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ARTICLE INFO ABSTRACT

The dynamic variability of transcription factors (TFs) and their binding sites makes it challenging to conduct
genome-wide transcription regulation research. The silkworm Bombyx mori, which produces silk, is one of the
most valuable model insects in the order Lepidoptera. The “opening” and “closing” of chromatin in different silk
yield strains is associated with changes in silk production, making this insect a good model for studying the
transcriptional regulation of genes. However, few studies have examined the open chromatin regions (OCRs) of
silkworms, and studying OCR synergism and their function in silk production remains challenging. Here, we
performed formaldehyde-assisted isolation of regulatory elements (FAIRE) to isolate OCRs from the silk glands of
fifth-instar larvae of the DaZao and D872 strains. In total, 128,908 high confidence OCRs were identified and
approximately 80% of OCRs were located in non-coding regions. OCRs upregulated adjacent genes and showed
signal-dependent vulnerability to single-nucleotide polymorphisms. Mid- and low-signal OCRs were more likely
to have single-nucleotide polymorphisms (SNP). Further, OCRs interacted with each other within a distance of
5kb. We named the OCR interaction complex as the “cluster of related regions” (COREs). The functions of the
CORE and its harbored OCRs showed some differences. Additionally, COREs enriched many silk protein
synthesis-associated genes, some of which were upregulated. This study identified numerous high confidence
regulation sites and synergistic regulatory modes of OCRs that affect adjacent genes. These results provide
insight into silkworm transcriptional regulation and improve our understanding of cis-element cooperation.
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for domestication genes. Two regulatory factors, SGF-1 and Sage, reg-
ulate transcription of the sericin and fibroin genes and also influence

1. Introduction

The silkworm Bombyx mori has been domesticated for more than
five thousand years. Strains with higher silk production have been bred
through decades of sericulture. Previous studies of genomic variation
and gene expression have attempted to explore the molecular me-
chanism of silkworm domestication and traits affecting silk yield (Yu
et al., 2011). Further, genomic resequencing of domesticated and wild
silkworm identified approximately 16 million single-nucleotide poly-
morphisms (SNPs) and 1041 candidate genomic regions of selective
signals harboring 354 protein-coding genes that were good candidates

the silk yield (Xia et al., 2009). A recent study of silkworm evolution
found that the nitrogen metabolism pathway was the most significantly
enriched pathway in the set of domestication-associated genes. Further,
haplotypes of a cytoplasmic aspartate aminotransferase were nearly
fixed within improved strains and diverged from local strains with re-
latively poor cocoons, suggesting an association between GOT1 and silk
yield regulation (Xiang et al.,, 2018). Several comparative tran-
scriptomic and quantitative proteomic approaches have screened a
large number of differentially expressed genes and proteins associated
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with silk production (Fang et al., 2015; Li et al., 2016; Wang et al.,
2014, 2016)1504. These studies indicated a relationship between silk
yield and genotype. However, the gene regulation mechanism in
genomic regulatory regions among different silk yield strains remains
unclear.

The transcriptional regulation of genes coding for silk proteins is
very complex and involves many regulatory elements and regulatory
models. Generally, spatial and temporal expression is controlled by
related hormones and homeodomain factors. For example, 20-hydro-
xyecdysone (20E) primary response gene E93 modulates 20E signaling
to promote larval-pupal metamorphosis (Liu et al., 2015). Ultrabithorax
(Ubx) and abdominal-A specify the abdominal appendage in a dosage-
dependent manner in silkworm (Tong et al., 2017). Additionally,
transcription factors (TFs), such as SGF-1 (Mach et al., 1995), SGF-2
(Ohno et al., 2013), and SGF-3 (Matsuno et al., 1990), can regulate the
expression of silk protein genes. Fibroin heavy chain is a major com-
ponent of fibroin. The promoter of Fib-H contains five functional re-
gions (A-E) and the intron and exon reduplicate regions of Fib-H con-
tain numerous cis-elements contributing to Fib-H regulation. Hox
transcription factor Antp and basic helix-loop-helix TFs Bmsage and
Bmdimm have been reported to be involved in regulating Fib-H and
other silk protein genes (Tsubota et al., 2016; Zhao et al., 2014, 2015).
Antp was also reported to function in the development of thoracic legs
and segmentation (Chen et al., 2013). These studies indicate that reg-
ulation of the silk protein gene is complicated and associated with
various biological processes, including segmentation and hormones.
While the studies described above were valuable for advancing silk-
worm gene regulation research, they all focused on TFs and their
binding sites. However, the regulatory regions of genes dynamically
change (Thakurela et al., 2015) and can appear in promoter-proximal,
promoter-distal, or gene-body regions (Schoenfelder et al., 2015).
Conventional methods may not detect TFs and their regulatory sites.

To evaluate TFs and motifs in detail, we applied bioinformatic ap-
proaches for transcriptional regulation analysis. Because of the de-
creasing costs of next-generation sequencing and availability of
methods for capturing specific genomic regions, such as chromatin
immunoprecipitation (ChIP)-seq (Mardis, 2007), formaldehyde-assisted
isolation of regulatory elements (FAIRE)-seq (Gaulton et al., 2010), and
DNasel-seq (He et al., 2014), genome-wide studies of genomic regions
of interest have become possible. FAIRE-seq is convenient method for
isolating and analyzing open chromatin regions (OCRs), which play a
role as cis-element predictors (Naval-Sanchez et al., 2015). OCRs have
been widely evaluated in genome-wide transcriptional regulation re-
search. For instance, FAIRE can isolate active cis-active elements for
human chromatin, including the active promoter, transcription start
site (TSS), and cell type-specific regulatory sites (Giresi et al., 2007).
FAIRE has also been used to analyze stage-specific regulation in dro-
sophila to compare changes in OCRs and gene signals during different
stages to produce regulation models (McKay and Lieb, 2013). In silk-
worm, our team was the first to isolate the OCRs; specifically, we
identified more than 56 types of motifs, including development-asso-
ciated TFs (sna, ara, etc.) and hormone-responsive TFs (Kr-h1, eip74EF,
etc.), many of which had not been identified previously in silkworms.
We developed new regulatory models and detected numerous new
binding sites of known TFs (Zhang et al., 2017). Thus, FAIRE-seq is a
simple, economical, and efficient method for conducting transcriptional
regulation research.

In this study, we performed FAIRE-seq of the fifth-instar 3-day
larvae silk glands, and OCRs were isolated from two silkworm strains,
DaZao (DZ) and D872. D872-specific OCRs significantly upregulated
adjacent genes. Further, SNPs were identified in the OCRs but had little
influence on OCR signaling. We identified 2157 COREs, which in-
dicated synergy among the OCRs. The COREs regulated the silk protein
synthetic pathway-associated genes Sericin-1b and Fib-H. These results
provide insight into the mechanism of high silk production in D872 and
improve the understanding of transcriptional regulation among strains,
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which is valuable for strain improvement.
2. Methods
2.1. Sample preparation

The local strain DaZao (normal silk yield) and the D872 strain (high
silk yield) were chosen from the colony maintained at the State Key
Laboratory of Silkworm Genome Biology. The left silk gland of each
larva was used for FAIRE-seq, with each larva serving as a biological
replicate. RNA-seq was carried out using the right silk glands.

2.2. FAIRE-seq

FAIRE-seq was conducted as described previously (Giresi et al.,
2007). Briefly, silk gland tissue was ground into powder in liquid ni-
trogen and suspended in 1 M phosphate-buffered saline. The powder
was then treated with formaldehyde (37%) to induce cross-links in the
DNA. After quenching the activity of the formaldehyde via 125 mM
glycine, the cell and tissue lysate was sonicated to achieve an average
DNA fragment size of approximately 300-400 base pairs (bp) (7 x 30
pulses of 1 s duration, followed by 3 s rest, at 21% amplitude). The ratio
of the concentration of FAIRE DNA (which included only OCRs) to that
of the FAIRE control DNA sample (whole genomic DNA) was used as the
threshold. Only samples with a threshold lower than 0.05 were used for
sequencing library construction.

Sequencing libraries were prepared according to the manufacturer's
protocols provided with the TruSeq NanoDNA Library Preparation kit
(lumina, San Diego, CA, USA). The FAIRE-seq library was initiated
using 100-450ng of FAIRE DNA. Two rounds of purification were
performed using Agencourt AMPure XP beads (Agencourt Biosciences
Co., Beverly, MA, USA). The DNA samples were amplified using 18
polymerase chain reaction cycles. The amplified DNA was size-selected
to 200-500 bp and sequenced using the Hiseq2000 system (Illumina).
We found that a minimum of 1 x 10° aligned reads provided robust
sequencing.

2.3. RNA-seq

Total RNA was isolated using the SV Total RNA Isolate System
(Z3100; Promega, Madison, WI, USA) according to the manufacturer's
instructions. All RNAs were screened using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) to ensure that the sample
quality was sufficiently good for RNA-seq library preparation. The
rRNA was cleaned using RNAClean XP beads (Illumina) and subjected
to reverse transcription to obtain cDNAs. After adenylating the 3’ ends
and ligating the adapters, the library was enriched by polymerase chain
reaction. The average read size of the library was 260 bp, and more
than 1 x 10° aligned reads were obtained. RNA-seq data were analyzed
using standard methods. The quality of the raw and processed reads
was evaluated using FastQC (Version 0.11.1). PolyA tails were filtered
by fqtrim (Version 0.93). Low-quality reads were removed with
Trimmomatic. Clean reads were aligned to the silkworm reference
genome (KAIKObase) with TopHat (Version 2.0.12.). Differentially ex-
pressed genes were detected using RSEM (Version 1.2.29) and Cuffdiff
(Trapnell et al., 2013).

2.4. Open chromatin regions and clusters of related regions

Open chromatin regions were generated by MACS2 with the para-
meter -p 5, and we confirmed that the number of OCRs did not decrease
when the value of -p was increased. The DZ- and D872-specific OCRs
were defined by MAnorm (Shao et al., 2012) with -r 125. The dis-
tribution of OCRs was annotated by ChIPseeker (Yu et al., 2015). The
relationship between the locations of OCRs and genes was evaluated by
deepTools (Ramirez et al., 2014). The coordinates of OCRs were not all
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Fig. 1. Quality control of FAIRE-seq data. A. Coverage of reads in 500-bp genomic bins. B. Pearson correlation coefficient of samples. Red and blue represent high
and low correlations, respectively. C. Genomic distribution of OCRs. D. Percentage of Ubx overlapped with OCRs in DZ and D872. E. OCRs peak signal enrichment
profile in the summit of Ubx binding sites. F. Visualization of OCRs and Ubx sites by integrated genome browser. An approximately 150-kb region of chromosome 9 is
displayed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the same between different samples. Thus, we could not directly plot a
heatmap for the genes. First, we normalized the OCRs of different
samples to the same coordinate and the signal of each normalized OCR
was compared among samples. Finally, the OCRs were divided into four
clusters based on their locations in the genome, including Cluster 1 in
the gene regions from the TSS to the transcription end site (TES),
Cluster 2 downstream the 2-kb region of TESs, Cluster 3 upstream of the
2-kb region of TSSs, and Cluster 4 in intergenic regions.

OCR signals were normalized to the Z-score, and high-, mid-, and

Isn i EX]
low-signal OCRs were measured by the Z-score (Z = 2~

W). The
threshold of high-, low-, and mid-signal OCRs was empirical. Motif
analysis was carried out using JASPAR (http://jaspar.genereg.net/)
using the insect background database. The relative profile score was
greater than 95%. Any motif with a score > 9 was defined as a con-
fidence motif, and the interaction among TFs was generated by using
STRING (https://string-db.org/). The Ubx ChIP-seq data were down-
load form GSE71847 (Prasad et al., 2016).

We divided the genome into windows of varying sizes (x-axis) and
performed a 2 analysis to determine if the number of windows with 0,
1, or > 1 FAIRE sites differed from randomly distributed sites (Pearson,
1900). The highest significance was observed in ~5-kb windows.
Random peaks were generated by bedtools (Quinlan, 2014) and bedops
(Neph et al., 2012). If two DZ- or D872-specific OCRs were 5kb away
from each other, they were considered as involved in a CORE. The
CORE gene was enriched in the 2-kb upstream and downstream genes.
The P value was generated by the Wilcoxon test with R package ggpubr
(http://www.sthda.com/english/rpkgs/ggpubr/).
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2.5. SNP calling

D872 resequencing data were downloaded from SRA009208 (Xia
et al., 2009). The clean data were mapped to the reference genome (DZ
genome from KAIKObase). SNPs were identified by Samtools (Li et al.,
2009) and GATK (Pluss et al., 2017). The D872 genome sequence was
generated by applying D872 vcf format variants to the genome fasta file
using VCFtools (Danecek et al., 2011). The OCR sequences of D872 all
used the D872 vcf consensus sequence. SNPs were annotated by SnpEff
(Cingolani et al., 2012).

2.6. Dual luciferase assay

OCR sequences were inserted upstream of the Luc + of pGL3-Basic
vector (Promega). The reverse complement of the sequence was used if
the sequence was located on the negative strand (PCR mix,
Novoprotein, Shanghai, China). Ligated products were transformed into
Trelief™ 5o Chemically Competent Cells (TsingKe Co., Ltd., Beijing,
China). Each clone was verified by Sanger sequencing. The correct
clones were transfected into a duplicate silkworm BME cell line (silk-
worm embryo-derived cell). Cells were co-transfected with a TK vector
to control for transfection efficiency. Fluorescence was detected with
the SYNERGY-H1 microplate reader (BioTek, Winooski, VT, USA) after
Dual Luciferase Assay reagent (Promega) was added (48 h after trans-
fection). Every assay included three replicates and was repeated at least
twice. Firefly luciferase activity was normalized to TK luciferase ac-
tivity. A two-sided t-test was used to compare luciferase activity be-
tween HSP70 promoter-containing pGL3 vectors with and without
OCRs.
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3. Results
3.1. Data generation and quality control

FAIRE-seq was performed in the larval silk glands using triple bio-
logical repeats of both DZ and D872. In total, 96,232,723 raw reads
were generated by the Illumina Hiseq2000 sequencer. Briefly,
96,212,611 high-quality reads remained, with an average trimming
ratio of 99% (Table S1). The mapping ratio of qualified reads was 91%
to the silkworm genome. For each sample, more than 60% of reads
covered approximately 90% of non-overlapping 500-bp genomic sliding
bins (Fig. 1A). The Pearson correlation coefficient was high among
replicates and low among different samples (Fig. 1B, Fig. S1).

OCRs were reported to be the predictors of cis-elements, such as
enhancers, promoters, and insulators, with the “open” and “closed”
states of chromatin influencing adjacent genes (Davie et al., 2015). The
signal values and distribution of OCRs and genes often indicates a
regulatory relationship (Bajic et al., 2018). For subsequent analysis, we
merged the peaks from the biological replicates. Only peaks associated
with -log10 (q-value) =5 and fold-change values = 5 were considered
as OCRs. In total, 305,718 OCRs were generated by the parameter -p 5
of MACS2, covering approximately 10% of the silkworm genome (Table
S2). Approximately 80% of the OCRs were in intergenic regions and
noncoding regions (Fig. 1C). In D872, 4,510 specific OCRs were iden-
tified and covered 0.288% of the genome. DZ contained 7,337 specific
OCRs and covered 0.466% of the genome (Table S3, Fig. S2). We also
compared these FAIRE peaks with published Ubx ChIP-seq peaks
(Prasad et al., 2016) (Fig. 1D-F). The peak of the FAIRE peaks was
highly enriched in the location of the Ubx ChIP site peak, and more than
70% of Ubx peaks overlapped with FAIRE peaks. These data suggest
that FAIRE peaks are reliable.

3.2. Function of open chromatin regions to adjacent genes

We first defined OCR intersected genes as OCR enriched genes and
genes 10 kb away from OCR genes as noOCR enriched genes. We found
that OCR adjacent genes were significantly upregulated compared to
noOCR adjacent genes (Ppgy> = 3.4e-07, Ppz = 1.6e-05) (Fig. 2A). The
expression level of all OCR adjacent genes significantly differed be-
tween DZ and D872 (Ppgy> = 2e-16, Ppy = 1.8e-06). However, only
D872-specific OCR adjacent genes were differentially expressed be-
tween DZ and D872 (P = 3e-05) (Fig. 2B). This suggests that OCRs
regulate adjacent genes, and D872-specific OCRs are more functional in
determining the specific traits of D872.

OCRs can be found anywhere in the genome and have variable
functions in the organism. Previous studies reported that FAIRE is
sensitive to the enhancer, but not to the promoter (McKay and Lieb,
2013). Therefore, we divided the OCRs into four clusters depending on
their distances from genes. Most OCRs were located in the gene body
and 2kb up/downstream of genes. However, both upregulated and
downregulated genes appeared adjacent to all four regions (Fig. 2C),
indicating that OCR directionally regulate genes. Here we used two
OCRs in Cluster 1 as examples. In the first intron of CPH43, a D872-
specific OCR (CPH43_OCR) was found, and the expression of CPH43 in
D872 was lower than in DZ (Fig. 2D), suggesting that CPH43_OCR
downregulates the expression of CPH43 in D872. We followed the order
of OCR, promoter of CPH43, and linked them upstream of Luc + of the
pGL3-Basic vector (Fig. 2F). The results showed that CPH43_OCR in-
hibited promoter activity (Fig. 2G). Further, the DZ-upregulated genes
were stimulated by DZ-specific OCRs. Carboxypeptidase inhibitor (CI)
catalyzes amino acid hydrolysis from the C-terminus of the peptide
chain. We identified a DZ-specific OCR (CI_OCR) in the second intron of
CI (BMgn016259), and the expression of CI in DZ was higher than that
in D872. The firefly fluorescence signal of the CI_OCR-linked vector was
significantly higher than that of the non-CI_OCR vector (Fig. 2G), in-
dicating that CI_OCR is involved in positively regulating CI. Thus, OCRs
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can regulate genes in different directions.

3.3. Single nucleotide polymorphisms affect the function of open chromatin
regions

The functions of OCRs are variable. Previous studies using model
organisms have shown that SNPs function in many biological processes,
including transcriptional regulation (Noto et al., 2018; Zou et al.,
2017). In this study, 1,493,558 SNPs were found in D872 (DZ genome
was the reference genome). A mutation appeared at every 277 bp
throughout the D872 genome (Table S4). Less than 7% of SNPs were
found in exons. More than 50% of mutations were in non-coding re-
gions, and 37.4% of SNPs were in OCRs of D872 (Fig. 3). We examined
whether SNPs are associated with gene regulation differences between
DZ and D872. The expression of genes adjacent to SNPs harboring OCRs
significantly differed between DZ and D872 (P < 2e-16). Thus, we
inferred that SNPs harboring OCRs affected gene transcriptional reg-
ulation. To identify the main SNP functional regions, we investigated
the signal strength of OCRs and its association with the level of inter-
action between TF and DNA. We normalized the signal strength to the
Z-score and recorded the distribution of the high signals (Z-
score = 1.05), mid signals (—0.814 < Z-score < 1.05), low signals (Z-
score < —0.814), and complex signals (Z-score = high, mid, and low
complex) of SNPs harboring OCRs. We found that genes adjacent to
mid- and low-signal OCRs were significantly different between DZ and
D872 (Ppia < 2e-16, Pjow = 2.07e-07). However, the high- and com-
plex-signal OCR adjacent genes were similar (Ppign = 0.13,
Peomplex = 0.28). This suggests that the effects of SNP in mid- and low-
signal OCRs were higher than those of high- and complex-signal OCRs.

3.4. Synergy regulation of open chromatin regions

For OCRs, there were also some different synergy mechanisms that
have been proven in humans (Spitz and Furlong, 2012). Here, we found
that OCRs are not evenly distributed; instead, they are located in
physically linked clusters throughout the genome. The silkworm OCRs
were significantly different from random peaks separated through 5 kb
genomic sliding windows (Fig. 4A). Therefore, we defined that COREs
were observed with at least two specific OCRs with a separation dis-
tance of less than 5kb. In total, we identified 640 and 1517 COREs in
DZ and D872 (Table S5), respectively. The length of specific COREs
ranged from 1,031 to 15,177 bp (average length 2,574 bp) in D872 and
782 to 55,604 bp (average length 2,136 bp) in DZ. The average length
of the COREs was more than 9-fold of the OCRs, and the longest CORE
contained 27 OCRs (Fig. 4B).

Clusters of regulatory elements are considered extremely important
in cis-regulation (Gaulton et al., 2010). COREs were separated
throughout the genome, and genes in COREs showed significantly dif-
ferent expression levels. We found that the COREs of D872 specifically
upregulated D872 genes (P = 1.7e-09). However, DZ COREs down-
regulated DZ genes (P = 0.022) (Fig. 4C and D). To evaluate the
function of CORE-harboring genes in both DZ and D872, we annotated
these genes by KEGG pathway analysis (Fig. 4E). The KEGG results
indicated that more than 41% of DZ CORE-harboring genes were
mainly enriched in DNA replication, metabolic cycle, and cell cycle-
associated pathways. Approximately 32% of D872 genes regulated by
the COREs were mostly enriched in energy metabolism, transmembrane
transport, and synthetic secretion-associated pathways, which are re-
lated to silk protein synthesis (Table S6). This suggests that the COREs
function in silk protein synthesis-associated genes and may be involved
in increasing the silk production of D872 by upregulating these genes.

Sericin is the main component of silk, and Sericin-1b is the main
sericin-coding gene in silkworm (Xia et al., 2014). The expression level
of Sericin-1b in D872 was approximately 2-fold higher than that in DZ.
We detected eight specific OCRs (Ocr1-8) in Sericin-1b (Fig. 5A). The
distance between Ocr3 and Ocr4 was more than 5kb, and thus were
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split into two COREs (Corel, Core2). Here, we built three types of CORE. Third, two COREs were ligated upstream of the HSP70 promoter
pGL3-Basic vectors (Fig. 5B). First, single OCRs and the HSP70 pro- in the order Corel and Core2, after which the CORE string and HSP70

moter were ligated upstream of Luc+, which was used to detect the were ligated upstream of Luc+. Finally, their firefly luciferase signals
function of single OCRs. Second, the CORE and HSP70 were ligated were compared to those of pGL3 containing only the HSP70 promoter
upstream of Luc+, which was used to detect the function of the signal ligated upstream of Luc+. The dual luciferase assay showed that the
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single OCRs had a variety of regulatory functions. Most OCRs had ne- positive regulation traits (Fig. 5C and D). The firefly fluorescence signal
gative regulation traits, except for Ocr2, Ocr4, and Ocr5. However, the of Corel&Core2 was significantly higher (approximately 2-fold) than
function of OCRs changed much more when the single OCRs composed that of the control (Fig. 5E). The synergy of eight OCRs (Ocrl-8)
a CORE. Interestingly, neither Corel nor Core2 showed significant showed a significant positive regulatory function, which may explain
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why Sericin-1b expression is higher in D872.
4. Discussion

Studies of transcriptional regulation among strains of silkworm are
challenging because of the lack of silkworm TF annotations. This also
makes it difficult to conduct genome-wide of transcription regulation
studies. In this study, we investigated the transcriptional regulation
model by comparing differences in OCR signals and distributions be-
tween the silkworm strains DZ and D872. We found several regulatory
mechanisms in both DZ and D872, including those involving “open” or
“closed” chromatin, mutations (SNPs), and OCR synergies (COREs). The
expression of OCR adjacent genes differed from noOCR genes in both
DZ and D872. D872-specific OCRs significantly upregulated their ad-
jacent genes. OCRs were also found to function as clusters on genes;
these clusters were named as COREs. The CORE genes showed higher
expression than no-CORE genes in D872, but the expression in DZ was
decreased. The function of CORE-harboring genes significantly differed
between DZ and D872. Further, SNPs affected the regulation of genes
by OCRs, which correlated with the OCR signals; high-signal OCRs were
more stable than mid- or low-signal OCRs. These results demonstrated
the dynamic balance of transcriptional regulation between silkworm
strains and revealed new differences in regulatory models between DZ
and D872.

The OCR profile is a snapshot of the chromatin state, which can
reflect the real-time conditions of chromatin (Yang and Sawa, 2017).
Additionally, OCRs are high-confidence loci of nucleosome depleted
regions, which facilitate the binding of trans-factors (Natarajan et al.,
2012). The trans-factors that dynamically bind or unbind to OCRs may
regulate gene expression. For instance, P450 encodes a cytochrome,
which is involved in biocatalysis, hormone metabolism, and detox-
ification in silkworm (Daimon et al., 2012). P450 was expressed in DZ,
but nearly no expression was observed in D872 (Fig. S3A). A DZ-specific
OCR was found in the first exon of P450. In this OCR, we detected six
types of motifs (confidence score =95%), including Deafl (Reed et al.,
2008), sna (Rembold et al., 2014), vis (Hyman et al., 2003), achi
(Hyman et al, 2003), hth (Li-Kroeger et al, 2008), ara
(GomezSkarmeta et al., 1996), and Ubx (Johnson et al., 1995) (Fig.
S3B). Most were positive regulation TF-binding motifs, such as those for
vis and achi. Vis and achi have similar protein structures; both can
positively regulate upstream genes and were predicted to interact with
each other (interaction score = 0.965) by the STRING database (Fig.
S3C). Ubx has been reported to be involved in somite segmentation
control and hormone response (Johnson et al., 1995). Thus, achi, hth,
and vis may comprise a positive regulatory complex and function in the
locus specified by Ubx. This may have resulted in P450 upregulation in
Dz.

Previous studies reported that high-signal OCRs were more con-
served (McKay and Lieb, 2013). This may be consistent with the lack of
significant differences between high-signal and mix-signal OCR ad-
jacent genes observed between DZ and D872. Further, high-signal OCRs
significantly regulated adjacent genes (Ppighiow = 0.013, Phigp.
mia = 0.0061) (Fig. S4). For instance, OCR_1 (236 bp) was in the second
exon of Fib-H (Fig. S5). Ten SNPs were detected in D872 OCR_1. D872
lost two eip74EF (Urness and Thummel, 1995) and two sna motifs
because of four mutations (A-G, G-A) and one mutation (T-A) in OCR1.
However, the dual fluorescence assay indicated that SNPs had a
minimal effect on the function of OCR_1 (high-signal OCR) (Ppz ocr 1
VS Ppg72.0cr 1 = 0.9898) but significantly upregulated the expression
of target genes (Ppzocr1 = 0.0135, Ppgys ocr1 = 0.0248). The cross-
talk between the function and sequence of high-signal OCRs may be
important in silkworm if the function of high-signal OCRs is greatly
altered, which would also significantly change the gene expression.
These changes may cause qualitative changes in silkworm. Thus, the
stability of high-signal OCRs may contribute to the evolutionary con-
servation of silkworm.
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Sericin-1b encodes a well-known key silk sericin in silkworm. This
gene is approximately 24 kb and contains nine exons (Kragesteen et al.,
2018; Went et al., 2018). The upstream and inside of Sericin-1b harbors
many regulatory regions, which create many intertwined topological
structures that are important for gene regulation. Here, we clustered the
OCRs using an appropriate threshold (5kB), which could objectively
explain the synergistic mechanism of OCRs. In the Sericin-1b-enriched
CORE, we predicted that topological structures formed among the OCRs
to enable TF binding to OCRs to form a complex. The TF complex up-
regulated Sericin-1b expression. Further, the topological structure and
its corresponding TF complexes changed dynamically in their spatial
and temporal properties (Kragesteen et al., 2018). Therefore, the CORE
is important for the growth and development and individual differences
between silkworm strains. Additionally, Sericin-1b was enriched for
eight OCRs, most of which were negative regulators. However, Corel
and Core2 showed positive regulatory effects. COREs play very im-
portant roles in maintaining the balance of material and energy meta-
bolism in silkworm. Moreover, we found that COREs were ubiquitous in
the silkworm genome. CORE-enriched genes were most abundant in silk
protein synthetic pathways in D872. Additionally, the two most im-
portant silk protein genes, Fib-H and Sericin-1b, were both regulated by
COREs, and their expression was significantly higher in D872. COREs
may also explain the differences in silk production between DZ and
D872. By comparing the regulation models of silk protein genes in the
entire silk gland, although we found some specific COREs for regulating
silk protein genes between the two strains, their strict transcriptional
regulation based on spatial and temporal properties was not de-
termined. Comparison of the spatial and temporal differences of the silk
gland, including OCRs, may provide accurate insight into the tran-
scriptional regulation of silk protein genes.
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