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ABSTRACT

SilkDB is an open-accessibility database and pow-
erful platform that provides comprehensive informa-
tion on the silkworm (Bombyx mori) genome. Since
SilkDB 2.0 was released 10 years ago, vast quanti-
ties of data about multiple aspects of the silkworm
have been generated, including genome, transcrip-
tome, Hi-C and pangenome. To visualize data at
these different biological levels, we present SilkDB
3.0 (https://silkdb.bioinfotoolkits.net), a visual ana-
lytic tool for exploring silkworm data through an
interactive user interface. The database contains a
high-quality chromosome-level assembly of the silk-
worm genome, and its coding sequences and gene
sets are more accurate than those in the previous
version. SilkDB 3.0 provides a view of the informa-
tion for each gene at the levels of sequence, protein
structure, gene family, orthology, synteny, genome
organization and gives access to gene expression in-
formation, genetic variation and genome interaction
map. A set of visualization tools are available to dis-
play the abundant information in the above datasets.
With an improved interactive user interface for the
integration of large data sets, the updated SilkDB 3.0
database will be a valuable resource for the silkworm
and insect research community.

INTRODUCTION

The silkworm, Bombyx mori, which was domesticated dur-
ing the last ~5000 years from a wild progenitor, Bombyx
mandarina, is one of the most economically important in-
sects and the foundation of sericulture. It has been widely
used as a bioreactor to produce recombinant proteins and
other biomaterials (1). The silkworm has many basic phys-
iological processes typical of insects, which have been con-
served through insect evolution, and a considerable num-
ber of genes that are homologous to those of humans; thus,

it has been widely used in various life science studies (2).
The silkworm is considered a central model species for lepi-
dopteran genomics and genetics, and it is second only to the
fruit fly (Drosophila melanogaster) (3) as an insect model for
biological studies.

In 2004, both Chinese and Japanese teams completed
separate draft silkworm genomes (4,5). Subsequently,
SilkDB was published in the Nucleic Acids Research
database issue in 2005 (6), and its updated version (SilkDB
2.0) was released in 2010 (7). This online resource has
greatly facilitated functional genomics research in silkworm
and other insects. Thousands of users from more than
eighty countries have analyzed their data with this database,
and studies have cited SilkDB more than 400 times (Google
Scholar).

Due to the importance of sericulture in agriculture and
the flourishing development of next generation sequencing,
a variety of omics studies of the silkworm have been per-
formed over the last decade and generated multiple lev-
els of data. For example, whole silkworm genome rese-
quencing was performed using long reads (8), transcrip-
tome analyses of silkworm tissues have identified several
genes of interest for silk fiber formation (9,10), and recently,
researchers carried out the first proteogenomics study of the
silkworm using large-scale mass spectrometry to improve
silkworm genome annotation (11). To facilitate the utiliza-
tion of the rapidly growing genomic and other omic data
associated with the silkworm, several databases have been
released, including KAIKObase (12), SilkBase (8), BmT-
Edb (13), BmncRNAdb (14) and SilkPathDB (15). Though
these databases have added to the available resources for
silkworm genomic research, no platform yet incorporates
multiple levels of silkworm data and provides integrated
search, analysis, and visualization features through a single
portal.

To better encompass all these data and develop a more
user-friendly visual interface, we updated SilkDB to version
3.0 (https://silkdb.bioinfotoolkits.net), which offers sub-
stantial performance improvements over the previous ver-
sion, including increased data, an upgraded visual interface
and more tools. In SilkDB 3.0, the quality of the assembly
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has been significantly improved. The genome sequence is
assigned to 28 chromosomes with a length of ~468.3 Mb
and includes 16 069 protein-coding genes. Moreover, the
database contains a large amount of transcriptome data for
exploring silkworm gene expression in different tissues. To
more comprehensively characterize the genetic variation in
silkworms, SilkDB 3.0 provides pangenome data analysis of
163 samples from different locations, allowing comparison
of single nucleotide polymorphisms (SNPs) and insertion-
deletions (indels). In addition, the database supplies Hi-
C (high-throughput chromatin conformation capture) data
obtained from six silkworm tissue types to aid understand-
ing of gene regulatory mechanisms. Based on the above
data, SilkDB 3.0 is mainly divided into the following mod-
ules: Gene-Info, eFP, Cell, Coexpression, 3D, Gene Family,
Pan, JBrowse, Chr, Exp-Cube, Synteny, Hi-C and Ortholog.
These modules can clearly display genetic data at diverse
levels, and they are connected with each other. SilkDB 3.0
not only encompasses the basic functions of a searchable
genome sequence but also combines several data visualiza-
tion tools into the same interface, so users can explore mul-
tiple levels of biological data and comprehensively analyze
genes.

GENOME DATA AND ANNOTATION

In SilkDB 3.0, we have updated the silkworm genome
assembly, which consists of 28 chromosomes encompass-
ing ~468.3 Mb. To do that, we first downloaded PacBio
long reads (NCBI SRA: DRXO058175) for the silkworm
genome with an estimated depth of coverage of over 140x.
The PacBio data were error-corrected and assembled us-
ing Canu (V1.5) (16). Then, to construct chromosome-
scale scaffolds, Hi-C data (NCBI SRA: SRP220287) were
first analyzed by the Hic-Pro pipeline (V2.11.1) (17), and
then, Juicer (V1.5.6) was used to categorize and order
these assemblies (18). Compared with the previous ver-
sion (43 622 scaffolds of ~432 Mb) (7) and the silkworm
genome in SilkBase (~460.3 Mb) (8) using QUAST (V5.02)
(19), the genome sequence in SilkDB 3.0 is a high-quality,
chromosome-level assembly that is more intact (Supple-
mentary Figure S1A). The dot plot shows that these genome
sequences are very similar with good synteny (Supplemen-
tary Figure S1B, C). Based on the new high-quality genomic
data and transcriptome data (NCBI SRA: SRP219634),
we reannotated and obtained gff3 files using MAKER
(V2.31.10) (20). A total of 16 069 protein-coding genes were
annotated, which is far more than the previous 14 623 genes
and similar to the number in a recent report (16 880 genes)
(8). The protein sequences were annotated against KO (21),
GO (22), KOG (23), Pfam (24) and KEGG ENZYME (21)
databases using local BLAST (V2.8.1) program with an E-
value threshold of 1e—10. The genes were grouped into dif-
ferent families based on their protein domains using the
Pfam database (24). OrthoVenn2 (25) was used for protein
clustering and ortholog identification.

Moreover, we gathered 253 RNA-seq datasets from dif-
ferent tissues and stages of silkworm, including the instar,
larval, wandering, pupal and moth stages (NCBI SRA:
SRP219634). The RNA-seq data were first trimmed with
fastp (V0.19.5) (26) and then aligned to the silkworm

genome with HISAT2 (V2.1.0) (27) with the default pa-
rameters. The alignment results were converted, sorted and
stored in bam file format with SAMtools (V1.9) (28). We
calculated the expression values of each gene with an R
package (ballgown (V2.16.0)) (29) and their coexpression
relationships using Pearson’s correlation coefficient.

To perform pangenome analysis, we collected a total of
163 silkworm strains, including 40 genome datasets from
our previous study (30) and 123 genome datasets from Xi-
ang’s paper (31). These silkworm strains include 130 domes-
tic and 33 wild silkworms. The raw reads were cleaned with
fastp (V0.19.5) (26) and then aligned to our updated ref-
erence genome using BWA-MEM (V0.7.10) (32) with the
default parameters. SNP calling and indel detection were
performed with BCFtools (V0.1.19) (28).

MAIN INTERFACE AND SEARCH FUNCTION

SilkDB 3.0 is a web-based tool combining a MySQL
database management system with a dynamic web interface
which was written with Python, HTML, CSS, Javascript
and jQuery. The entire project is open access for anyone to
use and is configured on an Ubuntu (V18.04) Linux ma-
chine with an Apache? server.

The main interface for SilkDB 3.0 has three main ele-
ments: the search panel and the gene panel on the left and
the module viewer panel on the right (Figure 1). Although
SilkDB 3.0 contains many functional modules and a large
quantity of information, its interface is simple and user-
friendly. There are two ways to utilize the functional mod-
ules of the database to investigate genes. One way is to input
keywords such as gene identifier (ID) or gene description to
search for the gene of interest, after which the gene of in-
terest will be shown in the gene panel. Another is to use
the Blast function; the Blast result will show the genes in
the database that are similar to the input sequence. Users
can click the gene ID on the results page, and it will be
added to the gene panel. Once the gene is displayed in the
panel, a data loading management script sends queries to
the database to retrieve information for each of the func-
tional modules to display.

GENE INFORMATION

The Gene-Info module shows basic information about mul-
tiple aspects of the selected genes, such as gene ID, syn-
onyms, protein domain description, gene distribution, and
gene location. In addition, some functional annotations are
drawn from multiple databases (Figure 2A). Moreover, the
exons, untranslated regions (UTRs) and introns are shown
to represent the gene architecture of the selected gene. In
addition, the genomic, CDS and protein sequences are dis-
played on the page. Clicking an element in the gene struc-
ture viewer will highlight it in the sequence. Based on the
sequence on the page, a primer design function is available,
and users can select a sequence region to design primers for
PCR experiments.

eFP

The eFP (electronic fluorescent pictograph) viewer displays
expression patterns by dynamically coloring the tissues of
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Figure 1. The main interface of SilkDB 3.0. (A) search panel, (B) gene panel, (C) module viewer panel.

a pictographic representation according to gene expression
levels (Figure 1C). In SilkDB 3.0, the eFP module presents
the expression values of selected genes in 19 tissues dur-
ing various growth stages (instar, larval, wandering, pupal,
moth) with different colors and shades. Users can select
which organs to display and save the picture in PNG format.
In addition, users can choose the color system to change the
display style for the eFP module.

In Cell eFP (Figure 2B), the database shows the pre-
dicted subcellular localization of proteins using ngLOC, an
n-gram-based Bayesian classifier that predicts the subcellu-
lar localization of proteins in both prokaryotes and eukary-
otes (33). The Cell eFP Viewer displays the predicted local-
ization of a gene within a picture of a cell with a color gra-
dient representing a confidence score that the selected gene
will be found in a given compartment. This module helps
researchers conduct genetic investigations at the subcellu-
lar level.

COEXPRESSION

Gene coexpression networks are a powerful approach for
detecting genes with similar expression patterns across large
amounts of transcriptome data, clustering coexpressed
genes that are most likely functionally related and specu-
lating about the functions of uncharacterized genes (34). In
SilkDB 3.0, we predicted gene coexpression relationships
based on transcriptome data and generated a coexpression
network. The Coexpression module provides a view of co-
expressed genes by displaying them in a network with an
interactive analysis tool (Figure 2C). The green node rep-
resents the selected gene, and the gray nodes indicate co-

expressed genes. The node size indicates the number of ad-
jacent nodes, allowing for easier discovery of network hub
genes. The edge thickness of the connecting lines between
the genes represents the weight value of the linked genes.
The network also incorporates silkworm protein-protein as-
sociation data from the STRING database (35). Users can
click any gene in the network to add that gene to the gene
panel. In addition, information about the coexpressed gene
pairs that are displayed in the network is listed in a table.

GENE FAMILY

Gene families often show some variation in terms of exon—
intron structures, which provide valuable information for
clarifying their evolutionary relationships. Thus, the struc-
tural information of genes and gene families can serve
as material for phylogenetic analyses to understand gains,
losses and changes in gene structure (36). To investigate the
evolution of silkworm genes, SilkDB 3.0 contains a compre-
hensive gene comparison and evolution dataset with all the
annotated genes in Aedes aegypti, Drosophila melanogaster,
Spodoptera litura, Tribolium castaneum, Trichoplusia ni and
Bombyx mori. The method for generating the trees and
collecting the gene structure information are based on the
PIECE database study (36,37). The gene family module
provides a user-friendly graphical view that displays the
gene structure and Pfam domain pattern diagram linked to
a bootstrapped similarity dendrogram (Figure 2D). Users
can collapse and expand the tree by clicking the nodes and
clicking on the button in the upper right corner to modify
the display style of the elements. Moreover, the diagram can
be directly downloaded as a high-quality PNG format file.
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Figure 2. The main functional modules of SilkDB 3.0. (A) Gene-Info, (B) Cell eFP, (C) Coexpression, (D) Gene Family, (E) Pangenome, (F) Hi-C.

PANGENOME

Pangenomes, which capture a broad representation of the
genomic variation contained in a gene pool (38,39), repre-
sent an especially useful resource for research and breed-
ing (40). To more comprehensively characterize the genetic
variation in the silkworm genome, we collected 163 differ-
ent geographically representative samples from two pub-
lished studies (30,31). By comparing them to the reference
silkworm assembly, we uncovered a substantial number of
SNPs and indels, which contain potentially important ge-
netic information pertaining to silkworm evolution.

The Pangenome module consists of three parts: the
multiple sequence alignment (MSA) viewer, the JBrowse
(V1.16.6) (41) interface and a chart of the geographic lo-
cation of each sample (Figure 2E). The viewer contains a
phylogenetic tree browser at the left and an MSA at the
right. Users can click the node ID in the tree to show the
detailed information for the sample and analyze the vari-
ations in the selected gene in the viewer. The MSA con-
tains SNPs between the reference genome and the samples,
while indel data are displayed in the JBrowse interface. The
JBrowse page also contains a tree displaying the relation-

ship of the samples. Users can select multiple nodes, track
their types (insertion, deletion, coverage or SNP) and then
click the ‘Commit’ button to visualize these silkworm ac-
cessions in the genome browser. Moreover, the Pangenome
module shows the geographic distribution of the samples on
a world map.

GENOME INTERACTION MAP

Three-dimensional (3D) chromatin structure plays an im-
portant role in gene regulatory mechanisms (42). Hi-C is a
widely used conformation capture method that allows the
capture of all-to-all chromatin contacts in a genome-wide
manner. However, there is no online resource for silkworms
that provides chromatin interaction partners for queried
genes with genomic annotations. To overcome these limi-
tations, we used HiGlass (43) to support multiscale contact
maps and genomic data tracking visualization across multi-
ple resolutions and loci for six silkworm Hi-C datasets (Fig-
ure 2F). The HiGlass viewer shows the genomic interactions
with the selected gene as a heatmap. Users can smoothly and
interactively browse the Hi-C heatmaps, zoom in and out
to view different resolutions, and visualize maps showing
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the gene location. In addition, this viewer allows the syn-
chronous comparison of two maps. In general, the HiGlass
module will help researchers discover 3D genome organi-
zation and assist in deciphering the functions of silkworm
gene regulation.

OTHER TOOLS

SilkDB 3.0 also provides other powerful and user-friendly
tools. The chromosome viewer (Figure 3A) supplies a sim-
ple way to display the site of the selected gene and its fam-
ily on the 28 chromosomes. The Synteny module shows the
collinearity of chromosomes between silkworms and other
insect species (Figure 3B). The Ortholog module provides
links about which ortholog clusters contain the selected
gene (Figure 3C). The Molecule Viewer displays a 3D model
of the protein molecular structure for the selected gene (Fig-
ure 3D). The protein structures are generated by Phyre2
(44). In addition, the Multigene expression module presents
an ‘Expression Cube’ and heatmap to display the expression

profile of the selected gene, together with the genes with the
most highly correlated expression profiles (Figure 3E).

DISCUSSION

At present, most insect genomes and genetic data are stored
in multiple databases (45). Among them, SilkDB plays an
important role in managing, sharing and mining biological
data for silkworm. Using silkworm genome data, SilkDB
provides significant insight into the biology and breeding
of this species. Moreover, comprehensive studies of the silk-
worm genome using this database have reported fundamen-
tal information about its genome structure and the evo-
lutionary rearrangement of chromosomes after domestica-
tion events (30). The growth of the insect community and
the many biological processes being interrogated using silk-
worm as a model system (2) require the development of
tools to access multiple levels of biological data. Integrat-
ing data from different biological levels can allow novel hy-
potheses to be generated (46). SilkDB 3.0 greatly improves
the accuracy of silkworm genome assembly and annotation
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and integrates a large amount of silkworm data at multi-
ple levels. The database allows users to analyze the differ-
ent aspects of a gene in the silkworm genome and combine
the results of the analyses. We hope that the capabilities of
SilkDB 3.0 will provide researchers with many hypotheses
for designing molecular biology experiments and will help
to elucidate the functions of silkworm genes.

Furthermore, we will continue to improve the quality of
the assembly and annotations of the silkworm genome se-
quence. At the same time, we plan to augment the available
silkworm data to make the website information more com-
prehensive, including some new types of biological data,
such as phenotype and metabonomics data. In addition to
the frequently updated silkworm genome information, we
hope to add other lepidopteran genomes to SilkDB and
develop new comparative genomics visualization tools for
these genomes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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