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Abstract
Silk cocoons are composed of fiber proteins (fibroins) and adhesive glue proteins (sericins),

which provide a physical barrier to protect the inside pupa. Moreover, other proteins were

identified in the cocoon silk, many of which are immune related proteins. In this study, we

extracted proteins from the silkworm cocoon by Tris-HCl buffer (pH7.5), and found that they

had a strong inhibitory activity against fungal proteases and they had higher abundance in

the outer cocoon layers than in the inner cocoon layers. Moreover, we found that extracted

cocoon proteins can inhibit the germination of Beauveria bassiana spores. Consistent with
the distribution of protease inhibitors, we found that proteins from the outer cocoon layers

showed better inhibitory effects against B. bassiana spores than proteins from the inner lay-

ers. Liquid chromatography-tandemmass spectrometry was used to reveal the extracted

components in the scaffold silk, the outermost cocoon layer. A total of 129 proteins were

identified, 30 of which were annotated as protease inhibitors. Protease inhibitors accounted

for 89.1% in abundance among extracted proteins. These protease inhibitors have many

intramolecular disulfide bonds to maintain their stable structure, and remained active after

being boiled. This study added a new understanding to the antimicrobial function of the

cocoon.

Introduction
The silkworm cocoon has been well studied as the silkworm is the model lepidopteran insect
[1–6], and its cocoon has important economic value. An early study revealed that Bombyx
mori cocoon is mainly composed of fibroins and sericins [7], which have prominent physical
properties to protect pupae [8]. Furthermore, some proteins with small molecular weight were
found in the cocoon, including two protease inhibitors and two seroins [9–10]. The expression
of protease inhibitors changed after infection by bacteria, fungi or viruses [11], indicating that
they are immunity related proteins. Furthermore, many protease inhibitors showed inhibitory
activity against the fungal proteases, as well as the germination of Beauveria bassiana conidia
[12–15]. The expression of seroins was up-regulated after infection with bacteria and virus
[16–18]. Moreover, seroins were found showing inhibitory activity against the growth of
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bacteria and nucleopolyhedrovirus [18]. In addition, some other immunity related proteins
were identified in the silk gland and silk in previous studies. For example, a 18 wheeler protein
was identified in silk, which was speculated to have antimicrobial effects [19]. The hemolin was
found to have expression in the silk gland and function as opsonin in response to bacterial
challenge [20].

By using liquid chromatography–tandem mass spectrometry (LC-MS/MS), Dong et al.
(2013) identified hundreds of proteins in seven kinds of silk fibers spun by silkworm larvae at
different developmental stages [21]. Besides protease inhibitors and seroins, some other anti-
microbial components were identified in the silk. The presence of antioxidant enzymes, such as
peroxidase, thioredoxin, and superoxide dismutase in the silk suggested that reactive oxygen
species (ROS) may be generated during spinning, which has important roles in immune
responses [22].

Fungi have potential abilities to destruct the cocoon by secreting proteases. To reveal the
resistant function of cocoon proteins against the fungi, we extracted proteins from the cocoon
by Tris-HCl buffer, and then determined their impact on the fungal growth. A fungal protease
was used as the target enzyme to measure the activities of protease inhibitors in the cocoon.
Furthermore, LC-MS/MS was used to identify the extracted cocoon proteins.

Materials and Methods

Materials
B.mori, (strain p50 (DaZao) and B. bassiana were provided by the State Key Laboratory of
Silkworm Genome Biology, Southwest University, China. The silkworms were reared on mul-
berry leaves at a stable temperature of 25°C. Cocoon silk was collected and stored at 4°C until
used. The fungus was cultured on potato dextrose agar (PDA) medium at 25°C and harvested
after 2 weeks.

Extraction and heat treatment of proteins from the cocoon
The cocoon was divided into six layers and then was cut into small fragments. The correspond-
ing layers from four cocoons were collected as one group and then were weighted. Proteins
were extracted from cocoon with 3 mL of 100 mM Tris-HCl buffer (pH 7.5) [19] for 30 min in
a rotary shaker at 220 rpm at 37°C. After incubation, the extracts were centrifuged at 12,500 g
for 10 min, at 4°C. The precipitates were collected and dried in room temperature and then
were weighted. The supernatant was filtered through a 0.22 μmMillex-GP membrane (EMD
Millipore, USA).

Heat treatment of proteins from the cocoon
Proteins from different cocoon layers (extracted according to section 2.2) were boiled for
10 min and cooled on ice. Then, they were centrifuged at 14,500 g for 10 min, at 4°C. The
supernatant and precipitate were then collected separately.

Visualization of protease inhibitory activity in the cocoon
The activities of protease inhibitors were visualized by the method of Uriel and Berges [23],
with a slight modification. Equal amounts (5 μg) of proteins (extracted according to section
2.2) were separated by the native polyacrylamide gel electrophoresis (PAGE). After electropho-
resis, the gels were incubated at 37°C for 20 min with proteinase K solutions (0.07 mg/mL,
Sigma–Aldrich, USA) in 0.1 M phosphate buffer, pH 7.4. Specific inhibitory activity toward
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proteinase K was visualized by staining the gels with the Fast Blue B Salt (Sigma–Aldrich) solu-
tion containing N-acetyl-dl-phenylalanine-b-naphthyl ester (Sigma–Aldrich).

Activity assay of protease inhibitors from the cocoon
Protease inhibition assays were performed according to the previously reported method with a
slight modification [24]. One microgram proteinase K was pre-incubated with 10 μg proteins
from different cocoon layers (extracted according to section 2.2) in 100 μL of Fluoro™ Assay
Buffer (100 mM Tris-HCl, pH 7.5) (G-Biosciences, USA) for 30 min at 37°C. FITC-casein sub-
strate (G-Biosciences) in 100 μL of Fluoro™ Assay Buffer was then added and incubated at 37°C
in the dark for 60 min. Substrate hydrolysis was monitored by measuring the excitation at
485 nm and emission at 535 nm in 96-well, fluorometer-compatible titer plates. The activity of
protease inhibitors = 100%—(residual enzyme activity/original enzyme activity) × 100%

Preparation of B. bassiana spores
Two-week-old conidia from B. bassiana grown on PDA medium were suspended in a 5 ml
solution of 0.05% Tween-80 by vortexing for 2 min. Mycelia were removed by two rounds of
filtration through a sterile muslin cloth. After filtration, the filtrate was centrifuged at 6000 g
for 10 min at 4°C. The precipitate was washed in sterile Milli-Q double-distilled (dd) H2O and
centrifuged at 6000 g for 10 min at 4°C. The supernatant was discarded and the spores were
stored in sterile Milli-Q ddH2O.

Inhibition assay of cocoon proteins against the growth of B. bassiana
A total of 100 μL of potato dextrose broth medium was blended with 65 μg protein from each
cocoon layer (extracted according to section 2.2). Each of the blended media were inoculated
with 2.5 × 106 conidial suspensions. The control group was also composed of 100 μL PDB
medium, 2.5 × 106 conidial and Tris-HCl buffer. The total volume of all groups is 200 μL. All
groups were incubated for 16 h at 26°C. The percentage of germinated conidia was assessed by
hemocytometer measurement. All experiments were repeated three times. A conidium was
considered to have germinated if the length of its germ tube was not smaller than its width.
The germination rates among different groups were compared by one-way analysis of variance
(ANOVA).

Mass spectrometry of proteins extracted from the cocoon
The scaffold silk proteins, supernatant and precipitates of boiled scaffold silk proteins were pre-
pared according to section 2.2 and 2.3. The precipitate of boiled scaffold silk proteins was dis-
solved in the 8M urea and the supernatant was in the 100 mM Tris-HCl buffer (pH 7.5). All
these solutions were washed three times with 8 M urea using centrifugation at 12,000 g, 4°C for
20 min, reduced with 15 mM dithiothreitol for 120 min at 37°C and alkylated with 50 mM
iodoacetamide for 60 min in the dark. Samples were washed three times with 8M urea and
three times with 50 mMNH4HCO3.

The proteins were digested and identified according to the previous methods [25]. Briefly,
proteins were digested by trypsin at a weight ratio of 1:50 (trypsin:protein) for 20 hours at
37°C. Tryptic peptides were recovered by centrifugation, lyophilized, and resuspended in 80 μL
0.1% formic acid. Tryptic peptides (2 μL) separated on a Thermo Fisher Scientific EASY-nLC
1000 system using a Thermo Fisher Scientific EASY-Spray column (C18, 2 μm, 100 Å,
50 μm × 15 cm) with a 140 min gradient of 2 min 3%~8% Buffer B (100% acetonitrile, 0.1% for-
mic acid), 100 min 8%~20% Buffer B, 10 min 20%~30% Buffer B, 5 min 30% ~70% Buffer B,
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3 min 70%~90% Buffer B, and 20 min 90% Buffer B. Peptides were analyzed using a Q Exactive
mass spectrometer (Thermo Fisher Scientific, USA) in data-dependent mode with an auto-
matic switch between MS and MS/MS scans using a top 20 method. Instrument parameters
were: a resolution of 70,000 for a full MS scan and a 17,500 resolution for an MS2 scan, an
automatic gain control target of 3e6 for a full scan and 1e6 for an MS2 scan, a maximum ion
injection time of 20 ms for a full MS scan and 60 ms for an MS2 scan.

Protein identification
Mass spectra raw data were analyzed using MaxQuant software (version 1.3.0.5) [26]. The
MaxQuant searches were executed against an integrated silkworm proteome database from the
National Center for Biotechnology Information (NCBI) and silkDB. Peptide searches were per-
formed with the Andromeda search algorithm [27] using the following search parameters: a
maximum of two missed cleavages permitted, carbamidomethyl cysteine as a fixed modifica-
tion, and oxidation (methionine) and acetylation (of the N-termini of proteins) as variable
modifications. Mass tolerance was 20 ppm for the first search and 6 ppm for the main search.
The false discovery rate was 0.01 for both proteins and peptides, which had a minimum length
of 6 amino acids. A minimum of one unique peptide was required for an identified protein. All
common contaminants and reverse hits were removed. Identified peptides and proteins are
shown in S1 and S2 Tables, respectively.

Results

Inhibitory activity of cocoon proteins against fungal proteinase K
Cocoons were split into six layers, named as layers 1–5 from the inner to the outer layer, as well
as the scaffold silk, the outermost layer (Fig 1A). Proteins were extracted from different cocoon
layers according to section 2.2. The combination of results from three biological repeats indi-
cated that only 4.08% proteins could be extracted from the inner cocoon layers, whereas 6.56%
proteins were extracted from the outermost scaffold silk (Table 1).

Active protease inhibitors in the extracts were visualized by incubating with the fungal pro-
teinase K followed by staining with Fast Blue B Salt (Fig 1B). The amount of protease inhibitors
tended to increase from the inner to the outer cocoon layers (Fig 1B). The proteins extracted
from different cocoon layers showed distinct inhibitory activity against proteinase K (Fig 1C).
The activity of proteinase K was reduced from 100% to 45.6% after being incubated with pro-
teins from the layer 2, whereas the activity of proteinase K was decreased from 100% to 26.8%
after being incubated with proteins from the scaffold silk (Fig 1C).

Inhibitory activity of cocoon proteins against the germination of B.
bassiana spores
Because the cocoon proteins could inhibit proteinase K secreted from fungi, we wanted to
know whether cocoon proteins could inhibit the growth of B. bassiana, which is a major patho-
genic fungus of silkworms. For the control experiment without cocoon proteins, most conidia
germinated and the germ tube developed well (Fig 2A). When incubating the spores with
cocoon proteins from different layers, we found that the germination of B. bassiana spores was
obviously inhibited by cocoon proteins (Fig 2 and S3 Table). After 12 h of incubation, the ger-
mination percentages were 51.31% for scaffold silk, 67.44% for layer 4, 69.67% for layer 2, and
68.65% for the control. After 14 h of incubation, the germination percentages were 68.84% for
the scaffold group, 71.78% for layer 4, 75.62% for layer 2, and 78.85% for the control. After
16 h of incubation, the germination percentages were 77.56% for the scaffold and 82.37% for
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layer 4. At all three time points, the scaffold (the outermost layer) proteins significantly
(P<0.001) inhibited against spore growth (Fig 2). Cocoon proteins from the outer layers
showed significantly stronger inhibition of spore germination than those from the inner layers
(S3 Table). For example, proteins from the scaffold had significantly stronger inhibition than
those from layer 2 after 12h (P<0.001), 14h (P<0.01), and 16 h (P<0.001) of incubation.

Fig 1. The activity and distribution of protease inhibitors in cocoon layers ofB.mori. (A) Photos of different cocoon layers. From the inner layer toward
the outer layer, the six cocoon layers were named as layers 1–5 (L1–L5) as well as the outermost scaffold. (B) Visualization of protease inhibitory activity of
proteinase K inhibitors from different cocoon layers. Equal amounts (5 μg) of proteins from different cocoon layers were separated by native PAGE, and their
inhibitory activity against proteinase K was visualized by staining the gels with the Fast Blue B Salt (Sigma–Aldrich) solution containing N-acetyl-dl-
phenylalanine-b-naphthyl ester. (C) Inhibitory activity of cocoon proteins, isolated from different cocoon layers, against proteinase K. Equal amounts (10 μg)
of proteins from different cocoon layers were used.

doi:10.1371/journal.pone.0151764.g001
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Boiled cocoon proteins still have biological activity
Proteins from different cocoon layers (extracted according to section 2.2) were boiled for
10 min, and then the supernatant were collected (prepared according to section 2.3). After
being boiled, the active protease inhibitors in the supernatant were visualized by incubating
with the fungal proteinase K followed by staining with the Fast Blue B Salt (Fig 3A). Consistent
with the results in section 3.1, the boiled proteinase K inhibitors tend to increase in activity
from the inner to the outer layers (Fig 3A). The boiled cocoon proteins could decrease the

Table 1. Extraction rate of cocoon proteins.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Scaffold

Dry weight of cocoon layer* (g) 0.065±0.009 0.096±0.009 0.084±0.021 0.060±0.013 0.047±0.005 0.050± 0.010

Dry weight of cocoon layer after extraction by Tris-HCl
buffer (g)

0.063±0.010 0.093±0.009 0.080±0.020 0.057±0.012 0.044±0.004 0.047± 0.009

Extraction rate (%) 4.08%
±0.93%

3.91%
±0.49%

4.41%
±0.88%

5.05%
±0.95%

5.86%
±0.83%

6.56%±
1.04%

* Layers from four cocoons were collected into one tube as one experiment sample.

doi:10.1371/journal.pone.0151764.t001

Fig 2. Inhibition of B. Bassiana conidia by proteins extracted from different cocoon layers. (A)
Photographs showing the inhibition on germination of B. bassiana spores by the scaffold proteins. (B) The
inhibition of B. Bassiana conidia by proteins from different cocoon layers. Equal amounts (65 μg) of proteins
from different cocoon layers were incubated with the B. Bassiana conidia. ***P<0.001 and **P< 0.01 versus
the control. Error bars indicate the standard error of the mean (n = 3).

doi:10.1371/journal.pone.0151764.g002
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proteinase K activities by 47.4%-76.1% when compared with the control (Fig 3B). These results
showed that boiled cocoon proteins still have inhibitory activities against proteinase K.

Like the non-boiled cocoon proteins, the boiled cocoon proteins could still inhibit the ger-
mination of B. bassiana spores (Fig 3C and S4 Table). After 12 h of incubation, the germination
percentages were 38.69% for scaffold silk, 47.07% for layer 4, 62.09% for layer 2, and 72.09%
for the control. After 14 h of incubation, the germination percentages were 60.58% for the scaf-
fold group, 64.96% for layer 4, 72.71% for layer 2, and 79.54% for the control. After 16 h of
incubation, the germination percentages were 73.01% for the scaffold, 79.74% for layer 4,
84.24% for layer 2, and 91.66% for the control. The layer 2 group significantly (P<0.01) inhib-
ited spore growth at three time points, while the scaffold group and layer 4 group showed better
inhibition (P<0.001) against spore growth than layer 2 group. The boiled cocoon proteins
showed an increasing inhibition ratio against the B. bassiana spores from the outer to the inner

Fig 3. Inhibition of fungal proteinase K by boiled proteins extracted from different cocoon layers. (A)
Visualization of protease inhibitory activity of proteinase K inhibitors from different cocoon layers. (B)
Inhibitory activity of boiled proteins, isolated from different cocoon layers, against proteinase K. (C) The
inhibition of B. bassiana conidia by boiled proteins isolated from different cocoon layers. Equal amounts of
proteins, 5μg, 10μg, and 65μg, from different cocoon layers were used in (A), (B), and (C), respectively.
***P< 0.001 and **P< 0.01 versus the control. Error bars indicate the standard error of the mean (n = 3).

doi:10.1371/journal.pone.0151764.g003
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cocoon layers, which was consistent to the changing trend of the proteinase K inhibitors. It is
interesting that heat treatment increased the inhibition of spore germination by cocoon pro-
teins when compared with the untreated cocoon proteins (S1 Fig). For the layer 2, layer 4 and
scaffold after 12 h of incubation, the inhibition was increased by 7.6% (P<0.05), 20.0%
(P<0.001), and 12.6% (P<0.01), respectively.

Identification and quantification of extracted cocoon proteins
The above results showed that scaffold proteins had stronger inhibitory activity against
B. bassiana spores when compared with proteins from other cocoon layers. Thus, we employed
LC-MS/MS to investigate the Tris-HCl buffer extracted scaffold proteins (extracted according
to section 2.2), as well as the supernatant and precipitate of boiled scaffold proteins (prepared
according to section 2.3). In total, we identified 129 proteins, 30 of which were protease inhibi-
tors (S2 Table).

The intensity-based absolute quantification (iBAQ) algorithm in MaxQuant software was
used to estimate the relative protein abundance (Fig 4A and S2 Table). We found that protease
inhibitors accounted for 89.1% of the total abundance of extracted scaffold proteins, while
enzymes had a relative abundance of 6.5%, and the abundance of other proteins was only 4.4%.
Regarding the supernatant of boiled scaffold proteins, the abundance of protease inhibitors
increased to 93.4%, while the abundance of enzymes and other proteins decreased to 3.7% and
2.9%, respectively. For the precipitate of boiled scaffold proteins, enzymes accounted for
65.1%, while protease inhibitors only accounted for 31.0%. These results suggested that boiling
led to the precipitation of many enzymes, and thus protease inhibitors showed an increase pro-
portion after being boiled (Fig 4A).

Protease inhibitors in the untreated scaffold proteins and in the supernatant of boiled scaf-
fold proteins were analyzed using a pie chart (Fig 4B). A Kunitz-type serine protease inhibitor
BmSPI51 accounted for 67% and 66% of the total protein in the scaffold and boiled scaffold
supernatant, respectively. The TIL-type serine protease inhibitor BmSPI39 had the second
highest abundance, accounting for 22% and 25% of the total abundances in the scaffold and
boiled scaffold supernatant, respectively. Other protease inhibitors only accounted for about
11% and 9% of the total proteins in the scaffold and boiled scaffold supernatant, respectively
(Fig 4B and S2 Table).

Discussion
The B.mori cocoon, which is composed of silk fibers, is a protective covering for the pupa. The
cocoon has a multi-layer structure to protect the pupa with excellent mechanical properties. In
this study, we divided the cocoon into six layers and extracted active proteins from the cocoon
using Tris-HCl buffer. The extracted proteins could significantly inhibit the fungal protease K
and the germination of B. bassiana spores. Futhermore, we found that protease inhibitors were
the major components of extracted proteins, which showed a great stability under high temper-
ature and their abundance tended to increase from the inner to the outer cocoon layers.

In insects, many signaling pathways have been reported to be involved in immune defense
against pathogens, such as the melanization [28], Toll [29], immune deficiency (Imd) [30], and
Jun-kinase (JNK) [31] pathways. Quinones [32], antimicrobial peptides [33] and lysozyme [34]
are the final products of these pathways that directly kill pathogens or inhibit their growth.
Many immune related components have been reported in the cocoon. However, their impor-
tance mainly depends on their amounts in the cocoon. To get active proteins from the cocoon,
100 mM Tris-HCl buffer (pH 7.5) was used to extract proteins at 37°C for 30 min. LC-MS/MS
results suggested that only 0.04% fibroins and 0.34% sericins were extracted from the cocoon
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(S2 Table), while protease inhibitors accounted for 89.1% among extracted proteins. These pro-
tease inhibitors in the cocoon were found having inhibitory activities against the fungal pro-
teinase and spore germination of B. bassiana.

The anti-fungal mechanism of protease inhibitors has been revealed in detail. Entomo-
pathogenic fungi invade insects by the combination of mechanical pressure and enzymatic deg-
radation [35–37]. The proteases secreted by the fungus are important virulence factors that are
usually secreted at the time of conidial germination, and they participate in the penetrating
process of the host cuticle [38–39]. Protease inhibitors of insects can inhibit the fungal growth
by inhibiting their proteases [40]. In 1993, Eguchi et al. found that fungal protease inhibitor F
in the silkworm blood could inhibit the proteases of B. bassiana, and prohibit spore germina-
tion of B. bassiana [41]. In 1997, Vilcinskas et al. purified some protease inhibitors from the
blood of Galleria mellonella and found that they can delay the germination of B. bassiana
spores [13]. In 2015, Li found that silkworm protease inhibitors BmSPI38 and BmSPI39 in the
cuticle could inhibit the virulence protease CDEP-1 of B. bassiana as well as the germination of

Fig 4. Identification and quantification of untreated scaffold proteins, the supernatant and precipitate of boiled scaffold proteins. (A) Relative
abundance of proteins in different functional categories. (B) Relative abundance of protease inhibitors. The protein abundance was estimated by the
intensity-based absolute quantification (iBAQ) algorithm in MaxQuant software.

doi:10.1371/journal.pone.0151764.g004
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B. bassiana conidia [14]. In this study, we found that BmSPI38 and BmSPI39 accounted for
22% and 2% in the extracted protease inhibitors. BmSPI51 had the largest abundance and
accounted for 67%, which was called a cocoon shell-associated trypsin inhibitor (CSTI) or
BmSPI1 in previous studies. The inhibitory activity of BmSPI51 against trypsin has been dem-
onstrated [42–44], but its activity towards microbial proteinases has not been tested.

Many protease inhibitors were reported to have good thermal and pH stability [42–43,45].
It is because that protease inhibitors contain many cysteine residues to form intramolecular
disulfide bonds that could maintain stable structure. Among 30 protease inhibitors in the scaf-
fold silk, 19 proteins have the TIL domain with 8–10 cysteines, 2 proteins have the kunitz
domain with 6 cysteines, and 1 protein have the WAP domain with 8 cysteines [11]. These pro-
tease inhibitor have almost constant activities after being boiled. Moreover, heat treatment
increased the inhibition of spore germination by cocoon proteins when compared with the
untreated cocoon proteins. This may be because that some non-inhibitor proteins precipitated
and were removed after boiling, which is equivalent to increasing the purities of protease inhib-
itors. Therefore, the protease inhibitors with stable structures and activities could provide last-
ing protection against fungi for the cocoon in the complex environment [21].

Lepidopteran larvae must go through the pupal stage to become adult moths or butterflies.
Pupae cannot eat or move, but they face many natural enemies, including a variety of predators
and pathogenic microorganisms. The cocoon is the best protective barrier for the pupa. In
2013, Chen et al. [8] found that the cocoon can provide complete protection for the pupa by its
well-designed structure and properties. In this study, we found that cocoon protects pupa by
antifungal proteins. On the basis of equal amounts of extracted proteins, the protease inhibitors
in the cocoon showed a decreasing trend from the outer to the inner cocoon layers. In addition
to the presence of more soluble proteins in the outermost layer (6.56%) than in the innermost
layer (4.08%), the actual contents of protease inhibitors in the outermost layer should be more
than that detected. The cocoon proteins in the outermost layer also showed the best inhibition
against the germination of B. bassiana spores when compared with proteins from other layers.
The outermost cocoon layer is directly exposed to pathogens. Thus, more protease inhibitors
in the outermost layer could provide better protection for the cocoon. The inner layers of the
cocoon have fewer protease inhibitors, but they have a denser silk distribution and better elastic
modulus and tensile strength, which allow the cocoon to resist outside forces. It is the combina-
tion of the structure and composition of the cocoon that provide complete protection for the
pupa inside, which allows the silkworm to safely complete its metamorphosis into a moth.

Supporting Information
S1 Fig. Comparison of the inhibitory effects of untreated cocoon proteins and boiled
cocoon proteins on the germination rates of B. Bassiana conidia. ���P<0.001 and ��P< 0.01
versus the untreated proteins. Error bars indicate the standard error of the mean (n = 3).
(TIF)

S1 Table. Identified peptides from the scaffold silk of B.mori. Identified proteins are listed
by the sequence, length, number of miscleavages, the charge states, the Andromeda score,
mass, and the lowest posterior error probability (PEP) from multiple analyses. The PEP is a
measure of the probability of a false hit being derived from the peptide’s score and its length.
(XLSX)

S2 Table. Identified proteins from the scaffold silk of B.mori. Identified proteins are listed
by functional category, accession number in the silkDB and GenBank databases, annotated
name, gene ontology annotation, molecular weight, enzyme commission number, the number
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of peptides, and sequence coverage. The intensity-based absolute quantification (iBAQ) inten-
sities are listed for each sample.
(XLSX)

S3 Table. The germination rates of B. bassiana spores after being incubated with proteins
from different cocoon layers.
(XLSX)

S4 Table. The germination rates of B. bassiana spores after being incubated with boiled
proteins from different cocoon layers.
(XLS)

Author Contributions
Conceived and designed the experiments: QX PZ. Performed the experiments: XG ZD YZ.
Analyzed the data: XG ZD YZ. Contributed reagents/materials/analysis tools: YL, HL. Wrote
the paper: XG ZD.

References
1. Xia Q, Zhou Z, Lu C, Cheng D, Dai F, Li B, et al. A draft sequence for the genome of the domesticated

silkworm (Bombyx mori). Science. 2004; 306: 1937–1940. PMID: 15591204

2. Mita K, Kasahara M, Sasaki S, Nagayasu Y, Yamada T, Kanamori H, et al. The genome sequence of
silkworm, Bombyx mori. DNA Res. 2004; 11: 27–35. PMID: 15141943

3. The genome of a lepidopteran model insect, the silkworm Bombyx mori. Insect BiochemMol Biol.
2008; 38: 1036–1045. doi: 10.1016/j.ibmb.2008.11.004 PMID: 19121390

4. Xia Q, Guo Y, Zhang Z, Li D, Xuan Z, Li Z, et al. Complete resequencing of 40 genomes reveals domes-
tication events and genes in silkworm (Bombyx). Science. 2009; 326: 433–436. doi: 10.1126/science.
1176620 PMID: 19713493

5. Xia Q, Cheng D, Duan J, Wang G, Cheng T, Zha X, et al. Microarray-based gene expression profiles in
multiple tissues of the domesticated silkworm, Bombyx mori. Genome Biol. 2007; 8: R162. PMID:
17683582

6. Duan J, Li R, Cheng D, FanW, Zha X, Cheng T, et al. SilkDB v2.0: a platform for silkworm (Bombyx
mori) genome biology. Nucleic Acids Res. 2010; 38: D453–D456. doi: 10.1093/nar/gkp801 PMID:
19793867

7. Gamo T, Inokuchi T, Laufer H. Polypeptides of fibroin and sericin secreted from the different sections of
the silk gland in Bombyx mori. Insect. Biochem. 1977; 7: 285–295.

8. Chen F, Hesselberg T, Porter D, Vollrath F. The impact behaviour of silk cocoons. J Exp Biol. 2013;
216: 2648–2657. doi: 10.1242/jeb.082545 PMID: 23804671

9. Nirmala X, Kodrik D, Zurovec M, Sehnal F. Insect silk contains both a Kunitz-type and a unique Kazal-
type proteinase inhibitor. Eur J Biochem. 2001; 268: 2064–2073. PMID: 11277929

10. Nirmala X, Mita K, Vanisree V, Zurovec M, Sehnal F. Identification of four small molecular mass pro-
teins in the silk of Bombyx mori. Insect Mol Biol. 2001; 10: 437–445. PMID: 11881808

11. Zhao P, Dong Z, Duan J, Wang G, Wang L, Li Y, et al. Genome-wide identification and immune
response analysis of serine protease inhibitor genes in the silkworm, Bombyx mori. PLoS One. 2012;
7: e31168. doi: 10.1371/journal.pone.0031168 PMID: 22348050

12. Yoshida S, Yamashita M, Yonehara S, Eguchi M. Properties of fungal protease inhibitors from the integ-
ument and haemolymph of the silkworm and effect of an inhibitor on the fungal growth. Comp Biochem
Physio. 1990; 95B: 559–564.

13. Vilcinskas A, WeddeM. Inhibition of Beauveria bassiana Proteases and Fungal Development by Induc-
ible Protease Inhibitors in the Haemolymph of Galleria mellonella Larvae. Biocontrol Science and Tech-
nology. 1997; 7: 591–602.

14. Li Y, Zhao P, Liu H, Guo X, He H, Zhu R, et al. TIL-type protease inhibitors may be used as targeted
resistance factors to enhance silkworm defenses against invasive fungi. Insect BiochemMol Biol.
2015; 57: 11–19. doi: 10.1016/j.ibmb.2014.11.006 PMID: 25453359

Cocoon Proteins Inhibit the Fungal Growth

PLOS ONE | DOI:10.1371/journal.pone.0151764 March 31, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151764.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151764.s005
http://www.ncbi.nlm.nih.gov/pubmed/15591204
http://www.ncbi.nlm.nih.gov/pubmed/15141943
http://dx.doi.org/10.1016/j.ibmb.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19121390
http://dx.doi.org/10.1126/science.1176620
http://dx.doi.org/10.1126/science.1176620
http://www.ncbi.nlm.nih.gov/pubmed/19713493
http://www.ncbi.nlm.nih.gov/pubmed/17683582
http://dx.doi.org/10.1093/nar/gkp801
http://www.ncbi.nlm.nih.gov/pubmed/19793867
http://dx.doi.org/10.1242/jeb.082545
http://www.ncbi.nlm.nih.gov/pubmed/23804671
http://www.ncbi.nlm.nih.gov/pubmed/11277929
http://www.ncbi.nlm.nih.gov/pubmed/11881808
http://dx.doi.org/10.1371/journal.pone.0031168
http://www.ncbi.nlm.nih.gov/pubmed/22348050
http://dx.doi.org/10.1016/j.ibmb.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25453359


15. Li Y, Zhao P, Liu S, Dong Z, Chen J, Xiang Z, et al. A novel protease inhibitor in Bombyx mori is involved
in defense against Beauveria bassiana. Insect BiochemMol Biol. 2012; 42: 766–775. doi: 10.1016/j.
ibmb.2012.07.004 PMID: 22841512

16. Gandhe AS, Arunkumar KP, John SH, Nagaraju J. Analysis of bacteria-challenged wild silkmoth,
Antheraea mylitta (lepidoptera) transcriptome reveals potential immune genes. BMCGenomics. 2006;
7: 184. PMID: 16857061

17. Korayem AM, Hauling T, Lesch C, Fabbri M, Lindgren M, Loseva O, et al. Evidence for an immune func-
tion of lepidopteran silk proteins. Biochem Biophys Res Commun. 2007; 352: 317–322. PMID:
17126296

18. Singh CP, Vaishna RL, Kakkar A, Arunkumar KP, Nagaraju J. Characterization of antiviral and antibac-
terial activity of Bombyx mori seroin proteins. Cell Microbiol. 2014; 16: 1354–1365. doi: 10.1111/cmi.
12294 PMID: 24628957

19. Pandiarajan J, Cathrin BP, Pratheep T, KrishnanM Defense role of the cocoon in the silk worm Bombyx
mori L. Rapid Commun Mass Spectrom. 2011; 25: 3203–3206. doi: 10.1002/rcm.5213 PMID:
22006381

20. Shaik HA, Sehnal F. Hemolin expression in the silk glands of Galleria mellonella in response to bacte-
rial challenge and prior to cell disintegration. J Insect Physiol. 2009; 55: 781–787. doi: 10.1016/j.
jinsphys.2009.04.010 PMID: 19414015

21. Dong Z, Zhao P, Wang C, Zhang Y, Chen J, Wang X, et al. Comparative proteomics reveal diverse
functions and dynamic changes of Bombyx mori silk proteins spun from different development stages.
J Proteome Res. 2013; 12: 5213–5222. doi: 10.1021/pr4005772 PMID: 24093152

22. Segal BH, Leto TL, Gallin JI, Malech HL, Holland SM. Genetic, biochemical, and clinical features of
chronic granulomatous disease. Medicine (Baltimore). 2000; 79: 170–200.

23. Uriel J, Berges J. Characterization of natural inhibitors of trypsin and chymotrypsin by electrophoresis
in acrylamide-agarose gels. Nature. 1968; 218: 578–580. PMID: 5655186

24. Li Y, Zhao P, Liu S, Dong Z, Chen J, Xiang Z, et al. A novel protease inhibitor in Bombyx mori is
involved in defense against Beauveria bassiana. Insect BiochemMol Biol. 2012; 42: 766–775. doi: 10.
1016/j.ibmb.2012.07.004 PMID: 22841512

25. Zhang Y, Zhao P, Dong Z, Wang D, Guo P, Guo X, et al. Comparative proteome analysis of multi-layer
cocoon of the silkworm, Bombyx mori. PLoS One. 2015; 10: e123403.

26. Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat Biotechnol. 2008; 26: 1367–1372. doi: 10.
1038/nbt.1511 PMID: 19029910

27. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. Andromeda: a peptide search
engine integrated into the MaxQuant environment. J Proteome Res. 2011; 10: 1794–1805. doi: 10.
1021/pr101065j PMID: 21254760

28. Nayar JK, Mikarts LL, Knight JW, Bradley TJ. Characterization of the intracellular melanization
response in Anopheles quadrimaculatus against subperiodic Brugia malayi larvae. J Parasitol. 1992;
78: 876–880. PMID: 1403431

29. Zhong X, Xu X, Yi H, Lin C, Yu X. A Toll-Spatzle pathway in the tobacco hornworm, Manduca sexta.
Insect BiochemMol Biol. 2012; 42: 514–524. doi: 10.1016/j.ibmb.2012.03.009 PMID: 22516181

30. Garver LS, Bahia AC, Das S, Souza-Neto JA, Shiao J, Dong Y, et al. Anopheles Imd pathway factors
and effectors in infection intensity-dependent anti-Plasmodium action. PLoS Pathog. 2012; 8:
e1002737. doi: 10.1371/journal.ppat.1002737 PMID: 22685401

31. Kallio J, Leinonen A, Ulvila J, Valanne S, Ezekowitz RA, Ramet M. Functional analysis of immune
response genes in Drosophila identifies JNK pathway as a regulator of antimicrobial peptide gene
expression in S2 cells. Microbes Infect. 2005; 7: 811–819. PMID: 15890554

32. Slepneva IA, Komarov DA, Glupov VV, Serebrov VV, Khramtsov VV. Influence of fungal infection on
the DOPA-semiquinone and DOPA-quinone production in haemolymph of Galleriamellonella larvae.
Biochem Biophys Res Commun. 2003; 300: 188–191. PMID: 12480541

33. Ezzati-Tabrizi R, Farrokhi N, Talaei-Hassanloui R, Alavi SM, Hosseininaveh V. Insect inducible antimi-
crobial peptides and their applications. Curr Protein Pept Sci. 2013; 14: 698–710. PMID: 24106966

34. Zdybicka-Barabas A, Mak P, Jakubowicz T, Cytrynska M. Lysozyme and defense peptides as suppres-
sors of phenoloxidase activity in Galleria mellonella. Arch Insect Biochem Physiol. 2014; 87: 1–12. doi:
10.1002/arch.21175 PMID: 25044335

35. Xiong Q, Xie Y, Zhu Y, Xue J, Li J, Fan R. Morphological and ultrastructural characterization of Carpo-
sina sasakii larvae (Lepidoptera: Carposinidae) infected by Beauveria bassiana (Ascomycota: Hypo-
creales: Clavicipitaceae). Micron. 2013; 44: 303–311. doi: 10.1016/j.micron.2012.08.002 PMID:
22940571

Cocoon Proteins Inhibit the Fungal Growth

PLOS ONE | DOI:10.1371/journal.pone.0151764 March 31, 2016 12 / 13

http://dx.doi.org/10.1016/j.ibmb.2012.07.004
http://dx.doi.org/10.1016/j.ibmb.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22841512
http://www.ncbi.nlm.nih.gov/pubmed/16857061
http://www.ncbi.nlm.nih.gov/pubmed/17126296
http://dx.doi.org/10.1111/cmi.12294
http://dx.doi.org/10.1111/cmi.12294
http://www.ncbi.nlm.nih.gov/pubmed/24628957
http://dx.doi.org/10.1002/rcm.5213
http://www.ncbi.nlm.nih.gov/pubmed/22006381
http://dx.doi.org/10.1016/j.jinsphys.2009.04.010
http://dx.doi.org/10.1016/j.jinsphys.2009.04.010
http://www.ncbi.nlm.nih.gov/pubmed/19414015
http://dx.doi.org/10.1021/pr4005772
http://www.ncbi.nlm.nih.gov/pubmed/24093152
http://www.ncbi.nlm.nih.gov/pubmed/5655186
http://dx.doi.org/10.1016/j.ibmb.2012.07.004
http://dx.doi.org/10.1016/j.ibmb.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22841512
http://dx.doi.org/10.1038/nbt.1511
http://dx.doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
http://dx.doi.org/10.1021/pr101065j
http://dx.doi.org/10.1021/pr101065j
http://www.ncbi.nlm.nih.gov/pubmed/21254760
http://www.ncbi.nlm.nih.gov/pubmed/1403431
http://dx.doi.org/10.1016/j.ibmb.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22516181
http://dx.doi.org/10.1371/journal.ppat.1002737
http://www.ncbi.nlm.nih.gov/pubmed/22685401
http://www.ncbi.nlm.nih.gov/pubmed/15890554
http://www.ncbi.nlm.nih.gov/pubmed/12480541
http://www.ncbi.nlm.nih.gov/pubmed/24106966
http://dx.doi.org/10.1002/arch.21175
http://www.ncbi.nlm.nih.gov/pubmed/25044335
http://dx.doi.org/10.1016/j.micron.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22940571


36. Goettel M, Leger R, Rizzo N, Staples R, Roberts D. Ultrastructural Localization of a Cuticle-degrading
Protease Produced by the Entomopathogenic FungusMetarhizium anisopliae during Penetration of
Host (Manduca sexta) Cuticle. J Gen Microbiol. 1989; 135: 2233–2239.

37. Charnley A. Physiological aspects of destructive pathogenesis in insects by fungi: A speculative review.
In: Anderson J, Raymer A, Walton D, ^editors. Invertebrate-Microbial Interactions. London: Cambridge
University. 1984; 229–271.

38. Charnley A, Leger R. The Role of Cuticle-Degrading Enzymes in Fungal Pathogenesis in Insects. In:
Cole G, Hoch H, ^editors. The Fungal Spore and Disease Initiation in Plants and Animals: Springer
US. 1991; 267–286.

39. Charnley A. Fungal Pathogens of Insects: Cuticle Degrading Enzymes and Toxin. Adv Bot Res. 2003;
40: 241–321.

40. Kludkiewicz B, Kodrik D, Grzelak K, Nirmala X, Sehnal F. Structurally unique recombinant Kazal-type
proteinase inhibitor retains activity when terminally extended and glycosylated. Protein Expr Purif.
2005; 43: 94–102. PMID: 16095918

41. Eguchi M, Itoh M, Chou L, Nishino K. Purification and characterizationof a fungal protease specific pro-
tein inhibitor (FPI-F) in the silkworm haemolymph. Comp Biochem Physiol B. 1993; 104B: 537–544.

42. Kurioka A, Yamazaki M, Hirano H. Primary structure and possible functions of a trypsin inhibitor of
Bombyx mori. Eur J Biochem. 1999; 259: 120–126. PMID: 9914483

43. Kurioka A, Yamazaki M, Hirano H. Trypsin inhibitor polymorphism in the cocoon of the silkworm, Bom-
byx mori. J Seric Sci Jpn. 1999; 68: 397–403.

44. Nirmala X, Mita K, Vanisree V, Zurovec M, Sehnal F. Identification of four small molecular mass pro-
teins in the silk of Bombyx mori. Insect Mol Biol. 2001; 10: 437–445. PMID: 11881808

45. Yoshizaki L, Troncoso MF, Lopes JL, Hellman U, Beltramini LM, Wolfenstein-Todel C. Calliandra selloi
Macbride trypsin inhibitor: isolation, characterization, stability, spectroscopic analyses. Phytochemistry.
2007; 68: 2625–2634. PMID: 17651769

Cocoon Proteins Inhibit the Fungal Growth

PLOS ONE | DOI:10.1371/journal.pone.0151764 March 31, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16095918
http://www.ncbi.nlm.nih.gov/pubmed/9914483
http://www.ncbi.nlm.nih.gov/pubmed/11881808
http://www.ncbi.nlm.nih.gov/pubmed/17651769

