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ARTICLE INFO ABSTRACT

Silks are natural protein biopolymers with desirable mechanical properties and play crucial roles in insect
survival and reproduction. However, the mechanisms by which large amounts of silk fibroin are efficiently
secreted from the protein production organs (silk glands) remain elusive. Here, we focus on a dominant silkworm
mutation, naked pupa (Nd), which enables carriers to lose spinning behaviors, produce a deficiency of silk
fibroin production, and result in degenerate posterior silk gland (PSG). Linkage mapping and sequencing ana-
lyses revealed a deletion of 19 bp of the fibroin heavy chain (FibH), which results in a frameshift-caused deletion
of the C-terminal domain (CT) responsible for the Nd locus. Immunofluorescence and immunoblot analysis
showed that the PSG cells with truncated FibH exhibit blockades in the secretion of all three fibroins (FibH, FibL,
and P25) from silk gland cell to silk gland lumen (a secretion-deficiency). By comparing the hereditary char-
acters of three naked silkworm mutations (Nd, Nd-s, and fibH-ko), we explored the relationship between
dominant and recessive inheritances in naked silkworms and found that high-molecular-weight/repetitive FibH
with secretion-deficiency was in positive correlation with PSG atrophy phenotype, and moreover, the repetitive
region of Nd-FibH accounted for the dominant phenotypes of fibroin secretion-deficiency, PSG atrophy, and
naked pupa in B. mori. Our results uncovered the molecular nature of the silkworm Nd mutation and significantly
improved our understanding of fibroin synthesis and secretion in silk-spinning caterpillars.
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1. Introduction The remarkable mechanical properties of silk have attracted the interest

of biologists, chemists, and material scientists for over a century

Animal silks are outstanding natural materials spun by several ar-
thropod lineages that have existed for hundreds of millions of years (Liu
and Zhang, 2014). Genetic and evolutionary studies show that over
850,000 insect species in 16 orders produce different types of silk for a
wide variety of purposes (Babb et al., 2017; Craig, 1997; Sanggaard
et al., 2014). In nature, insect silks are primarily used as building ma-
terials to construct cocoons (Lepidoptera and Trichoptera) (Yonemura
and Sehnal, 2006; Yonemura et al., 2006), as well as build webs
(Araneida) (Vollrath, 1999) and elaborate nests (Ephemeroptera and
Embiodea) (Okada et al., 2008; Sattler, 1967); produce webs to cover
parasitized hosts/eggs (Hymenoptera/Coleoptera, respectively)
(Oberprieler et al., 2007; Sutherland et al., 2007); produce threads to
capture prey (Trichoptera and Diptera) (Rudall, 1962; Yonemura et al.,
2006); or as stalks to transfer sperm (Archaeognatha) (Sturm, 1992).

(Altman et al., 2003; Fu et al., 2009).

To date, the most well-studied insect silks are those produced by
caterpillars of the lepidopteran Bombyx mori (Omenetto and Kaplan,
2010; Shao and Vollrath, 2002). Native silk from B. mori cocoons is
composed of silk fibroin protein together with a family of sericin pro-
teins to glue the fibroin brins together to form the cocoon (Andersson
et al., 2016; Xia et al., 2014). The sericins are adhesive proteins that
account for 25-30% of the total B. mori cocoon by weight. The silk
fibroins are a 2300 kDa molecular complex, consisting of six sets of
disulfide-linked fibroin heavy (FibH, 350 kDa) and light (FibL, 25 kDa)
chains and a fibrohexamerin protein (P25, 30 kDa) at a molar ratio of
6:6:1 (Aramwit et al., 2012; Inoue et al., 2000). Additionally, the
twentieth cysteine residue from the C-terminal domain (CT) of FibH
(Cys-c20) is important for the formation of disulfide linkage with FibL,

Abbreviations: Nd, naked pupa; L5D3, the 3rd day of the fifth larval instar; ASG, anterior silk gland; MSG, middle silk gland; PSG, posterior silk gland; BC1, back-
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which is essential for the secretion of fibroin from the silk gland cells
into the lumen (Tanaka et al., 1999b).

In the silk-producing organ (silk gland), large amounts of high-
molecular-weight fibroin complex are secreted efficiently and stored at
high concentrations without aggregation or denaturalization (Askarieh
et al., 2010; Hu et al., 2016). Elucidation of the molecular mechanisms
underlying protein processing in silk glands is crucial for recapturing
the natural properties in vitro in reconstituted or genetically engineered
silks (Jin and Kaplan, 2003). However, these detailed molecular me-
chanisms are still unknown. Because of the advantages in artificial
breeding and large silk protein production, and further, the silk fila-
ment in most lepidopteran families is formed from a complex of FibH,
FibL, and P25 (Fedic et al., 2002), the B. mori represents an excellent
model organism for understanding the process of silk protein synthesis
and secretion in lepidopteran caterpillars.

Numerous B. mori mutants with diverse cocoon colors, shapes, and
qualities serve as useful resources for studying multiple aspects of silk
formation. Among these, the most useful for researchers are fibroin-
deficient (cocoon quality) mutants that are valuable tools for studying
the process of fibroin synthesis and secretion in the silk gland
(Goldsmith et al., 2005). Molecular genetic studies have revealed the
importance of the FibH-FibL subunit combination for the efficient se-
cretion of fibroin from the posterior silk gland (PSG) cells using the Nd-
s/Nd-sP (FibL mutation) and Nd(2) (unresolved mutation) mutants
(Mori et al., 1995; Takei et al., 1987). The FibH knock-out (fibH-ko)
mutant, which was generated by genome editing, has different pheno-
types according to the indels occurring at different FibH gene target
sites. The mutant FibH encoding mutant FibH with 118 aa (only NT)
produce a normal silk gland with highly efficient synthesis and secre-
tion of the exogenous protein (Ma et al., 2014), and with 286 aa (NT
and partial repetitive region) produce poorly developed silk gland (Cui
et al., 2018; Wang and Nakagaki, 2014).

The first B. mori fibroin-deficient mutant was identified in 1933 and
known as a Naked pupa (Nd, a dominant mutation) (Nakano, 1951).
Since then, the Nd locus (0.0 cM) has become a ubiquitous twenty-fifth
chromosomal marker used by Bombyx geneticists to track mutations.
Despite its widespread use, the Nd mutant gene and underlying muta-
tional mechanism remain unknown. In this study, we reveal the mole-
cular nature of the dominant Nd mutation: a deletion of 19 bp in A07 of
FibH leads to premature translational termination and results in a CT-
deleted FibH. Further, we show that the CT-deleted FibH causes fibroin
secretion-deficiency and PSG atrophy. The results suggest that the in-
tact and conserved CT of FibH contributes to fibroin secretion from PSG
cells to the lumen; this process, which may be conserved among Lepi-
doptera, ensures the successful secretion of the high-molecular-weight
fibroin complex.

2. Material and methods
2.1. Silkworm strains

Mutant strains for Naked pupa (Nd), Nd-s mutant (Inoue et al., 2005;
Mori et al., 1995) and FibH knock-out (fibH-ko) (Ma et al., 2014), and
wild-type strain Dazao (WT/Dazao) were obtained from the Silkworm
Gene Bank and the Silk Science and Technology Research Group,
Southwest University (Chongqing, China). Nd mutants, Nd-s mutants,
and fibH-ko mutants were crossed with WT/Dazao to obtain their F1
progeny. Silkworms were reared on fresh mulberry leaves at a constant
temperature of 25°C on a 12: 12h light: dark cycle.

2.2. Positional cloning of the Nd locus

For positional cloning of the Nd locus, nine F1 heterozygous males
were obtained from a single-pair cross between an Nd mutant female
and WT/Dazao male, and each was backcrossed with a WT/Dazao fe-
male (BC1 generation). A total of 1317 BCl pupae were used for
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analysis. Genomic DNA was extracted from parent moths, F1 moths,
and each of the BC1 pupae using DNAzol reagent (Invitrogen, USA),
and purified using PI-1200 (Kurabo, Japan). To construct the Nd
linkage map, SNP markers on chromosome 25 and newly developed
markers from the silkworm genome sequence (Wang et al., 2005; Xia
et al., 2004) were used to survey the segregation patterns in the 1317
BC1 individuals. Primers for the SNP markers used in the linkage map
analysis are listed in Table S1.

2.3. Total RNA extraction and qRT-PCR

Total silk gland (MSG and PSG) RNA was extracted from the Nd
mutant, Nd-s mutant, fibH-ko mutant, and WT/Dazao using TRIzol re-
agent (Invitrogen, USA). Reverse transcription was performed on total
RNA (1 mg) using a random primer (N6), an oligo (dT) primer, and the
PrimeScript RT reagent Kit using gDNA Eraser (Takara, Japan) ac-
cording to the manufacturer's protocols. The qRT-PCR was performed
using a qTOWER 2.0 real-time PCR system (Analytik Jena, Germany)
and SYBR Premix Ex Taq II (Takara, Japan) according to the manufac-
turer's protocols. The silkworm housekeeping gene ribosomal protein L3
(Rpl3: GenBank accession number NM_001043661.1) was used as the
internal control for RNA normalization. Primer sets for qRT-PCR are
listed in Table S1. Three independent replicates were analyzed.

2.4. PacBio sequencing

For single-molecule real-time (SMRT) sequencing, the PacBio se-
quencing primer was annealed to the eluted SMRTbell template (Pacific
Biosciences, USA) and purified with 0.6 x AMPure beads (Pacific
Biosciences, USA) to remove unbound primers. A modified polymerase
binding protocol with free hairpin adapters in the binding buffer was
used to bind excess DNA polymerase. Sequencing data were collected
on a PacBio RSII instrument (Pacific Biosciences, USA) using the one-
cell-per-well MagBead sequencing protocol, P6/C4 sequencing chem-
istry, and 6-h collection time.

2.5. Antigen design and antibody preparation

The amino acid sequence of silkworm FibH (GenBank accession
number AF226688.1) was retrieved from the NCBI public database
(Zhou et al., 2000). Residues “GGYSRSDGYEY,” “AWSSESDFGT,” and
“SASSRSYDYSRRNV” were selected as antigens of amorphous domain
01 (AO1), amorphous domain 02-10 (A02-10), and the CT, respec-
tively. The peptide synthesis and antibodies preparation were per-
formed by Zoonbio Biotechnology Co., Ltd (China). The polyclonal
antibody against the N-terminal domain (NT, residues 20-126) of FibH
was provided by Prof. Congzhao Zhou from University of Science and
Technology of China.

2.6. Sections and immunostaining

Silk glands were fixed using 4% (v/v) paraformaldehyde/PBS, de-
hydrated in a gradient ethanol series from 70% to 100%, embedded in
paraffin, and cut into 5-um sections. After deparaffinizing, silk gland
sections were incubated for 20 min at 95 °C and allowed to cool at room
temperature in 0.01 M citric acid buffer solution (pH 6.0) for antigen
retrieval, followed by blocking for 60 minat 37 °C in PBS containing
10% (v/v) normal goat serum. Subsequently, samples were treated with
primary antibodies (1:100) for 60 min at 37 °C before incubation for
60 min at 37 °C with FITC-labeled secondary goat anti-rabbit IgG anti-
body (1:500, Beyotime, China). Finally, the samples were mounted
using a mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI).
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2.7. Immunoblot analysis

Protein samples were prepared using a modified version of a pre-
viously reported method (Teramoto and Kojima, 2014). Briefly, silk
glands/cocoon shells (10 mg per sample) were dissolved in 500 pL of
9M LiSCN, diluted 10-fold in 8 M urea solution, mixed with a half-
volume of 3 X SDS-PAGE sample buffer, and incubated for 30 min at
room temperature. The protein concentration was then measured using
the Bradford protein assay (Beyotime, China). Protein samples (20 pg)
were separated using NuPAGE 4-12% Bis-Tris protein gel (Thermo
Fisher Scientific, USA) and detected using Coomassie Brilliant Blue
staining and by immunoblotting using HRP-conjugated FibH/FibL/P25-
specific antibody (Ma et al., 2014).

2.8. Dissolving capacity analysis

Cocoon shells (20 mg per sample) were cut into small pieces, dis-
solved in 1 ml 8 M urea solution, and incubated for 30 min at 85 °C.
Subsequently, samples were washed by pure water. Finally, the samples
were dried for 120 min at 60 °C and weighed.

2.9. Statistical analysis

Statistical differences were evaluated using Student's t-test for un-
paired samples. The level of statistically significant difference was set at
* Pvalue < 0.05, **P value < 0.01, and ***P value < 0.001.

3. Results
3.1. Silk secretion-deficiency affects spinning behaviors of B. mori

Silk threads play crucial roles in the survival of insects (Sutherland
et al., 2010). To simulate stress conditions experienced by neonatal
silkworm larvae, we turned egg papers upside-down and tapped them
continuously. Normal silkworms (WT/Dazao) were hung in the air by
their silks. Silkworms carrying the Nd mutation (Nd mutants) fell to the
ground and were unable to spin silk of normal mechanical strength
(Fig. 1A). At the molt stage, WT/Dazao spun small amounts of silk to
anchor their bodies to the substratum; however, Nd mutants were un-
able to spin silk (Fig. 1B). At the mounting stage, Nd mutants only spun
a thin and easily broken cocoon that consisted mostly of silk sericin
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(Fig. 1C); this cocoon was unable to protect the pupa effectively during
metamorphosis. Anatomical observations of the silk gland at the 3rd
day of the fifth larval instar (L5D3) showed that the PSG of the Nd
mutant (Nd-PSG) was extremely short and degenerate, while that of
WT/Dazao (WT-PSG) was long and folded (Fig. 1D). These findings
imply that silk fibroin secretion and silk gland development in Nd-PSG
are deficient.

3.2. Linkage analyses of B. mori Nd locus

The Nd was a dominant mutation and a qualitative trait. The phenotypic
character of F1 individuals was naked pupa. To identify the gene re-
sponsible for the Nd phenotype, we conducted low-resolution mapping for
96 back-crossed F1 (BC1; Fig. S1) individuals using eight standard single
nucleotide polymorphism (SNP) markers (Yamamoto et al., 2008) (Fig. 2A
and Table S1), followed by fine mapping for 1221 BC1 individuals using
newly designed SNP markers (Fig. 2B and Table S1). We found that five SNP
markers (SNP34, SNP35, SNP39, SNP40, and SNP42 in Fig. S2) were
completely linked to each phenotype in all BC1, which indicated that the
narrowed 573 kb genomic region between markers “SNP25” and “SNP33”
on chromosome 25 contained the gene responsible for the Nd phenotype
(Fig. 2C). This region included 13 predicted genes (BGIBMGA005078,
BGIBMGA005079, BGIBMGA005080, BGIBMGA005081, BGIBMGA005082,
BGIBMGA005111, BGIBMGA005112, BGIBMGA005113, BGIBMGA005114,
BGIBMGA005115, BGIBMGA005116, BGIBMGA005117, and
BGIBMGA005118), and the ID of these genes is abbreviated as a number
(e.g., 5111: BGIBMGA005111).

3.3. Identification of the mutant FibH as the defective gene in the Nd locus

As the PSG was degenerate but the MSG was normal in Nd mutants
(Fig. 1D), the gene responsible for the Nd phenotype was expected to be
only differentially expressed in the Nd-PSG. We further analyzed the
expression profiles of the 13 initial candidate genes in silk glands (PSG
and MSG) at the L5D3 using RT-PCR (Fig. 3A and Fig. S3). Among these
genes, only BGIBMGA005111 had the predicted characteristics and was
down-regulated in the Nd-PSG. Amplifications using different PCR cy-
cles (20, 25, and 30) and qRT-PCR showed a consistent expression
profile (Fig. 3B and C). Furthermore, BGIBMGA005111 encodes partial
fragment (Fig. 2C) of fibroin heavy chain (FibH), the core of silk fibroin,
a low expression level of FibH might be responsible for the thin cocoon.

Cocoon Silk gland at the L5D3

Nd mutant .

Nd mutant

WT/Dazao

Fig. 1. Larval spinning behaviors of the B. mori Nd mutant. (A) Silk spinning behavior of neonatal Nd mutants and WT/Dazao under stress conditions when they
were tapping on upside-down egg papers. (B) Silk spinning behavior of Nd mutants and WT/Dazao at the molt stage. The black box indicates the abdomen feet of the
silkworm, and red arrowheads point to the silks under abdomen feet. (C) Cocoon shape of Nd mutants and WT/Dazao. (D) Silk gland of Nd mutants and WT/Dazao at
the 3rd day of the fifth instar (L5D3). ASG, anterior silk gland; MSG, middle silk gland; PSG, posterior silk gland. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Taken together, we speculate that FibH is the gene responsible for the
Nd mutation.

The FibH CDS encodes 5263 amino acid residues (350 kDa), con-
taining 12 repetitive (R01-12) and 11 amorphous (A01-11) domains
between the NT and CT (Zhou et al., 2000). To determine the mutation
site, we cloned the FibH from Nd mutant (Nd-FibH) and sequenced it
using the PacBio system. Coding sequences comparison and analysis
showed that a deletion of 19 bp in A07 led to translational frame-
shifting and termination in RO8 (Fig. 3D and Fig. S4), which resulted in
a deletion of a partial repetitive domain and entire CT of FibH
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(Truncated FibH with theoretical Mw: 270 kDa) (Fig. 3E).

3.4. Protein level validation of the truncated FibH in Nd mutant

To further confirm the mutational pattern, we first successfully
prepared four antibodies against FibH NT, AO1, A02-10, and CT based
on the intact FibH amino acid sequence of WT/Dazao (WT-FibH;
AAF76983) (Fig. 4A). Then we performed subcellular localization of the
FibH in Nd-PSG and WT-PSG. Immunofluorescence analysis of PSG
sections revealed that the fluorescence signals (NT, A01, and A02-10)
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Fig. 3. Candidate genes analyses and schematic structure of the Nd mutant sites. (A) Expression profiles of thirteen candidate genes in the MSG and PSG of Nd
mutants and WT/Dazao at the 3rd day of the fifth instar. The ID of candidate genes is abbreviated as a number (e.g., 5111: BGIBMGA005111). MSG, middle silk
gland; PSG, posterior silk gland; DEG, differentially expressed gene. (B) The expression level of 5111 (FibH) under different amplification cycles. FibH, fibroin heavy
chain gene. (C) Quantitative RT-PCR analysis of FibH expression level in Nd-PSG and WT-PSG. Expression of the silkworm housekeeping gene ribosomal protein L3
(Rpl3) was used as a control. Values are means + SD (n = 3). Asterisks represent significant differences determined by a Student's t-test at P value < value (***).
(D) Mutation site of the Nd-FibH. The yellow box indicates the amorphous region, and grey box indicates the repetitive region. R, the repetitive domain of FibH; A, the
amorphous domain of FibH. (E) Schematic diagram of the Nd-FibH structure. NT, N-terminal domain; CT, C-terminal domain. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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for Nd-FibH existed only in PSG cells, and not in the PSG lumen
(Fig. 4B); however, the fluorescence signals (NT, A01, A02-10, and CT)
for WT-FibH were emitted by both PSG cells and lumen (Fig. 4C). We
additionally observed that the A02-10 fluorescence intensity was sig-
nificantly decreased in Nd-PSG cells; moreover, no CT fluorescence
signals were observed in Nd mutants (Fig. 4D). These results indicate
that partial repetitive domain and entire CT of Nd-FibH was deleted,
and the truncated FibH was blocked in PSG cell and not secreted to the
lumen.

3.5. Truncated FibH induces loss-of-function of the PSG

The last larval instar (fifth instar) is the period during which the
most vigorous silk protein synthesis and secretion occur in the silk
gland of B. mori. To examine the processes of fibroin synthesis and
transport in silk gland of the Nd mutant, SDS-PAGE and immunoblot
analyses were performed at the 7th day of the fifth instar (L5D7). The
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SDS-PAGE analysis of total proteins in PSG showed an obvious FibH
band (350 kDa) only in WT-PSG (Fig. 5A). Immunoblot analysis of FibH
showed that, in the Nd-PSG, an immune band lower than the size of the
350 kDa WT-FibH band was detected by using the FibH-NT antibodies
(Fig. 5B), which was consistent with the sequence analysis, suggesting
that the lower band (240-350 kDa) represented Nd-FibH. Immunoblot
analysis of FibL and P25 detected their respective immune bands both
in the Nd-PSG and WT-PSG (Fig. 5C and D). Interestingly, the P25 in
WT-PSG showed two immune bands, while that of Nd-PSG showed a
single immune band with a molecular weight between the two bands
(Fig. 5D).

The SDS-PAGE analysis of total proteins in MSG showed FibH and
sericin bands in WT-MSG, but only sericin bands in Nd-MSG (Fig. 5E).
Immunoblot analysis of three fibroin proteins (FibH, FibL, and P25)
showed none of them was detected in Nd-MSG (Fig. 5F-H). These re-
sults suggested three fibroin proteins only in the Nd-PSG, but not in the
Nd-MSG. Combined with immunofluorescence results in Fig. 4B, we
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speculated that fibroin protein was not secreted from Nd-PSG cell to
lumen or transported from Nd-PSG to Nd-MSG, and the basic protein
secretory system of Nd-PSG was disrupted.

3.6. Genetic analysis of cocoon component in three naked pupa mutants

To further clarify the role of the truncated FibH in silk production
defects, we compared the genetic characteristics of cocoon shape and
component in three different fibroin-deficient mutants (Nd mutant
(Truncated FibH), Nd-s mutant (Frameshift FibL) (Inoue et al., 2005;
Mori et al., 1995), and fibH-ko mutant (NT-remaining FibH) (Ma et al.,
2014)) and their hybrids with WT/Dazao. Firstly, we collected the co-
coons produced by mutant strains, dissolved them in 8 M urea solution
(Fig. 6A), and found that homozygous Nd-cocoon, Nd-s-cocoon, fibH-ko-
cocoon, and heterozygous Nd/+-cocoon were all thin, fragile, and
completely dissolved in 8 M urea solution (extracting sericin), but
heterozygous Nd-s/+-cocoon and fibH-ko/+-cocoon became thicker
and insoluble (Fig. 6B). Cocoon solubility measurements showed that
the contents of an insoluble matter (mainly fibroin) in heterozygous Nd-
s/ +-cocoon and fibH-ko/ + -cocoon reached half of WT-cocoon and WT-
cocoon level respectively (Fig. 6C).

Then SDS-PAGE analysis of total proteins in homozygous cocoon
showed FibH and sericin bands in WT-cocoon, but only sericin bands in
Nd-cocoon, Nd-s-cocoon, and fibH-ko-cocoon (Fig. 7A). Immunoblot
analysis of three fibroin proteins (FibH (Ab-NT), FibL, and P25) showed
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none of them was detected in Nd-cocoon and Nd-s-cocoon (Fig. 7B-D),
and moreover, FibL and P25 were detected in fibH-ko-cocoon. Inter-
estingly, the P25 in WT-cocoon showed two immune bands, while that
of fibH-ko-cocoon showed a single immune band with a molecular
weight between the two bands (Fig. 7D), which was consistent with the
result in Fig. 3D. The SDS-PAGE analysis of total proteins in hetero-
zygous cocoon showed FibH and sericin bands in Nd-s/ +-cocoon and
fibH-ko/ +-cocoon, but still only sericin bands in Nd/+-cocoon
(Fig. 7E). Immunoblot analysis of three fibroin proteins (FibH, FibL,
and P25) showed they were detected in Nd-s/+-cocoon and fibH-ko/
+-cocoon, but none of them was detected in Nd/ + -cocoon (Fig. 7F-H).
These results suggested that the truncated FibH induced a dominant
mutant phenotype in silkworm carrying Nd mutation, and in Nd/+
mutant, the fibroin unit (FibH-FibL-P25 complex with a 6:6:1 molar
ratio) was secretion-deficient when truncated FibH was added.

3.7. The repetitive region of Nd-FibH accounts for secretion-deficiency and
PSG atrophy

In addition, based on the fact that PSG is responsible for synthesis
and secretion of three fibroins, the criterion for evaluating the func-
tional integrity of the secretory system is whether it secretes fibroin or
not. Therefore, the results of genetic analysis of cocoon component
suggested a normal system of protein secretion (at least one of the fi-
broin was secreted) in the fibH-ko-PSG, WT-PSG, Nd-s/+ —PSG, and
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fibH-ko/ + —PSG, but a deficient system of protein secretion (none of the
fibroin was secreted) in the Nd-PSG, Nd-s-PSG, and Nd/+ —PSG
(Fig. 8A). To explore the relationship between the secretion-deficiency
and PSG developmental defect, we investigated the morphology of the
silk glands in three different fibroin-deficient mutants and their hybrids
with WT/Dazao. As shown in Fig. 8B, the WT-PSG, fibH-ko-PSG, Nd-s/
+—PSG, fibH-ko/+—PSG, with a normal system of protein secretion,
were long and folded, but the Nd-PSG, Nd-s-PSG, and Nd/ +—PSG, with
a deficient system of protein secretion, were short and degenerate.
These results revealed a positive correlation between secretion-defi-
ciency and PSG atrophy.

Among the Nd mutant, fibH-ko mutant, and WT/Dazao, the WT-
FibH (intact FibH) contains three substructures (NT, repetitive region,
and CT), the Nd-FibH (Truncated FibH) contains NT and repetitive re-
gion, and the fibH-ko-FibH only contains NT (Ma et al., 2014). The
protein structural difference between Nd-FibH (Not secreted) and WT-
FibH (Secreted) is a CT (Fig. 8C), and that between Nd-FibH (Not se-
creted) and fibH-ko-FibH (Secreted) is a repetitive Gly-Ala-rich region
(Fig. 8D). Combining the above results, we concluded that the CT might
contribute to the efficient secretion of FibH, and the repetitive region
might account for secretion-deficiency of the Nd-FibH.

4. Discussion

B. mori fibroin-deficient mutants have been widely used as genetic
resources to study the silk production process; however, the molecular
nature underlying the Nd mutation has remained obscure for over 80
years. In this study, we constructed a high-density linkage map of Nd
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locus on chromosome 25th, prepared three different region's antibodies
against FibH, performed intact FibH electrophoretic band in both SDS-
PAGE and immunoblot analysis, and uncovered the molecular nature of
the Nd mutant. Linkage mapping and functional analysis showed that a
deletion of 19 bp in A07 of FibH, causing premature translational ter-
mination and resulting in a truncated FibH in the Nd mutant.
Immunostaining observation and immunoblot analysis revealed a fi-
broin secretion-deficiency in Nd-PSG cells. In addition, the genetic
hybridization showed a positive correlation between fibroin secretion-
deficiency and silk gland atrophy, indicating that secretion-deficient
FibH was responsible for the PSG atrophy and naked pupa phenotypes
in the Nd mutant.

FibH, the major component of silk fibroin, is a high-molecular-
weight (350kDa) structural protein. Excluding the NT and CT, over
90% of its encoding region is a highly repetitive Gly-Ala-rich sequence
that contributes to the physical properties of fibroin (Mita et al., 1994;
Sanggaard et al., 2014; Zhou et al., 2000). Previous studies of silks
revealed that small terminal domains are highly important for the as-
sembly of structure proteins such as collagens or silks (Eisoldt et al.,
2012) and that the FibH NT serves as a signal peptide to mediate the
assembly of silk in response to decreasing in pH (He et al., 2012; Zhou
et al., 2000). In this study, the comparative analysis of FibH structural
between Nd mutant (NT + repetitive region) and WT/Dazao
(NT + repetitive region + CT) showed that the CT might contribute to
the efficient secretion of FibH (Fig. 8C). The CT of FibH contains three
cysteine residues: the twentieth, fourth, and first cysteine residue from
CTD of FibH (Cys-c20, Cys-c4, and Cys-c1, respectively). Among these,
Cys-c20 is crucially important for forming a disulfide-link with FibL,
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Fig. 7. Immunoblot analysis of three fibroin proteins in cocoon. (A) The SDS-PAGE analysis of total proteins in the cocoon of homozygous mutants. The gel was
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of total proteins in the cocoon of heterozygous mutants. The gel was stained by Coomassie brilliant blue. (F-H) Immunoblot analysis of FibH (F), FibL (G), and P25
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green arrowhead points to the sericin. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and Cys-c4 and Cys-cl form an intramolecular disulfide bond (Takei
et al., 1987; Tanaka et al., 1999b). Thus, the CT appears to assist the
high-molecular-weight/repetitive FibH in folding into the correct pro-
tein structure and assembling a functional fibroin unit to promote ef-
ficient fibroin secretion.

The repetitive Gly-Ala-rich region of FibH has been studied as a
contribution to the mechanical property of the silk fiber (Andersson
et al., 2016), but the role of which in fibroin secretion is not entirely
clear. In this study, we found that the truncated Nd-FibH contained an
NT and a repetitive region, with proportions of 4.4% and 95.6%, re-
spectively (Fig. 3D and E, and Fig. S4). Immunostaining observations
showed that truncated FibH was not secreted from PSG cells, thus,
blocking intracellular transport (Fig. 4B). On the other hand, fibH-ko-
FibH encoding a protein with 118 aa (only NT of FibH), which can be
successfully secreted to PSG lumen due to its low molecular weight
(13kDa) (Ma et al., 2014). As shown in Fig. 7C and D, low molecular
weight FibL and P25 (25 kDa and 30 kDa, respectively) are also secreted
into the cocoon in fibH-ko homozygote, suggesting a normal system of
protein secretion in fibH-ko-PSG without blocked fibroin in PSG cell.
Combined the structure of secretion-deficient Nd-FibH (NT and re-
petitive region) with that of secretion-sufficient fibH-ko-FibH (only NT),
these findings suggested that the repetitive region played a pathogenic
role, and natural fibroin secretion prevented the repetitive region from
accumulating in the cell and causing cytotoxicity.

P25/fhx, a glycoprotein, contains three N-linked oligosaccharide
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chains at Asn69, Asn113, Asn133 (Inoue et al., 2000) and exists either
in a 30 kDa (major) and 27 kDa (minor) molecular form (Tanaka et al.,
1999a), which has been suggested to have different compositions of
oligosaccharide chains (Inoue et al., 2000). The 27 kDa P25/fhx was
produced from the 30 kDa form by digestion with the al,2-mannosi-
dase in Golgi apparatus (Inoue et al., 2004). It is of interest to note that,
in immunoblot analysis, the P25 in WT-PSG and WT-cocoon showed
two immune bands (27 kDa and 30 kDa), while that of Nd-PSG and fibH-
ko-cocoon showed a single immune band with a molecular weight be-
tween the two bands (Figs. 5D and 7D). The common feature between
the Nd mutant and fibH-ko mutant is both of them form a misassembled
fibroin unit. Thus, we speculated that a correct fibroin unit was ne-
cessary for protein processing of P25, and the single P25 band with a
molecular weight between 27 kDa and 30 kDa was undergone different
glycosylation in the endoplasmic reticulum and different digestion in
Golgi apparatus. The detailed mechanism needs further study.

Fibroin unit (FibH-FibL-P25 complex with a 6:6:1 molar ratio) is the
elementary molecular complex for silk fibroin efficient secretion (Inoue
et al., 2000, 2004). Since the mutant site was located in the repetitive
region of FibH (deletion of 19 bp in A07), it was hard to create a similar
Nd phenotype by designing a specific (low off-target effect) sgRNA and
using CRISPR/Cas9 knock-out system in WT silkworm. Since the ORF of
WT-FibH was almost 16 kb, it was also hard to rescue the Nd phenotype
by transgenic introducing an intact FibH gene in Nd mutant silkworm.
Therefore genetic analysis was performed to clarify the role of the
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truncated FibH in silk production defects. Molecular weight prediction
showed that Nd-FibH (Truncated) was 270 kDa, Nd-s-FibH (Intact) was
350 kDa, fibH-ko-FibH (NT-remaining) was 13 kDa, and WT-FibH (In-
tact) was 350 kDa. Genetic hybridization experiments analysis showed
that the WT-PSG, fibH-ko-PSG, Nd-s/ +—PSG, fibH-ko/+—PSG, with a
normal system of protein secretion (Fig. 7A-H and 8A), were long and
folded (Fig. 8B), however, the Nd-PSG, Nd-s-PSG, and Nd/ + —PSG, with
a deficient system of protein secretion (Fig. 7A-H and 8A), were short
and degenerate (Fig. 8B). By comparing the FibH structure of these
three mutations and their PSG phenotype (Fig. 8 B), we learned that
secretion-deficient fibroin units invariably contained high-molecular-
weight FibH and showed positive correlation with PSG atrophy phe-
notype. Therefore we inferred that there were two key factors of FibH
causing dominant PSG atrophy phenotype: (i) The FibH was of high-
molecular-weight/high-repetitive-region; (ii) The FibH was blocked in
PSG cell.

It was noteworthy that only the silkworm PSGs carrying the Nd
mutation were atrophied both in and homozygous and heterozygous
individuals (Fig. 8B), a dominant inheritance pattern. The truncated
Nd-FibH contained only an NT (16kDa) and a repetitive region
(254 kDa), which cannot link to FibL because of lacking CT's Cys. In
homozygous Nd-PSG, six truncated FibHs, six FibLs, and one P25 failed
to assemble a correct fibroin unit; meanwhile in heterozygous Nd/
+ —PSG, three intact FibHs, three truncated FibHs, six FibLs, and one
P25 failed to assemble a correct fibroin unit as well. The accumulation
of damaged proteins, resulting from mutation/misfolding/aggregation,
are pathogenic and can endanger survival under severe stress condi-
tions (Buchberger et al., 2010; Ellgaard and Helenius, 2003). In the
present study, the mutant FibH was an aggregation of a single repetitive
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unit. The incorrect fibroin units with high molecular weight resulted
from repetitive region of Nd-FibH were secretion-deficient, blocked in
PSG cell, and ultimately lead to PSG atrophy both in Nd and Nd/+
silkworm, suggesting that the repetitive region of Nd-FibH was patho-
genic in a dominant manner.

To date, sericin has been found to be involved in a diverse range of
biological activities, such as antagonizing oxidation stress (Dash et al.,
2008), anticoagulation activities (Tamada et al., 2004), and promoting
cell proliferation (Terada et al., 2005). An increasing number of studies
have focused on the utility of sericin in tissue engineering and re-
generative medicine (Wang et al., 2014a, 2014b; Xie et al., 2015; Zhang
et al., 2017). In this study, we found that fibroin-free sericin could be
successfully extracted from the cocoon of Nd mutant and its hybrids
(Figs. 6B and 7A and E), thus eliminating the macrophage responses
that arise from the association of sericin with fibroin (Panilaitis et al.,
2003). These findings should enable the development of new medical
applications in sericin biomaterials.

Silks play a crucial role in the survival and reproduction of many
insects (Sutherland et al., 2010). In the domesticated silkworm B. mori,
artificial breeding allows for silk-deficient mutants to be well preserved.
However, in nature, insects that lose the ability to produce silk as a
result of gene mutations, tissue damage, or environmental changes,
affect their ability to survive or reproduce. The FibH genes of different
Lepidoptera are homologous (Fedic et al., 2002). As shown in Fig. S5,
the deduced CT sequences of FibH in lepidopteran species B. mori, B.
mandarina, Y. evonymellus, G. mellonella, and E. kuehniella were highly
conserved, including conserved positions of all three cysteine residues,
and indicating that they may be functional in the same way as in B.
mori. The results of this study indicate that truncated FibH (deletion of a
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partial repetitive domain and entire CT) causes silkworm larvae to lose
the ability to produce silk as a dominant genetic character (Figs. 6B and
8B). Therefore, the CT coding sequence of FibH has a high potential to
be used as a target for gene editing (CT deletion) in the control of le-
pidopteran pests.
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