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Simple Summary: Previous studies have reported how the silk production ability of Bombyx mori
can be enhanced, but the mechanism that regulates silk protein genes remains unclear. We performed
co-expression network analysis using networkz, an in-house program, which led to the identification
of 91 transcription factors were co-expressed with silk protein genes. Of them, 13 transcripts were
identified to be novel regulatory factors by time-course expression analysis during the fifth instar
larvae stage. Their expression patterns were highly relevant to those of silk protein genes. Our results
suggest that the two-step expression screening was robust and highly sensitive to screen relative
genes, and a complex mechanism regulates silk protein production in B. mori. The novel candidates
that were identified herein can serve as key genes to develop methods to enhance the silk protein
production ability of B. mori.

Abstract: Bombyx mori is an important economic insect and an animal model in pharmacomedical
research. Although its physiology has been studied for many years, the mechanism via which
silk protein genes are regulated remains unclear. In this study, we performed two-step expression
screening, namely co-expression network and time-course expression analyses to screen silk protein
regulation factors. A co-expression network analysis using RNA-seq data that were obtained from
various tissues, including the silk glands of B. mori, was performed to identify novel silk protein
regulatory factors. Overall, 91 transcription factors, including some known ones, were found to
be co-expressed with silk protein genes. Furthermore, time-course expression analysis during the
fifth instar larvae stage revealed that the expression pattern of 13 novel transcription factors was
highly relevant to that of silk protein genes and their known regulatory factor genes. In particular,
the expression peak of several transcription factors (TFs) was detected before the expression of silk
protein genes peak. These results indicated that a larger number of genes than expected may be
involved in silk protein regulation in B. mori. Functional analyses of function-unknown transcription
factors should enhance our understanding of this system.

Keywords: co-expression network analysis; Bombyx mori; silk protein; sericin; fibroin; transcription factor

1. Introduction

Silkworms (Bombyx mori) generate silk proteins; they are an economically important
insect in sericulture and have proved their value in biotechnology as a bioreactor for
the production of recombinant proteins and silk-based biomaterials. Silk proteins can be
broadly classified into sericin and fibroin, which are secreted from the middle and posterior
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silk glands (SGs), respectively. The SG consists of endomitotic cells [1], and the expression
of genes encoding these proteins shows a considerably increase in the fifth (last) instar
larvae stage. The elucidation of mechanisms that regulate the expression of such genes is
necessary to further enhance the ability of this insect to produce silk.

In previous studies, it has been reported that some transcription factors (TFs), in-
cluding homeobox genes, regulate the expression of silk protein genes [2,3]. For instance,
Antennapedia (Antp), a Hox gene that controls leg formation, directly regulates the ex-
pression of sericin1 in the middle SG [4,5]. Further, silk gland factor-2 (SGF2), a protein
complex containing the homeodomain protein Arrowhead (Awh), LIM domain-binding
protein, and sequence-specific single-stranded DNA-binding protein, evidently regulates
the expression of genes encoding fibroin in the posterior SG [6,7]. The silk gland factor-1
(SGF1), containing a forkhead domain, and silk gland factor-3 (SGF3) genes are involved in
regulating sericin1 expression [8–10]. Besides, sage, encoding a basic helix-loop-helix TF, is
involved in regulating the expression of fibroin heavy-chain along with SGF1 [11].

Although some genes have been identified to function as expression regulators of
silk protein genes, the pertinent regulatory mechanism and pathways still remain unclear.
Furthermore, these regulatory factors, such as hox genes, have been known to possess
other functions [3] which can lead to lethal effects when they are genetically modified. To
avoid the risk as much as possible, the factors that are specific to the silk gene regulation in
the silk gland are desirable as targets for genetic modification to increase silk yield. Thus,
a co-expression relationship among silk proteins and their regulatory genes (known and
unknown) needs to be elucidated. For this purpose, gene expression network analysis
using large-scale transcriptome data is essential. Co-expression network analysis is an
effective approach to elucidate groups of genes that are showing distinct co-expression
patterns among phenotypes. This approach has been widely adopted for various purposes,
including to predict diseases in humans [12], detect metabolic pathways involving organic
compounds and stress-responsive genes in plants [13–15], and determine gene sets that are
related to biological processes in bacteria [16]. In insects, co-expression network analysis has
been mainly used in model species considering the availability of abundant transcriptome
data. Co-expressed genes at different stages, including young lncRNA genes, have been
detected in Drosophila melanogaster [17]. In mosquitoes (Aedes aegypti), infection-responsive
genes were identified using genome-wide transcriptome profiling, including co-expression
network analysis [18]. In B. mori, lncRNA and domestication-related genes including silk
gland-related genes were identified by co-expression network analysis [19,20]. Although
co-expression network analysis is actually useful for identifying relevant gene groups,
further detailed analysis, such as time-course expression analysis, is necessary to detect
more important genes. Functional analysis of screened candidates is thus required to
understand the mechanisms regulating silk protein genes.

Herein we attempted to identify genes regulating the expression of silk protein genes
using co-expression network as well as time-course expression analyses. Screening pre-
cision is dependent on the input data volume and variation, and standard Java-based
tools that are used in co-expression network analysis (e.g., Gephi and Cytoscape) take
a long time to process large quantities of expression data. Accordingly, we developed a
fast C++-based tool to quickly process large expression datasets. Co-expression network
analysis was performed using published transcriptome data [21–24] comprising five SG
regions [anterior SG (ASG), anterior-middle SG (A-MSG), middle-middle SG (M-MSG),
posterior-middle SG (P-MSG), and posterior SG (PSG)], Malpighian tubule (MT), testis
(TT), and ovary (OV). A total of six silk protein genes [sericin1, sericin2, sericin3, fibroin
heavy-chain (fibroin-H), fibroin light-chain (fibroin-L), and fibrohexamerin (P25)] were selected as
target genes to search for regulatory factors. There were also five existing regulatory genes
[SGF1, SGF3, sage, Antp, and Awh (main isoform PA)] that were also chosen as target genes.
TFs that showed expression patterns that were similar to those of the target genes were
subjected to time-course expression analysis, which was performed at A-MSG, M-MSG,
P-MSG, and PSG on every day during last instar larva (day zero to seven). Further, TFs
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with expression patterns that were related to those of target genes were shortlisted as
candidates of silk protein regulatory genes. Our results provide insights into how silk
protein genes are regulated; moreover, the genes that are discussed herein can be used as
targets to improve silk protein production ability.

2. Materials and Methods
2.1. Constructing a Gene Co-Expression Network and Detecting Modules

We developed a command line tool named networkz to handle large gene co-expression
datasets (or gene expression profiles) and to perform co-expression network analysis.
networkz was written in C++ and the source code is available at https://github.com/
davecao/networkz.git (accessed on 23 December 2021); it is based on Boost Graph Library
v1.70 [https://www.boost.org (accessed on 23 December 2021)] for graph data struc-
ture operations and Eigen Library v3.3.90 [(https://gitlab.com/libeigen/eigen/-/releases
(accessed on 23 December 2021)] for matrix operations.

The relationships among genes in the co-expression dataset can be represented by a net-
work, which is an undirected and weighted graph consisting of vertices and edges; herein
genes are referred to as vertices while their edges represent the pairwise co-expression
measure. To construct an initial co-expression network, we selected a significance mea-
sure threshold to determine the connected gene pairs with a significant co-expression
relationship, and then modules (or hub genes) that were highly connected with others were
detected in the subsequent analysis.

In this study, a gene profile is denoted as a vector with m components;
xi = (xi,1, xi,2, . . . , xi,m). Then n gene expression profiles were represented by an n × m
matrix; X = (x1, x2 . . . , xn)

T . The expression measure between the genes p and q (dp,q,)
was defined as follows:

dp,q = 1− |corr(p, q)|

corr(p, q) = corr
(
xi, xj

)
=

∑m
k=1(xi,k−xi)(xj,k−xj)√

∑m
k=1(xi,k−xi)

2
∑m

k=1(xj,k−xj)
2 , i, j = 1, . . . , n, i 6= j

wherein |corr(p, q)| represents the absolute value of Pearson’s correlation coefficient be-
tween the expression profiles of p and q; xi and xj present mean of xi and xj, respectively.
The smaller the value of dp,q is, the higher the likelihood of the two genes (p and q) in the
network being interconnected (i.e., showing high correlation in terms of pairwise gene
similarity). The threshold of 0.1 was selected via trial and error.

To detect modules in the initially constructed network, we further employed the
Kruskal’s algorithm [25], as vertices were much more than edges, to find a minimum
spanning tree (MST) with minimum sum of edge weights; then, the Louvain method [26]
was performed on the MST to assign each gene with a community ID. Finally, modules of
interest were found.

2.2. Co-Expression Network Analysis

For co-expression network analysis with networkz, we used transcript-level transcripts
per million (TPM) values as expression data of two RNA-seq data series, which were used
for the assembly and verification of the current reference transcriptome dataset of B. mori in
our previous study [24] The first RNA-seq data series (SRA Run ID: DRR068893-068895 and
DRR095105-095116) was obtained from the fat body (FB), midgut (MG), MT, whole SG (SG),
and TT of the o751 strain last instar larvae on third day (Table 1) [21–23]. The second RNA-
seq data series (SRA Run ID: DRR186474-186503) was obtained from the aforementioned
five SG regions (ASG, A-MSG, M-MSG, P-MSG, and PSG), FB, MG, MT, TT, and OV of p50T
strain last instar larvae on third day (Table 1) [24]. The transcript-level TPM expression data
that were used in this study are available at “expression data of each transcript in multiple
tissues” in the study by Yokoi et al. 2021 (doi: 10.18908/lsdba.nbdc02443-002.V001),
in which 51,926 transcripts were used as reference sequences for TPM calculation [24].

https://github.com/davecao/networkz.git
https://github.com/davecao/networkz.git
https://www.boost.org
https://gitlab.com/libeigen/eigen/-/releases


Insects 2022, 13, 131 4 of 13

Herein we used the same transcript ID as that of reference transcript sequences. The
silk protein genes (sericin1, sericin2, sericin3, fibroin-H, fibroin-L, and P25) and five existing
regulatory genes (SGF1, SGF3, sage, Antp, and Awh) served as target genes. Target network
modules containing transcripts (isoforms) of the target genes were identified from network
modules that were constructed by networkz. As the target genes showed multiple isoforms,
multiple target network modules were identified for each target gene. The transcripts that
were annotated with major TF-specific motif in target network modules were screened as
candidate TFs.

Table 1. RNA-seq datasets using co-expression network analysis.

Series Tissue Strain SRA Run ID Replicate Reference

RNA-seq 1 testis (TT) o751 DRR068893-068895 3 Kikuchi et al., 2017 [21]
fat body (FB) o751 DRR095105-095107 3 Kobayashi et al., 2019 [23]
midgut (MG) o751 DRR095108-095110 3 Ichino et al., 2018 [22]
Malpighian tubule (MT) o751 DRR095111-095113 3 Kobayashi et al., 2019 [23]
whole silk gland (SG) o751 DRR095114-095116 3 Kobayashi et al., 2019 [23]

RNA-seq 2 anterior SG (ASG) p50T DRR186474-186476 3 Yokoi et al., 2021 [24]
anterior middle SG (A-MSG) p50T DRR186477-186479 3 Yokoi et al., 2021 [24]
middle middle SG (M-MSG) p50T DRR186480-186482 3 Yokoi et al., 2021 [24]
posterior middle SG (P-MSG) p50T DRR186483-186485 3 Yokoi et al., 2021 [24]
posterior SG (PSG) p50T DRR186486-186488 3 Yokoi et al., 2021 [24]
fat body (FB) p50T DRR186489-186491 3 Yokoi et al., 2021 [24]
midgut (MG) p50T DRR186492-186494 3 Yokoi et al., 2021 [24]
Malpighian tubule (MT) p50T DRR186495-186497 3 Yokoi et al., 2021 [24]
testis (TT) p50T DRR186498-186500 3 Yokoi et al., 2021 [24]
ovary (OV) p50T DRR186501-186503 3 Yokoi et al., 2021 [24]

2.3. RNA Extraction

To extract total RNA, fifth instar larva of the w-1 pnd strain of B. mori were kept on an
artificial diet (Nihon Nosan Kogyo, Yokohama, Japan) at 25 ◦C under LD 12:12 h. The SGs
of three male and female insects were then extracted every day during the last instar period
(day 0–7). Total RNA was isolated from one pair of SGs for each individual using TRIzol
(Invitrogen, Carlsbad, CA, USA) and RNeasy Plus Mini Kit (Qiagen, Hilden, Germany),
and the wet weight of the whole SG was measured using the other pair of SG.

2.4. Gene Expression Analysis

For quantitative RT-PCR (qRT-PCR), cDNAs were synthesized from 500 ng RNA using
the Prime Script® RT reagent kit (Takara, Tokyo, Japan). Elongation factor-2 (EF-2) was
used as a reference gene to calculate the relative expression levels [27,28]. Except EF-2,
the specific primers were newly designed for each gene using Primer3Plus (Table S1) [29].
The expression levels of each gene were quantified using TB Green™ Premix Ex Taq™ II
(Takara, Tokyo, Japan) on a Light Cycler 480 (Roche Diagnostics, Mannheim, Germany).
Biological triplicates were subjected to qRT-PCR, and each sample contained cDNA from
each tissue of a male and female pair. The relative expression levels of each gene were
calculated by adopting the standard curve method. Statistical analysis was performed
using ANOVA and the Tukey–Kramer test for comparisons among the last instar period.
These statistical analyses were performed using the statistical software Mac Statistical
Analysis ver. 2.0.
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3. Results
3.1. Co-Expression Network Analysis with Tissue Expression Data

Co-expression network analysis was performed with networkz to detect the candidate
genes that regulate silk protein genes or the known regulatory factors of silk proteins. The
program (networkz) allocates each transcript to the single most plausible network module.
In total, 1022 network modules were generated, and the transcripts of the target genes were
identified in 20 network modules (Table 2, Data S1). Of these, two target genes, P25 and
Awh, belonged to the fibroin-L and fibroin-H modules, respectively, whereas four known
TFs (SGF1, SGF3, sage, and Antp) were sorted into different modules. Overall, 91 TFs
were detected in the above 20 modules. The sericin1 modules, which showed a specific
expression pattern in the M-MSG and P-MSG, contained 39 TFs among 565 transcripts. In
addition, the sericin2 modules, which showed a specific expression pattern in the A-MSG,
contained 11 TFs among 289 transcripts, and the sericin3 module, which showed a specific
expression pattern in the whole SG of RNA-seq data-1 and M-MSG, contained two TFs
among 36 transcripts (Figure 1A, Table 2). Although fibroin-H and fibroin-L showed PSG-
specific expression patterns, they were separated into different network modules because
of differences in TPM values. These modules contained nine TFs among 122 transcripts
(Figure 1A, Table 2). The modules of four known TFs (SGF1, SGF3, sage, and Antp) contained
>100 transcripts, including 5–11 TFs (Figure 1B, Table 2). All the obtained TFs were similarly
expressed at one or more tissues with each target gene. Collectively, 91 transcripts were
screened as candidate TFs that seem to regulate target gene expression.

Table 2. Total transcripts and TFs in each gene module.

Target Gene Modules Total Transcripts Transcription Factor

total 1022

sericin1 7 565 39
sericin2 6 289 11
sericin3 1 36 2
fibroin-H 1 42 5 (including Arrowhead)
fibroin-L 1 80 (including P25) 4
SGF1 1 119 11
SGF3 1 120 6
sage 1 114 8
Antennapedia 1 126 5
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Figure 1. TPM (mean ± SE, biological triplicates) of silk protein genes (A) and TFs (B) from RNA-
seq analysis and heatmap that was based on TPM of each module gene. The sericin1 and sericin2
graphs were drawn based on TPM values of main transcripts (sericin1: KWMTBOMO06216, sericin2:
KWMTBOMO06334). Transcript ID is indicated on the right. Tissues that were used for RNA-seq are
indicated under the heatmap.
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3.2. Time-Course Expression Analysis of the Four SG Regions during the Last Instar Period

It is notable that the SG developed for seven days, with the wet weight reaching a
peak on the fifth day of last instar (Figure 2A). To narrow down the candidate regula-
tory genes, we evaluated the time-course expression pattern of TFs that were screened
by co-expression network analysis in the four SG regions (A-MSG, M-MSG, P-MSG, and
PSG) during the last instar period using qRT-PCR (Figure 2B–D, Figure S1A, Data S2).
The expression levels of 45 TFs, showing high transcript-level TPM values among the
sericin1–3, SGF1, SGF3, sage, and Antp modules were quantified in three regions of the
MSG. sericin1 was mainly expressed in the M-MSG and its expression level reached a peak
on fourth day (Figures 2E and 3A). Antp was also mainly expressed in the M-MSG, but
its expression level reached a peak before that of sericin1 (Figures 3H and S1B). Similar to
Antp, the expression level of five TFs belonging to the sericin1 module (KWMTBOMO00016,
KWMTBOMO14062, MSTRG.11166.1, MSTRG.14404.3, and MSTRG.16824.2) including
homeobox domain-containing genes (Table 3) and that of a TF belonging to the Antp
module (MSTRG.3176.1) reached a peak before that of sericin1 (Figure 3A,H). sericin2
was mainly expressed in the A-MSG, and its expression level markedly decreased on
the fifth day (Figures 2E and 3B). sericin2 and four TFs (MSTRG.11460.1, MSTRG.13691.2,
MSTRG.14385.8, and MSTRG.19405.151) showed similar expression patterns (Figure 3B).
sericin3 was also mainly expressed in the A-MSG, and its expression level increased over
the later period (Figures 2E and 3C). MSTRG.18671.5 and sericin3 showed similar expres-
sion patterns (Figure 3C). The expression of SGF1 showed a similar pattern among all
regions of the MSG, with the expression level decreasing on the fifth day (Figure S1B).
KWMTBOMO08832 belonging to the SGF1 module, showed similar expression pattern to
SGF1 (Figure 3E). SGF3 was primarily expressed in the A-MSG, with its expression peaking
on the fifth day (Figures 3F and S1B). Although the forkhead domain-containing gene
KWMTBOMO02915 belonged to the SGF3 module, its expression pattern was similar to
that of sericin3 (Figure 3F, Table 3). sage was also mainly expressed in the A-MSG, and its
expression pattern was similar to that of sericin3 (Figures 3G and S1B). In contrast, KWMT-
BOMO12108, belonging to the sage module, showed a high expression level in the earlier
period, with its expression level markedly decreasing on the fifth day. This was similar to
the pattern that was exhibited by sericin2 (Figure 3G). Furthermore, the expression levels
of nine TFs belonging to the fibroin-H and fibroin-L modules were quantified in the PSG.
fibroin-H, fibroin-L, and P25 expression levels were found to be elevated through the last
instar period, along with SG development (Figures 2A and 3D). Although both the fibroin
modules contained no TFs with expression patterns that were similar to those of fibroin-H
and fibroin-L (Figure 2D), three TFs (MSTRG.11402.4, MSTRG.9312.1, and MSTRG.1346.1)
were expressed during the earlier period, in contrast to the pattern that was exhibited by
fibroin-H and fibroin-L (Figure 3D, Table 3). Awh was expressed through the mid-phase of
the last instar period (Figure 2D, Table 3). In total, 17 TFs were eventually detected and
found to be related to silk protein genes; they contained not only known regulatory factors
such as the Awh isoform PB (MSTRG.1346.1) but also uncharacterized or function-unknown
genes (Table 3).
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Figure 2. Wet weight transition of the whole SG during last instar larva (A). Different letters in-
dicate significant differences in each gene (Tukey–Kramer test, p < 0.05). Schematic of the whole
SG (B). Sampling schedule for qRT-PCR during last instar larva (C). The relative expression levels
(mean ± SE, biological triplicates) of silk protein genes at each SG region during the last instar period,
and a heatmap that was based on the expression of silk protein genes and their module TFs (D). Inte-
grated graphs (mean ± SE, biological triplicates) showing sericin expression at each MSG region (E).
Transcript ID is indicated on the right.
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Figure 3. Relative expression levels (mean ± SE, biological triplicates) of each target gene and
TFs at each SG region during last instar period [sericin1 (A), sericin2 (B), sericin3 (C), fibroins (D),
SGF1 (E), SGF3 (F), sage (G), and Antp (H)]. Different letters indicate significant differences in each
gene (Tukey–Kramer test, p < 0.05).

Table 3. Domain and description of focused TFs.

Transcript ID Module Domain (PfamID) Description (NCBI-nr)

KWMTBOMO00016 sericin1
zf-CCHC (PF00098), RT_RNaseH
(PF17917), RVT_1 (PF00078), rve
(PF00665)

unnamed protein product
[Plutella xylostella]

KWMTBOMO14062 sericin1
zf-C2H2_4 (PF13894), PI-PLC-Y,X
(PF00387, 00388), SH2 (PF00017),
SH3_1 (PF00018), C2 (PF00168)

endonuclease-reverse transcriptase
[Bombyx mori]

MSTRG.11166.1 sericin1 bZIP_1 (PF000170) uncharacterized protein LOC101735428
isoform X2 [Bombyx mori]

MSTRG.14404.3 sericin1 Homeobox_KN (PF05920) homeobox protein homothorax-like
[Bombyx mori]
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Table 3. Cont.

Transcript ID Module Domain (PfamID) Description (NCBI-nr)

MSTRG.16824.2 sericin1 zf-C2HC_2 (PF13913) homeobox protein 5 isoform X8
[Bombyx mori]

MSTRG.11460.1 sericin2 NCU-G1 (PF15065) glycosylated lysosomal membrane protein
B [Bombyx mori]

MSTRG.13691.2 sericin2 CENP-F_leu_zip (PF10473) uncharacterized protein LOC114240082
[Bombyx mandarina]

MSTRG.14385.8 sericin2 Bromodomain (PF00439)
bromodomain adjacent to zinc finger
domain protein 1A isoform X3
[Bombyx mori]

MSTRG.19405.151 sericin2 FLYWCH_zf (PF04500),
BTB/POZ (PF00651) Mod(mdg4)-heS00531 [Bombyx mori]

MSTRG.18671.5 sericin3 HSF_DNA-bind (PF00447) heat shock factor-d isoform X4
[Bombyx mori]

MSTRG.11402.4 fibroin-H MBF2 (PF15868) MBF2, partial [Bombyx mori]

MSTRG.1346.1 fibroin-L LIM (PF00412) arrowhead PB [Bombyx mori]

MSTRG.9312.1 fibroin-L Myb_DNA-bind_7 (PF15963) transcription factor TFIIIB component B”
[Bombyx mori]

KWMTBOMO08832 SGF1
zf-CCHC (PF00098), rev (PF00665),
Integrase_H2C2 (PF17921),
Asp_protease_2 (PF13650)

uncharacterized protein LOC114250529
isoform X1 [Bombyx mandarina]

KWMTBOMO02915 SGF3 Forkhead (PF00250) fork head domain-containing protein FD4
[Bombyx mori]

KWMTBOMO12108 sage Histone (PF00125), CBFD_NFYB_HMF
(PF00808)

nuclear Y/CCAAT-box binding factor C
subunit NF/YC isoform X1 [Bombyx mori]

MSTRG.3176.1 Antennapedia MTABC_N (PF16185) transcriptional regulator ATRX homolog
[Bombyx mandarina]

4. Discussion

In previous studies, some genes or gene groups that are specifically expressed in the
SG were identified using RNA-seq and microarray [30–32]. Despite this, a comprehensive
screening strategy is much needed to identify the key factors that regulate silk proteins.
Although B. mori has been previously used for co-expression network analysis [19,20], the
mechanisms underlying the regulation of silk protein genes remain unclear. Therefore,
in this study, we performed co-expression network as well as time-course expression
analyses to identify the genes that regulate silk protein genes in B. mori. The co-expression
network analysis was performed using an in-house program called networkz; consequently,
20 network modules that were related to 11 target genes were identified. The obtained TFs
exhibited tissue expression patterns that were similar to those of each target gene (Figure 1),
whereas, the majority of known TFs (SGF1, SGF3, sage, and Antp) formed a module that was
distinct from the silk genes, respectively. Although the known TFs are co-expressed with
the silk genes in the silk glands, they showed different expression patterns in other tissues,
which led to the different modules. The different tissue expression patterns may be due to
additional functions of these TFs which are not related with the silk gene regulation in the
silk glands. These results indicated that networkz could successfully identify the related
transcripts of each target from transcriptome data. sericin1 and sericin2 showed multiple
modules as their mRNAs encode multiple isoforms with slightly different expression
patterns at the tissue level (Table 2, Figure 1A) [4,33–35]. It, therefore, seems possible that
diverse genes regulate sericin1 and sericin2 expression.
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Time-course expression analysis led to the identification of 17 TFs that showed spe-
cific expression patterns and were related to target genes in the MSG and PSG during
the last instar period (Figures 2 and 3). The sericin1 module contained two homeobox
domain-containing genes (MSTRG.14404.3 and MSTRG.16824.2), the expression of which
appeared before the expression of sericin1 peaked (Figure 3A). MSTRG.14404.3 possessed a
homothorax (Hth)-like motif (Table 3). Hth is a known cofactor of Antp and is thus related to
regulating sericin1 expression [4]; therefore, it appears that MSTRG.14404.3 is also involved
in sericin1 expression regulation. Although SGF3, as with SGF1, is also involved in regulat-
ing sericin1 expression [8–10], it is possible that KWMTBOMO02915 (Figure 2D) regulates
sericin3 expression as its expression pattern was similar to that of sericin3 in the A-MSG
(Figure 3C,F). Furthermore, KWMTBOMO02915 was already recognized as MSG-specific
expression TF in a previous study [24]. The expression level of the histone superfamily
gene KWMTBOMO12108 decreased in the later period of last instar, and it was similar to
that of sericin2. It has been reported that 20-hydroxyecdysone (20E) titer increases in the
later period of last instar [36], and that 20E treatment has a repressive effect on histone gene
expression [37]. Hence, it is possible that KWMTBOMO12108 regulates sericin2 expression
via 20E titer transition. The fibroins modules contained MSTRG.11402.4, MSTRG.9312.1,
and MSTRG.1346.1, which showed high expression levels during the earlier period, in
contrast to the fibroins expression pattern. MSTRG.11402.4, MBF2 partial transcript, is
reportedly involved in fibroin-H expression regulation [38] and is also involved in nuclear
transport in the SG along with FTZ-F1 [39]. Although Awh isoform PA (KWMTBOMO00651)
and Awh isoform PB (MSTRG.1346.1) belonged to the fibroins modules, their expression
patterns were different during the last instar period (Figures 2D and 3D). Besides, although
the TFs KWMTBOMO02915 and KWMTBOMO12108 showed similar expression patterns
with their target genes at the tissue level (Figure 1A), different expression patterns from
their target genes were observed in the time-course expression (Figure 3F,G). These results
suggested that when designing a screening strategy, including both co-expression network
and time-course expression analyses is pivotal. As stated earlier, the TFs MSTRG.11402.4,
MSTRG.14404.3, MSTRG.1346.1, and KWMTBOMO02915 are known to be related to silk
protein genes, while 13 novel function-unknown TFs were recognized as candidates of
silk proteins regulation factor. Herein we performed time-course expression analysis to
screen related TFs by qRT-PCR focusing on the candidates. Extending this approach to
co-expression network analysis using RNA-seq data will help to provide insights into full
extent of silk protein genes regulation.

5. Conclusions

In this study, silk protein regulatory genes in B. mori were identified using a two-step
screening strategy. In the first step, 20 network modules including 91 TFs were screened by
co-expression network analysis using the in-house program networkz, and in the second
step, 17 transcripts were screened as silk protein-related genes by time-course expression
analysis of the MSG and PSG during the last instar period. Since four of these TFs were
already known to be related with the silk gene, we found 13 TFs as candidates for novel
silk regulatory factors. As we identified both known as well as function-unknown TFs, we
believe that our strategy is robust and highly sensitive to screen relative genes. Furthermore,
screening results indicated that a larger number of genes than expected may be involved
in silk protein regulation in B. mori. Functional analyses of function-unknown TFs should
further our understanding of the mechanisms underlying silk protein regulation.

Supplementary Materials: The following materials are available online at figshare. Figure S1: The
relative expression levels of known regulatory factors at each SG region during the last instar
period, and a heatmap that was based on the expression of known regulatory factors and their
module TFs. (doi:10.6084/m9.figshare.17141888). Table S1: Primer sets that were used in this paper
(doi:10.6084/m9.figshare.17141969). Data S1: Output raw data of co-expression network analysis
using networkz (doi:10.6084/m9.figshare.17427359). Data S2: Relative expression levels of all tested
transcripts (doi:10.6084/m9.figshare.17427362).



Insects 2022, 13, 131 12 of 13

Author Contributions: Y.M. and K.Y. designed the experiments; Y.M. collected samples and per-
formed all experiments; W.C. produced tool program for network analysis; H.S. (Hiroki Sakai) and
H.S. (Hideki Sezutsu) supplied the silkworms; Y.M., A.J. and K.Y. wrote the manuscript; Y.M. and
K.Y. conceived, designed, and coordinated the study. All authors discussed the data and cooper-
ated in preparing the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Cabinet Office, Government of Japan, Cross-ministerial
Strategic Innovation Promotion Program (SIP), “Technologies for Smart Bio-industry and Agriculture”
(funding agency: Bio-oriented Technology Research Advancement Institution, NARO) to H.S. and
K.Y. This work was also supported by a grant from the Ministry of Agriculture, Forestry and Fisheries
of Japan (Research Project for Sericultural Revolution) to Y.M., H.S. and K.Y.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Ken-ichiro Tatematsu, Takuya Tsubota, and Kimiko Yamamoto
for productive discussions. We also thank Nobuto Yamada, Hiroko Hoshida, and Seigo Kuwazaki for
help during laboratory work. Computations were partially performed on the SHIHO supercomputer
at the National Agriculture and Food Research Organization (NARO), Japan.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Dhawan, S.; Gopinathan, K.P. Cell cycle events during the development of the silk glands in the mulberry silkworm Bombyx mori.

Dev. Genes Evol. 2003, 213, 435–444. [CrossRef] [PubMed]
2. Kimoto, M.; Yamaguchi, M.; Fujimoto, Y.; Takiya, S. Expression profiles of the genes for nine transcription factors and their

isoforms in the posterior silk gland of the silkworm Bombyx mori during the last and penultimate instars. J. Insect Biotechnol.
Sericology 2011, 79, 31–43.

3. Takiya, S.; Tsubota, T.; Kimoto, M. Regulation of silk genes by hox and homeodomain proteins in the terminal differentiated silk
gland of the silkworm Bombyx mori. J. Dev. Biol. 2016, 4, 19. [CrossRef] [PubMed]

4. Kimoto, M.; Tsubota, T.; Uchino, K.; Sezutsu, H.; Takiya, S. Hox transcription factor Antp regulates sericin-1 gene expression in
the terminal differentiated silk gland of Bombyx mori. Dev. Biol. 2014, 386, 64–71. [CrossRef] [PubMed]

5. Tsubota, T.; Tomita, S.; Uchino, K.; Kimoto, M.; Takiya, S.; Kajiwara, H.; Yamazaki, T.; Sezutsu, H. A hox gene, Antennapedia, reg-
ulates expression of multiple major silk protein genes in the silkworm Bombyx mori. J. Biol. Chem. 2016, 291, 7087–7096. [CrossRef]

6. Ohno, K.; Sawada, J.; Takiya, S.; Kimoto, M.; Matsumoto, A.; Tsubota, T.; Uchino, K.; Hui, C.C.; Sezutsu, H.; Handa, H.; et al.
Silk gland factor-2, involved in fibroin gene transcription, consists of LIM homeodomain, LIM-interacting, and single-stranded
DNA-binding proteins. J. Biol. Chem. 2013, 288, 31581–31591. [CrossRef]

7. Kimoto, M.; Tsubota, T.; Uchino, K.; Sezutsu, H.; Takiya, S. LIM-homeodomain transcription factor Awh is a key component
activating all three fibroin genes, fibH, fibL and fhx, in the silk gland of the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2015,
56, 29–35. [CrossRef]

8. Mach, V.; Takiya, S.; Ohno, K.; Handa, H.; Imai, T.; Suzuki, Y. Silk gland factor-1 involved in the regulation of Bombyx sericin-1
gene contains fork head motif. J. Biol. Chem. 1995, 270, 9340–9346. [CrossRef]

9. Matsuno, K.; Takiya, S.; Hui, C.C.; Suzuki, T.; Fakuta, M.; Ueno, K.; Suzuki, Y. Transcriptional stimulation via SG site of Bombyx
sericin-1 gene through an interaction with a DNA binding protein SGF-3. Nucleic Acids Res. 1990, 18, 1853–1858. [CrossRef]

10. Matsunami, K.; Kokubo, H.; Ohno, K.; Suzuki, Y. Expression pattern analysis of SGF-3/POU-M1 in relation to sericin-1 gene
expression in the silk gland. Dev. Growth Differ. 1998, 40, 591–597. [CrossRef]

11. Zhao, X.M.; Liu, C.; Li, Q.Y.; Hu, W.B.; Zhou, M.T.; Nie, H.Y.; Zhang, Y.X.; Peng, Z.C.; Zhao, P.; Xia, Q.Y. Basic helix-loop-helix
transcription factor bmsage is involved in regulation of fibroin H-chain gene via interaction with SGF1 in Bombyx mori. PLoS ONE
2014, 9, e94091. [CrossRef] [PubMed]

12. Dam, S.; Vosa, U.; Graaf, A.; Franke, L.; Magalhaes, J.P. Gene co-expression analysis for functional classification and gene-disease
predictions. Brief. Bioinform. 2018, 19, 575–592. [PubMed]

13. Tokimatsu, T.; Sakurai, N.; Suzuki, H.; Ohta, H.; Nishitani, K.; Koyama, T.; Umezawa, T.; Misawa, N.; Saito, K.; Shibata, D.
KPPA-view. A web-based analysis tool for integration of transcript and metabolite data on plant metabolic pathway maps. Plant
Physiol. 2005, 138, 1289–1300. [CrossRef] [PubMed]

14. Aoki, K.; Ogata, Y.; Shibata, D. Approaches for extracting practical information from gene co-expression networks in plant biology.
Plant Cell Physiol. 2007, 48, 381–390. [CrossRef]

http://doi.org/10.1007/s00427-003-0343-7
http://www.ncbi.nlm.nih.gov/pubmed/12883881
http://doi.org/10.3390/jdb4020019
http://www.ncbi.nlm.nih.gov/pubmed/29615585
http://doi.org/10.1016/j.ydbio.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24333180
http://doi.org/10.1074/jbc.M115.699819
http://doi.org/10.1074/jbc.M113.514471
http://doi.org/10.1016/j.ibmb.2014.11.003
http://doi.org/10.1074/jbc.270.16.9340
http://doi.org/10.1093/nar/18.7.1853
http://doi.org/10.1046/j.1440-169X.1998.00398.x
http://doi.org/10.1371/journal.pone.0094091
http://www.ncbi.nlm.nih.gov/pubmed/24740008
http://www.ncbi.nlm.nih.gov/pubmed/28077403
http://doi.org/10.1104/pp.105.060525
http://www.ncbi.nlm.nih.gov/pubmed/16010003
http://doi.org/10.1093/pcp/pcm013


Insects 2022, 13, 131 13 of 13

15. Amrine, K.C.H.; Blanco-Ulate, B.; Cantu, D. Discovery of core biotic stress responsive genes in Arabidopsis by weighted gene
co-expression network analysis. PLoS ONE 2015, 10, e0118731. [CrossRef]

16. Liu, W.; Li, L.; Long, X.; You, W.; Zhong, Y.; Wang, M.; Tao, H.; Lin, S.; He, H. Construction and analysis of gene co-expression
networks in Escherichia coli. Cells 2018, 7, 19. [CrossRef]

17. Liu, H.Q.; Li, Y.; Irwin, D.M.; Zhang, Y.P.; Wu, D.D. Integrative analysis of young genes, positively selected genes and IncRNAs in
the development of Drosophila melanogaster. BMC Evol. Biol. 2014, 14, 241. [CrossRef]

18. Behura, S.K.; Gomez-Machorro, C.; Harker, B.W.; deBruyn, B.; Lovin, D.D.; Hemme, R.R.; Mori, A.; Romero-Severson, J.; Severso,
D.W. Global cross-talk of genes of the mosquito Aedes aegypti in response to dengue virus infection. PLoS Negl. Trop. Dis. 2011,
5, e1385. [CrossRef]

19. Wu, Y.; Cheng, T.; Liu, C.; Liu, D.; Zhang, Q.; Long, R.; Zhao, P.; Xia, Q. Systematic identification and characterization of long
non-cording RNAs in the silkworm, Bombyx mori. PLoS ONE 2016, 11, e0147147.

20. Zhou, Q.Z.; Fu, P.; Li, S.S.; Zhang, C.J.; Yu, Q.Y.; Qiu, C.Z.; Zhang, H.B.; Zhang, Z. A comparison of co-expression networks in silk
gland reveals the causes of silk yield increase during silkworm domestication. Front. Genet. 2020, 11, 225. [CrossRef]

21. Kikuchi, A.; Nakazato, T.; Ito, K.; Nojima, Y.; Yokoyama, T.; Iwabuchi, K.; Bono, H.; Toyoda, A.; Fujiyama, A.; Sato, R. Identification
of functional enolase genes of the silkworm bombyx mori from public databases with a combination of dry and wet bench
processes. BMC Genom. 2017, 18, 83. [CrossRef] [PubMed]

22. Ichino, F.; Bono, H.; Nakazato, T.; Toyoda, A.; Fujiyama, A.; Iwabuchi, K.; Sato, R.; Tabunoki, H. Construction of a simple
evaluation system for the intestinal absorption of an orally administered medicine using Bombyx mori larvae. Drug Discov. Ther.
2018, 12, 7–15. [CrossRef] [PubMed]

23. Kobayashi, Y.; Nojima, Y.; Sakamoto, T.; Iwabuchi, K.; Nakazato, T.; Bono, H.; Toyoda, A.; Fujiyama, A.; Kanost, M.; Tabunoki, H.
Comparative analysis of seven types of superoxide dismutases for their ability to respond to oxidative stress in Bombyx mori. Sci.
Rep. 2019, 9, 2170. [CrossRef] [PubMed]

24. Yokoi, K.; Tsubota, T.; Jouraku, A.; Sezutsu, H.; Bono, H. Reference transcriptome data in silkworm Bombyx mori. Insects 2021,
12, 519. [CrossRef] [PubMed]

25. Kruskal, J.B. On the shortest spanning subtree of a graph and the traveling salesman problem. Proc. Am. Math. Soc. 1956, 7, 48–50.
[CrossRef]

26. Campigotto, R.; Cespedes, P.C.; Guillaume, J.L. A generalized and adaptive method for community detection. arXiv 2014,
arXiv:1406.2518.

27. Koike, Y.; Mita, K.; Suzuki, M.G.; Maeda, S.; Abe, H.; Osoegawa, K.; deJong, P.J.; Shimada, T. Genomic sequence of a 320-kb
segment of the Z chromosome of Bombyx mori containing a kettin ortholog. Mol. Genet. Genom. 2003, 269, 137–149. [CrossRef]

28. Sakai, H.; Sumitani, M.; Chikami, Y.; Yahata, K.; Uchino, K.; Kiuchi, T.; Katsuma, S.; Aoki, F.; Sezutsu, H.; Suzuki, M.G. Transgenic
expression of the piRNA-resistant Masculinizer gene induces female-specific lethality and partial female-to-male sex reversal in
the silkworm, Bombyx mori. PLoS Genet. 2016, 12, e1006203. [CrossRef]

29. Untergasser, A.; Nijveen, H.; Rao, X.; Bisseling, T.; Geurts, R.; Leunissen, J.A. Primer3Plus, an enhanced web interface to Primer3.
Nucleic Acids Res. 2007, 35, W71–W74. [CrossRef]

30. Fang, S.M.; Hu, B.L.; Zhou, Q.Z.; YU, Q.Y.; Zhang, Z. Comparative analysis of the silk gland transcriptomes between the domestic
and wild silkworms. BMC Genom. 2015, 16, 60. [CrossRef]

31. Chang, H.; Cheng, T.; Wu, Y.; Hu, W.; Long, R.; Liu, C.; Zhao, P.; Xia, Q. Transcriptomic analysis of the anterior silk gland in
the domestic silkworm (Bombyx mori)–insight into the mechanism of silk formation and spinning. PLoS ONE 2015, 10, e0139424.
[CrossRef] [PubMed]

32. Ma, Y.; Sun, Q.; Huang, L.; Luo, Q.; Zeng, W.; Ou, Y.; Ma, J.; Xu, H. Genome-wide survey and characterization of transcription
factors in the silk gland of the silkworm, Bombyx mori. PLoS ONE 2021, 16, e0259870. [CrossRef] [PubMed]

33. Couble, P.; Michaille, J.J.; Garel, A.; Couble, M.L.; Prudhomme, J.C. Developmental switches of sericin mRNA splicing in
individual cells of Bombyx mori silkgland. Dev. Biol. 1987, 124, 431–440. [CrossRef]

34. Michaille, J.J.; Garel, A.; Prudhomme, J.C. Cloning and characterisation of the highly polymorphic Ser2 gene of Bombyx mori. Gene
1990, 86, 177–184. [CrossRef]

35. Garel, A.; Deleage, G.; Prudhomme, J.C. Structure and organization of the Bombyx mori sericin1 gene and of the sericin1 deduced
from the sequence of the ser 1B cDNA. Insect Biochem. Mol. Biol. 1997, 27, 469–477. [CrossRef]

36. Kaneko, Y.; Takaki, K.; Iwami, M.; Sakurai, S. Developmental profile of annexin IX and its possible role in programmed cell death
of the Bombyx mori anterior silk gland. Zool. Sci. 2006, 23, 533–542. [CrossRef]

37. Furukawa, S.; Sagisaka, A.; Tanaka, H.; Ishibashi, J.; Kaneko, Y.; Yamaji, K.; Yamanaka, M. Molecular cloning and characterization
of histone H2A.Z gene of the silkworm, Bombyx mori. J. Insect Biotechnol. Sericology 2007, 76, 121–127.

38. Zhou, C.; Zha, X.; Shi, P.; Wei, S.; Wang, H.; Zheng, R.; Xia, Q. Multiprotein bridging factor 2 regulates the expression of the fibroin
heavy chain gene by interacting with Bmdimmed in the silkworm Bombyx mori. Insect Mol. Biol. 2016, 25, 509–518. [CrossRef]

39. Liu, Q.X.; Ueda, H.; Hirose, S. MBF2 is a tissue-and stage-specific coactivator that is regulated at the step of nuclear transport in
the silkworm Bombyx mori. Dev. Biol. 2000, 225, 437–446. [CrossRef]

http://doi.org/10.1371/journal.pone.0118731
http://doi.org/10.3390/cells7030019
http://doi.org/10.1186/s12862-014-0241-9
http://doi.org/10.1371/journal.pntd.0001385
http://doi.org/10.3389/fgene.2020.00225
http://doi.org/10.1186/s12864-016-3455-y
http://www.ncbi.nlm.nih.gov/pubmed/28086791
http://doi.org/10.5582/ddt.2018.01004
http://www.ncbi.nlm.nih.gov/pubmed/29553084
http://doi.org/10.1038/s41598-018-38384-8
http://www.ncbi.nlm.nih.gov/pubmed/30778096
http://doi.org/10.3390/insects12060519
http://www.ncbi.nlm.nih.gov/pubmed/34205145
http://doi.org/10.1090/S0002-9939-1956-0078686-7
http://doi.org/10.1007/s00438-003-0822-6
http://doi.org/10.1371/journal.pgen.1006203
http://doi.org/10.1093/nar/gkm306
http://doi.org/10.1186/s12864-015-1287-9
http://doi.org/10.1371/journal.pone.0139424
http://www.ncbi.nlm.nih.gov/pubmed/26418001
http://doi.org/10.1371/journal.pone.0259870
http://www.ncbi.nlm.nih.gov/pubmed/34762712
http://doi.org/10.1016/0012-1606(87)90496-9
http://doi.org/10.1016/0378-1119(90)90277-X
http://doi.org/10.1016/S0965-1748(97)00022-2
http://doi.org/10.2108/zsj.23.533
http://doi.org/10.1111/imb.12239
http://doi.org/10.1006/dbio.2000.9836

	Introduction 
	Materials and Methods 
	Constructing a Gene Co-Expression Network and Detecting Modules 
	Co-Expression Network Analysis 
	RNA Extraction 
	Gene Expression Analysis 

	Results 
	Co-Expression Network Analysis with Tissue Expression Data 
	Time-Course Expression Analysis of the Four SG Regions during the Last Instar Period 

	Discussion 
	Conclusions 
	References

