex genetic trait in B. mori.

Previous studies have shown that silk protein synthesis is 
regulated mainly at the transcriptional level, and numerous 
genes are involved in this process (Couble et al. 1987; Obara 
and Suzuki 1988). To understand which genes are associ-
ated with silk protein synthesis, efforts have been made to 
reveal the silk gland transcriptome. For example, Zhong 
et al. (2005) identified 2861 consistent expressed sequence 
tags (EST) from the PSG of fifth-instar larvae and found that 
most of them functioned in fibroin synthesis and secretion. 
Xia et al. (2008) designed a whole-genome oligonucleotide 
microarray and identified 4432 and 4269 active genes from 
the ASG/MSG and PSG of day-3 fifth-instar larvae, respec-
tively. Royer et al. (2011) compared the transcriptomes of 
the MSG and PSG using the serial analysis of gene expres-
sion (SAGE) method. Fang et al. (2015) compared the silk 
gland transcriptomes of domestic and wild silkworms. Wang 
et al. (2016a, b) identified 630 novel transcripts from the 
PSG of the ZB strain, which has low silk production, and 
most of them were upregulated compared with those in the 
control strain. Cui et al. (2018) analyzed the transcriptomes 
of the MSG and PSG of day-4 fifth-instar larvae of the 
fibroin heavy chain (fibH) knockout mutant and wild type 
and identified 1456 differentially expressed genes (DEGs) 
between the PSG and MSG and 1388 DEGs between the 
mutant and the wild type. Shiet al. (2019) conducted a com-
parative transcriptome analysis of seven segments of a single 
silk gland and identified 3121 DEGs among these segments. 
Hu et al. (2019) compared the PSG transcriptomes of the Nd 
mutant and wild type and identified 2178 DEGs between 
them. These studies and their associated sequencing data 
have provided a general overview of silk protein synthesis. 
However, it remains challenging to fully elucidate the roles 
of all the genes involved in silk protein synthesis due to 
the complexity of gene expression and regulation. Another 
challenge is to reliably assemble full-length transcripts from 
the short reads generated using different second-generation 
sequencing (SGS) methods, which could result in the loss 
of some important information and prevent accurate evalu-
ation of long transcripts, repetitive sequences, transposable 
elements, etc. (Michael and VanBuren 2015). Therefore, 
clarifying the complexity of the silk gland transcriptome 
requires more reliable high-throughput tools for transcrip-
tome analysis.

Recently, a third-generation sequencing (TGS) technol-
ogy called single-molecule real-time sequencing (SMRT) 
has been developed and used for whole-transcriptome pro-
filing in humans, animals, and plants (Sharon et al. 2013; 
Yi et al. 2018; Wen et al. 2018; Kuo et al. 2017; Chen et al. 
2018; Cheng et al. 2017; Wang et al. 2016a, b; Shen et al. 
2014). SMRT overcomes the drawbacks of previous tech-
nologies by generating sequence information with long 

reads, low systematic bias, and high consensus read accu-
racy and is highly effective for discovering novel genes, 
determining allele-specific expression and unraveling tran-
script diversity, among other applications (Rhoads and Au 
2015; Korlach et al. 2010). Here, for the first time, we used 
Pacific Biosciences (PacBio) SMRT sequencing to perform 
whole-transcriptome profiling of the silk gland of B. mori. 
The results will not only promote our understanding of the 
transcriptional regulation of silk protein synthesis but also 
provide a comprehensive set of reference transcripts that can 
greatly revise and expand the currently available silkworm 
transcripts.

Materials and methods

Animals and sample preparation

The domesticated silkworm strain Nistari was maintained in 
our laboratory and was used to collect sequencing samples. 
The hatched larvae were reared on fresh mulberry leaves at 
25–28 °C. The silk glands were dissected from day-3 fourth-
instar larvae (4L3D), day-1 fifth-instar larvae (5L1D), day-3 
fifth-instar larvae (5L3D), day-5 fifth-instar larvae (5L5D), 
and day-6 fifth-instar larvae (5L6D), mixed equally and 
divided into three equal parts. Subsequently, these samples 
were subjected to RNA extraction using TRIzol reagent (Inv-
itrogen, CA, USA). Total RNA was then treated with an 
aliquot of DNase (Takara, Dalian, China) to eliminate DNA. 
Both Nanodrop and Agilent 2100 instruments were used to 
assess RNA quality.

Library construction and sequencing

The total RNA was reverse transcribed into cDNA using the 
SMARTer™ PCR cDNA Synthesis Kit (Clontech Labora-
tories, Inc., USA) according to the official protocol. Full-
length (FL) cDNAs were size selected with the BluePippin 
DNA Size Selection System protocol (Labtech International 
Ltd., England) to establish three libraries with different sizes 
(1–2, 2–3 and 3–6 kb in length). Using the SMRTbell Tem-
plate Prep Kit, the cDNA products were then used to syn-
thesize SMRTbell Template libraries, which were subjected 
to another PCR. After library quality control assessment, 
a total of five SMRT cells were sequenced on the PacBio 
RS II platform (Biomarker Technologies Corporation, Bei-
jing, China). The raw data were uploaded to the Sequence 
Read Archive (SRA) (https​://www.ncbi.nlm.nih.gov/) with 
accessions SRR10716271 and SRR10716270 (1–2  kb 
data), SRR10716270 and SRR10716268 (2–3 kb data), and 
SRR10716267 (3–6 kb data).

https://www.ncbi.nlm.nih.gov/
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Analysis of full‑length (FL) transcripts

The raw polymerase reads were extracted to generate reads 
of insert (ROIs) with full passes ≥ 0 and a predicted con-
sensus accuracy > 0.75 that were considered FL or non-FL 
transcript sequences by screening for the existence of 5′/3′ 
cDNA primers and poly-A tails. Then, iterative clustering 
for error correction (ICE) was used to obtain consensus 
isoforms by clustering FL sequences. Finally, the Quiver 
algorithm was applied to cluster the non-FL sequences and 
polish the consistent sequences to produce high-quality 
(postcorrection accuracy above 99%) and low-quality tran-
scripts. To further improve the accuracy, we used Illumina 
RNA-seq data to polish the low-quality isoforms and gen-
erate corrected consensus sequences. By mapping the cor-
rected consensus sequences to the reference genome with 
GMAP (Wu and Watanabe 2005), reads with coverage less 
than 85% and identity less than 90% were removed. Reads 
altered only at the 5′-start site within the first exon were 
regarded as redundant reads and were eliminated to yield 
the non-redundant transcripts. The entire processing pipe-
line is outlined in Fig.S1.

Gene model construction

Alternative splicing (AS) analysis

The sequences of the non-redundant transcripts were vali-
dated against known B. mori reference transcript annota-
tions with the python library MatchAnnot. Five AS types, 
intron retention (IR), exon skipping (ES), alternative 5′ 
donor sites (AD), alternative 3′ acceptor sites (AA) and 
mutually exclusive exons (MEE), were identified by ASt-
alavista ( Foissac and Sammeth 2007) with the default 
parameters. To validate the AS events, we downloaded 
the Illumina RNA-Seq data from B. mori silk glands, 
including ASG (accession SRR4425254), MSG (accession 
SRR4425259), and PSG (accession SRR4425256) data, 
reported by Chang et al. (2015) from the SRA. The reads 
were then aligned against the reference gene set from KAI-
KObase (https​://sgp.dna.affrc​.go.jp/KAIKO​base/) (Suet-
sugu et al. 2013). Miso was used to visualize the splicing 
events with a Sashimi plot (Katz et al. 2010, 2015).

Alternative polyadenylation (APA) analysis

Based on the full-length non-chimeric (FLNC) reads, we 
used the TAPIS pipeline (Abdel-Ghany et al. 2016) to 
identify APA with the default parameters.

Gene structure optimization

Based on the AS results, areas outside the reference 
gene boundaries were augmented by mapped reads that 
extended the untranslated regions (UTR) of the genes 
upstream and downstream to modify the gene boundaries 
with an inhouse script. Combining both the AS results 
and reference gene sets, we built an updated, comprehen-
sive gene model (MergedSet). The completeness of the 
MergedSet was assessed by Benchmarking Universal Sin-
gle-Copy Orthologs (BUSCO) (Simão et al. 2015).

Simple sequence repeat (SSR) analysis

MISA (MIcroSAtellite identification tool; Beier et  al. 
2017) is a program that is widely used for the identifi-
cation of simple repetitive sequences. Transcripts with 
lengths greater than 500 bp were subjected to SSR analy-
sis using MISA software. Seven types of SSR, namely, 
mononucleotide (single base), dinucleotide (two bases), 
trinucleotide (three bases), tetranucleotide (four bases), 
pentanucleotide (five bases), hexanucleotide (six bases), 
and compound (mixed microsatellites, two SSRs with a 
distance of less than 100 bp), can be detected by analyzing 
transcript sequences.

LncRNA prediction and target gene prediction

Four computational approaches, including CPC, CNCI, 
CPAT, and Pfam, were combined to sort non-protein-coding 
RNA candidates from putative protein-coding RNAs in the 
transcripts. The putative protein-coding RNAs were identi-
fied with a minimum length and exon number threshold. 
Transcripts with lengths greater than 200 nt and more than 
two exons were selected as lncRNA candidates and further 
screened using CPC/CNCI/CPAT/Pfam to distinguish pro-
tein-coding genes from noncoding sequences. Based on the 
complementary base pairing relationships between lncRNAs 
and mRNAs, we used LncTar software to predict the target 
genes of the lncRNAs.

Fusion transcript analysis

Transcripts that mapped to more than 1 locus with cover-
age ≥ 5% at each locus as well as total coverage ≥ 95% were 
extracted from the corrected consensus sequences. Subse-
quently, sequences with distances of over 10 kb between 
mapped loci or mapping to different scaffolds were selected 
to obtain the set of fusion transcripts with an inhouse 
package.

https://sgp.dna.affrc.go.jp/KAIKObase/
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Annotation of novel transcripts

The novel non-redundant transcripts were selected, and 
functional annotation was conducted by using the BLAST 
(version 2.2.26) toolkit (Altschul et al. 1997) against a series 
of nucleotide and protein databases: NR (NCBI non-redun-
dant protein sequences), Swiss-Prot (a manually annotated 
and reviewed protein sequence database), COG (Clusters 
of Orthologous Groups of proteins), Pfam (a database of 
conserved protein families or domains), and KEGG (Kyoto 
Encyclopedia of Genes and Genomes). Blast2GO was used 
to annotate the transcripts with Gene Ontology (GO) terms 
based on the NR annotations. TransDecoder software was 
used to predict the sequence of each coding region and its 
corresponding amino acid sequence.

Transcription factor (TF) analysis

We used getorf to find the ORF of each isoform and then 
aligned the ORF to the animal TF database (AnimalTFDB) 
by DIAMOND (Simão et al. 2015). Isoforms with the same 
TF domain were used to generate a phylogenetic tree with 
Muscle and MEGA (Michael and VanBuren 2015).

Results

Transcriptome sequencing of B. mori silk glands

To acquire a comprehensive full-length transcriptome of B. 
mori silk glands, three libraries with cDNA insert sizes of 
1–2 kb, 2–3 kb, and 3–6 kb were generated based on RNAs 
from apooled mixture of silk glands from five larval stages. 
Using SMRT sequencing technology, a total of 751,460 
polymerase reads were generated on five SMRT cells, and 

4,627,296 subreads were obtained after removing subreads 
with lengths less than 50 bp or accuracies less than 0.75 
(Table S1). In total, 321,648 ROIs were obtained, as shown 
in Tables 1 and S2, and 164,243 ROIs were identified as 
FLNC reads with a mean length of 1935 bp. Furthermore, 
21,137 high-quality and 7670 low-quality consensus iso-
forms were obtained based on the clustering algorithm of 
ICE. After correction using ~ 1.67 Gb paired-end reads pro-
duced by Illumina sequencing, a total of 28,807 corrected 
isoforms with a mean length of 2263 bp were produced and 
could be mapped to the reference genome using GMAP. 
Eventually, 11,697 non-redundant transcripts were acquired 
(Tables 2 and S3).

Construction of comprehensive gene models

We compared 11,697 PacBio assembly isoforms (PBset, 
Table S3) against the reference gene annotation from KAI-
KObase (KAIKObaset), with 81.49% of those isoforms 
aligned to 5225 annotated genes. We identified 2636 iso-
forms concordant with KAIKObaset, 6896 novel isoforms 
from known genes that could optimize the 5′/3′ UTRs for 
3002 known genes, and 2165 novel isoforms of novel genes 
(Fig. 1a). Based on coding sequence (CDS) predictions of 
the novel isoforms, we identified 5655 novel complete open 
reading frames (ORFs). Overall, these novel transcripts 
(mean: 2171 bp) were significantly longer than the KAI-
KObaset sequences (mean: 1601 bp), demonstrating the ben-
efits of the longer read lengths of PacBioSMRT technology 
(Fig. 1b).

To evaluate the completeness of the transcriptome assem-
bly, we conducted BUSCO analyses with the Insecta gene 
set (insecta_odb9, which contains 1658 single-copy genes 
that are highly conserved in insects) to assess the gene set 
from SilkDB v2 (Duan et al. 2010), KAIKObaset and the 

Table 1   Summary of reads from 
PacBio single-molecule long-
read sequencing

ROI FLNC ICE consensus Polished con-
sensus

Correct consensus

Number 321,648 164,243 28,809 28,807 28,807
Mean length 2614 1935 2294 2292 2263
N50 3408 2280 2532 2531 2508

Table 2   Transcript assembly 
evaluation with BUSCO

Type SilkDB v2 KAIKObaset PBset MergedSet

Number of transcripts 14,623 16,823 11,697 23,684
Number of genes 14,623 16,823 6165 18,493
BUSCO (n = 1658) C: 89.8%, F: 6.9%, 

M: 3.3%
C: 91.0%, F: 5.7%, 

M: 3.3%
C: 67.3%, F: 4.4%, 

M: 28.3%
C: 94.8%, F: 

3.4%, M: 
1.8%

N50 1698 2213 2409 2439
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PBset. The PBset showed the fewest fragmented BUSCOs. 
Then, the PBset and KAIKObaset were merged to generate 
a comprehensive gene set (MergedSet), whose complete-
ness increased remarkably to 94.8%, furthermore, lowering 
the number of fragmented and missing BUSCOs (Table 2). 
Given these results, we can conclude that this experiment 
established a more complete genome annotation.

Detection of AS and APA events

In total, 1867 AS events were detected from the PacBio de 
novo transcriptome of the silk gland (Table S4), includ-
ing 74 MEE, 682 IR events, 551 ES events, 217 AD and 
343 AA. Significantly, six major silk protein coding genes, 
including the fibroin protein genes fibH, fibL and P25 and 
the sericin protein genes Ser1, Ser2 and Ser3, were found 
to have seven (fibH), one (fibL), three (P25), 127 (Ser1), 11 
(Ser2) and zero (Ser3) AS events (Fig. 2). This finding was 
quite different from that of a previous report, which indi-
cated that only Ser1 had a variety of alternative isoforms 

(Garel et al. 1997); this contrast suggests the complex 
regulation of genes coding for silk proteins and deserves 
further study. AS events were also found in several crucial 
transcription factors that are responsible for the regulation 
of silk protein synthesis, including Dimm, Sage, SGF1, 
and SGF2/Awh (Fig. S2). In addition, we found that sev-
eral genes in the 20E signaling pathway, which are crucial 
for regulating silk protein synthesis, harbored complex AS 
events (Table S5). These results suggest that AS of the 
above genes may contribute to the coordinated and com-
plex regulation of silk protein synthesis, and this prospect 
deserves to be studied further.

In addition, we identified 2529 APA events at 2004 
genic loci based on the PacBio transcriptome (Table S6). 
The APA events were further compared with reference 
genes, which led to the detection of 1629 genes with one 
poly-A site, 280 genes with two poly-A sites, 66 genes 
with three poly-A sites, 17 genes with four poly-A sites, 
four genes with five poly-A sites, and eight genes with 
more than five poly-A sites (Fig. 3).

Detection of SSRs

As summarized in Table  S7, 6596 SSRs from 4148 
sequences were identified; 1563 sequences had more than 
1 SSR, and 472 were compound SSRs. In addition, the 
numbers of mononucleotides, dinucleotides, trinucleo-
tides, tetranucleotides, pentanucleotides, and hexanucleo-
tides were 4880, 325, 435, 56, 5, and 2, respectively.

Identification of lncRNAs

To obtain a high-confidence set of lncRNA genes, we iden-
tified lncRNAs among the novel transcripts by homolo-
gous searches against reference protein databases and 
combined the results of four prediction methods (CPC/
CNCI/CPAT/Pfam). In total, 1403 transcripts were identi-
fied as noncoding RNAs (Fig. 4a). Among them, 630 were 
annotated as lincRNAs (long intergenic noncoding RNAs), 
337 were annotated as sense lncRNAs, 147 were annotated 
as antisense lncRNAs, and 149 were annotated as intronic 
lncRNAs (Fig. 4b). The densities of lncRNAs, transcripts 
and fusion events are shown in Fig. 4c. After target gene 
prediction, a total of 12,663 genes were detected as target 
genes of lncRNAs, including silk protein structural genes 
such as fibH, fibL, P25, Ser1 and Ser2 and silk gland fac-
tors such as Dimm, Sage, SGF1, SGF2/Awh and FMBP-1 
(Table S8). Taken together, these analyses provide some 
useful clues about the regulation of silk protein synthesis 
and would reward further study.

Fig. 1   Component of assembly isoforms. a Classification of assembly 
isoforms mapped to the reference genome. b Length distribution of 
PacBio transcripts derived from known and novel genic loci
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Functional annotation of novel full‑length (FL) 
isoforms

Of the 9061 novel transcripts, 2814, 5106, 4009, 5430, 4855, 
7296, and 8043 transcripts could be annotated based on the 
genes in the COG, GO, KEGG, KOG, Swiss-Prot, eggNOG, 
and NR databases, respectively (Table S9). Annotation of 
the novel transcripts with the GO database classified 5106 
transcripts in three ontologies: cellular component (2430 
transcripts), molecular function (4349 transcripts), and 
biological process (3717 transcripts)(Fig. 5). In the cellu-
lar component category, 109 isoforms were annotated to 
“membrane-enclosed lumen”, which might be associated 
with silk biosynthesis. A total of 760 isoforms were found 
to be linked to “macromolecular complex”, which might be 
related to the mechanism of silk protein assembly. In the 
molecular function category, 61 isoforms were associated 
with “electron carrier activity”, “enzyme regulator activity”, 
“transporter activity”, “nucleic acid binding transcription 
factor activity”, and “protein binding transcription factor 
activity”, which might illustrate the processes active in silk 
gland secretion. In the biological process category, “single-
organism process”, “multicellular organismal process” and 
“rhythmic process” were identified and might reflect the silk 
synthesis process.

KEGG was also employed to annotate the novel isoforms. 
A total of 3521 novel transcripts were associated with 133 
unique KEGG pathways (Table S10). Briefly, 53 and two 
isoforms were associated with the “Insect hormone biosyn-
thesis” and “Steroid biosynthesis” pathways, respectively, 
which are considered to coordinately regulate the expression 

of silk protein-coding genes (Bede et al. 2001). Forty iso-
forms were related to “Hippo signaling pathway—fly”, 
which has been shown to regulate silk protein synthesis in 
B. mori (Zeng et al. 2017). Seventy-nine isoforms were pre-
dicted to participate in the “Ubiquitin mediated proteolysis” 
pathway, which indicates a degradation process related to 
cell death and inflammation and might be helpful in under-
standing silk gland development (Meier et al. 2015). In addi-
tion, some important pathways, including “FoxO signaling 
pathway”, “Ras signaling pathway” and “MAPK signaling 
pathway”, were also enriched in novel isoforms and have 
been reported to be involved in silk protein synthesis (Ma 
et al. 2011, 2014, 2018). Taken together, this annotation 
information would help to uncover the biological and meta-
bolic processes involved in silk synthesis.

Identification of TF expressed in silk glands

TFs play important regulatory roles in animal growth and 
development. In B. mori, some TFs have been reported to 
play crucial roles in the regulation of silk protein synthesis. 
We identified 2919 putative TFs belonging to 66 families 
(Table S11). The top three families identified were “zf-
C2H2”, “Homeobox” and “bHLH”. Interestingly, most of the 
TFs that have previously been shown to regulate the devel-
opment of silk gland or silk protein synthesis could be found 
among these 2919 putative TFs, including Antp, Ftz-f1, 
Sage, Dimm, FMBP-1, SGF3 and SGF1. Five crucial genes, 
including Antp (BMgn006391), Ftz-f1 (BMgn006393), 
FMBP-1 (BMgn002810), SGF1 (BMgn005101) and SGF3 
(BMgn010868), were selected to generate a phylogenetic 

Fig. 3   Distribution of genes 
with one or more poly-A sites
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tree including genes with the same domains. Genes with 
similar functions were clustered together in the same clades 
(Fig. 6). In addition, many TFs involves in developmental 
signaling pathways, such as 20E and FoxO signaling, were 
identified, further suggesting the involvement of these path-
ways in the regulation of silk protein synthesis.

Discussion

In the present study, the FL transcriptome of B. mori silk 
glands, the unique organ that produces silk proteins, was 
analyzed using PacBio SMRT. By combining SMRT with 
SGS data, 11,697 non-redundant transcripts were obtained 
in total. Meanwhile, 1867 AS events, 1403 lncRNAs, and 
784 fusion transcripts were identified, and 2004 genes with 
2529 transcripts contained at least one poly-A site. To our 
knowledge, this is the first study to characterize a B. mori 
transcriptome using PacBio SMRT, and the results could 

improve the characterization of the transcriptome of B. mori 
silk glands.

PacBio sequencing is effective in obtaining reliable FL 
transcripts. In our study, 51.28% of the PacBio ROIs were 
FLNC reads with a mean length of 1935 bp, and there was 
no need to assemble short SGS reads. Combining these long 
reads with SGS data yielded 28,807 corrected isoforms, and 
93.0% were longer than 1 kb. Approximately 5655 isoforms 
were found to harbor complete ORFs. A total of 6165 genes 
were detected by SMRT, and their mean length was 2120 bp. 
PacBio sequencing enriches transcript resources and pro-
vides advantages for discovering novel or uncharacterized 
transcript isoforms and genes. We identified 6896 novel 
isoforms from known genes and 2165 novel isoforms from 
novel genes in the reference genome based on SMRT data. 
These data not only enrich the transcript information of the 
draft genome sequence but also support functional studies 
of important genes in further research.

Previous transcriptome analyses in B. mori have mainly 
relied on SGS technology, which is often unable to accu-
rately capture or assemble FL transcripts. With PacBio 
SMRT technology, RNA fragmentation is not required, and 
intact transcript sequence information is provided, avoid-
ing assembly. In our work, transcript completeness rose to 
94.8%, and the N50 rose to 2439 bp with remarkably fewer 
ambiguous sites (N bases). PacBio sequencing also promotes 
the identification of AS events. We detected 1867 AS events 
in the FLNC reads, most of which were IR events; these 
results greatly enriched the transcript information in the 
draft version of the B. mori genome. In contrast, the majority 
of the AS events in the reference genome were AA splices.

In this study, we found 784 fusion transcripts, and fusion 
events were more likely to occur interchromosomally than 
intrachromosomally. The chimeric fusion events in B. mori 
enhance the complexity of the silkworm transcriptome. 
LncRNAs, a hotspot of molecular biology, are thought 
to be important regulators, but their functions are not yet 
completely understood. We identified 1403 lncRNAs with 
a mean length of 1963.96 bp, and most were lincRNAs. In 
addition, we found that 2529 isoforms at 2004 genic loci 
had at least one poly-A site. These results provide useful 
information for future analysis of the relationship of APA 
to the functions of genes related to silk gland or silk protein 
synthesis.

In this study, for the first time, we performed PacBio 
SMRT sequencing of the FL transcriptome of B. mori silk 
glands. The obtained transcriptome will greatly revise and 
expand the available B. mori transcripts and facilitate further 
studies of the genes involved in the regulation of silk protein 
synthesis.

Fig. 4   Results of lncRNA analysis. a Venn diagram of the lncRNAs 
predicted by four reference protein databases. b Proportions of four 
kinds of lncRNAs
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Fig. 5   GO annotation of silk-
worm novel isoform sequences. 
The x-axis shows three primary 
categories and 54 subcategories 
(functional groups). The left 
side of the Y-axis shows the 
percentage of the genes, and the 
right side shows the number of 
the genes

Fig. 6   Homeobox evolution-
ary analysis by the maximum 
likelihood method. The tree 
with the highest log likelihood 
(− 38,011.93) is shown. The 
percentage of trees in which 
the associated taxa clustered 
together is shown next to the 
branches. This analysis involved 
245 amino acid sequences. 
There were a total of 79 posi-
tions in the final dataset
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