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Abstract: Many lepidopteran larvae produce silk feeding shelters and cocoons to protect themselves
and the developing pupa. As caterpillars evolved, the quality of the silk, shape of the cocoon, and
techniques in forming and leaving the cocoon underwent a number of changes. The silk of Pseudoips
prasinana has previously been studied using X-ray analysis and classified in the same category as that
of Bombyx mori, suggesting that silks of both species have similar properties despite their considerable
phylogenetic distance. In the present study, we examined P. prasinana silk using ‘omics’” technology,
including silk gland RNA sequencing (RNA-seq) and a mass spectrometry-based proteomic analysis
of cocoon proteins. We found that although the central repetitive amino acid sequences encoding
crystalline domains of fibroin heavy chain molecules are almost identical in both species, the resulting
fibers exhibit quite different mechanical properties. Our results suggest that these differences are
most probably due to the higher content of fibrohexamerin and fibrohexamerin-like molecules in P.
prasinana silk. Furthermore, we show that whilst P. prasinana cocoons are predominantly made of silk
similar to that of other Lepidoptera, they also contain a second, minor silk type, which is present
only at the escape valve.

Keywords: Bena prasinana; Bombycidae; Nolidae; phylogeny; transcriptomics; fibrohexamerins

1. Introduction

Many lepidopteran larvae produce silk serving in different forms as a protection of
their larval and pupal stages. The silk consists of a fibrous hydrophobic core formed by
fibroin molecules and a hydrophilic coating comprising adhesive proteins called sericins,
as well as additional proteins with antimicrobial functions [1]. The amino acid composition
of silk proteins greatly varies among Lepidoptera. The fibroin core consists of three fibroin
molecules. Fibroin heavy chain (Fib-H), and fibroin light chain (Fib-L) are attached via
a disulphide bond and their assembly is crucial for the intracellular transport of nascent
silk [2]. Fibrohexamerin or fibroin P25 (Fhx/P25), contributes to the formation of the high
molecular mass fibroin elementary units via hydrophobic interactions with the Fib-H and
Fib-L complexes [3].

In the 1960s, X-ray structural analysis was performed on a number of natural mate-
rials, including silks from about 30 species belonging to different groups of Lepidoptera.
According to the results, silks were divided into four classes depending on the composition
of the so-called crystalline regions of Fib-H, formed by amino acid residues in the beta-
conformation. These regions are responsible for the mechanical strength of the silk [4,5].
The crystalline regions are characterized by the intersheet packing distance of (3-sheet
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crystallites and their specific sequence motifs [5,6] as follows: class I, intersheet packing
distance of 9.3 A and alternating amino acids glycine and alanine or serine; class II, dis-
tance of 10 A and sequence ((Gly-Ala)x-Alay)y; class III, distance of 10.6 A and polyalanine
repeats; class IV (sometimes considered as atypical), distance of 15.0 A, with a low amount
of alanine residues and a high proportion of serine, glutamic acid, and aspartic acid [5,6].
The sequences of several class III fibroins have been elucidated and its previously predicted
polyalanine or alanine-serine regions were confirmed [7-9]. Furthermore, a recent study
describing silk from Eumeta (Clania) variegata, a class Il silk, contained ((Gly-Ala)x-Alay)n
chains as predicted [10]. The silk of Pseudoips prasinana (originally belonging to the genus
of Bena) has been placed in class I together with that of Bombyx mori; it has been suggested
that the silks of both species have a similar structure, both containing long stretches of
alternating glycine and alanine residues. The class I-X-ray structure of B. mori and P. prasi-
nana silks is rare among Lepidoptera and has so far only been found in these two unrelated
species (Figure S1).

P. prasinana is a nocturnal bivoltine moth from the family Nolidae belonging to the su-
perfamily Noctuoidea. It has a widespread distribution, occurring throughout the Palearctic
region, and inhabits various types of forest habitat, where it feeds mainly on beech and oak
leaves. Fully grown larvae are green and approximately 4 cm long (Figure 1A) and adults
have a wingspan 3040 mm. Pupation takes place in a boat-shaped parchment-like cocoon
(Figure 1B) on the underside of the leaf [11,12].

Figure 1. Pseudoips prasinana L. larva, cocoon and silk. (A) Last-instar larva. (B) Cocoon; arrow
on the right points to the exit valve. (C,D) Outer and (E,F) inner side of the cocoon escape valve,
examined using an optical microscope. (F) Arrowheads indicate the base of the newly detected
silk type. (G,H) Scanning electron micrographs of the escape valve from the outside. Scale-bars:
(C,E) 0.5 mm; (D,F) 0.2 mm; (G,H) 100 pum.
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Since the studies of the 1960s, many new methodological approaches have been de-
veloped, providing the opportunity to study physiology in much more detail, as well as
enabling systematic comparisons of biological systems that were not previously possible.
‘Omics’ technologies have revolutionized silk research, and are able to generate massive
datasets that cover transcribed genes and proteins of entire tissues, a significant improve-
ment over the traditional time-consuming isolation and analysis of single molecules [13]. In
the present study, we analyzed the protein composition of P. prasinana cocoons and detected
and annotated 136 proteins, included the proteins of the fibroin fraction as well as four
sericins, seroin, and protease inhibitors. Characterizing P. prasinana silk and comparing it
with that of B. mori will help to understand the mechanism of silk protein changes during
evolution as well as elicit the function of individual silk components. Our results show
that fibrohexamerin and fibrohexamerin-like genes expanded in P. prasinana, and therefore
likely cause the difference in mechanical properties between P. prasinana and B. mori silks.

2. Results
2.1. Compact Structure of P. prasinana Cocoons

Pseudoips prasinana cocoons are approximately 2.5 cm long and have the appearance
of parchment; they are more compact and thinner than those of B. mori. They also differ
from B. mori cocoons by having a boat shape with a wider anterior part ending in a pointed
thinned edge. The edge structure, which resembles a seam, serves as an escape valve for
the emerging adult (Figure 1B-H).

Further examination using light and scanning electron microscopy revealed that
P. prasinana silk filaments mostly form arched structures, indicating that the larva performs
semi-circular movements with its head during cocoon spinning (Figure 2A-H). In contrast,
the silk architecture at the seam region appears different and delimits the escape valve
opening. The opening is covered from the inner side of the cocoon by transparent ribbon-
like fibers. These ribbons are colorless, flat, and wider than the regular silk fibers which
make up the cocoon (the width of the ribbon silk is 58-69 um, while the main cocoon silk
has a diameter of 9-13 um). Their distal ends are glued to the inner side of the cocoon
around the escape valve, while the proximal part is loose and covers the opening. As
shown in Figure 1C,D,G,H, the ribbons are partially pushed outwards when the adult moth
passes through.

To find out more about the differences between P. prasinana and B. mori silks, we
prepared semi-thin sections for light microscopy. As shown in Figure 3A-D, P. prasinana silk
fibers are thinner than that of B. mori (9-13 um thick compared to 10-15 um, respectively).
The P. prasinana cocoon seems to contain fewer layers and a higher proportion of glue
components (Figure 3C). It is easy to distinguish the less stainable fibroin core from the
more stainable sericin cover in the sections (Figure 3C,D). The fibroin core of P. prasinana
silk in the figure has distinct parallel cracks that could be artifacts related to knife marks or
fibroin core shrinkage during dehydration.

2.2. Mechanical Strength Measurement

To compare the mechanical strength of P. prasinana silk with that of other silks, we
used three moth species: P. prasinana, B. mori, and A. yamamai. The tensile strength of
B. mori and A. yamamai silk was measured earlier, and A. yamamai fibers showed 22% lower
strength compared to B. mori fibers. As it was difficult to obtain fibers from the P. prasinana
cocoon, we released individual fiber pairs by degumming. The samples were heated in
glass beakers in distilled water for 15 min at 95 °C, then the solution was allowed to cool
to 50 °C and the process was repeated twice. First, we tested the tensile strength of fibers
which had been air-dried for 24 h. However, the P. prasinana fibers were quite brittle and it
was difficult to get reproducible data. We therefore shortened the drying time to 2 h, which
reduced the fiber fragility. The forces required to break the individual fibers are shown in
Figure 4. The results show that P. prasinana fibers are 42% and A. yamamai fibers are 23%
weaker than B. mori silk.
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Figure 2. Comparison of P. prasinana and B. mori silks using scanning electron microscopy.
(A-D) Outer and (E-H) inner sides of the cocoon. Images on the left (A,C,E,G) show that of
P. prasinana whilst images on the right (B,D,F,H) are from B. mori. Scale-bars: (A,B,EF) 100 pum;

(C,D,G,H) 10 um.
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Figure 3. Light microscopy of toluidine-blue stained semi-thin sections of (A,C) P. prasinana and (B,D) B. mori cocoons. The
inner fibroin (lighter) and outer sericin (darker) layers can be distinguished. Arrowheads in the figure C point to parallel
cracks that could be artifacts related to knife marks. Scale-bars: (A,B) 20 um; (C,D) 5 um.
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Figure 4. Tensile properties of P. prasinana, B. mori and A. yamamai silk fibers tested after degumming
and drying for 2 h. At least four tests were carried out for each fiber type. Error bars indicate standard
error of the mean. Asterisk indicates a statistically significant difference (p < 0.05), N.S. indicates not
significant (p > 0.05).
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2.3. Transcriptome Construction, Proteomic Analysis

In order to characterize P. prasinana silk at the molecular level, we prepared a silk
gland-specific cDNA library. We sequenced more than 16 million reads, which were
assembled into 21,000 contigs. We then used local BLAST in BioEdit (v.7.2) software to
search for Fib-H, Fib-L, Fhx/P25, and sericin homologs. To analyze silk components, we
performed a proteomic analysis of the cocoon. First, the cocoon was dissolved in urea,
trypsinized, and then analyzed by chromatography coupled to tandem mass spectrometry,
as described in Materials and Methods. The resulting peptide spectra were identified using
the protein database derived from our transcriptome.

A proteomic analysis of the P. prasinana silk revealed 136 protein components, which
were annotated using searches against the NCBI non-redundant database (Supplementary
Materials Table S1). These proteins included structural silk components containing signal
peptides, together with non-secretory cellular proteins (ribosomal and cytoskeletal proteins,
enzymes) and 32 incomplete unidentified short protein fragments. Out of the 136 compo-
nents, 59 (43.3 %) contained signal peptides, 33 had homologs in other moth species (which
were not associated with silk, i.e., enzymes, hemolymph proteins), 26 mostly corresponded
to proteins with homology in other moth silks (see Supplementary Materials Table S52)
including Fib-H, Fib-L, 14 were fibrohexamerins and fibrohexamerin-like proteins, two
were sericins (two more putative sericins were identified at the transcriptomic level), one
was a seroin, and two were zonadhesin- like proteins. The remaining five proteins were
completely unknown.

As shown in Supplementary Materials Table S2, most P. prasinana silk components are
hydrophilic, except for Fib-L. The most hydrophilic proteins are sericins. The sequences
of large proteins containing repetitive regions are incomplete due to difficulty in assem-
bling. Some silk proteins showed characteristic proportions of amino acid residues. The
most abundant amino acid in Fib-H is Gly, followed by Ala and Ser, while Fib-L is the
richest in Ala, Leu, and Val. In particular, Leu was also found to be very common in all
fibrohexamerin-like proteins. Sericins usually contain a high proportion of Ser, whilst
zonadhesin-like proteins are rich in Cys (Supplementary Materials Table S2).

2.4. Major Silk Structural Proteins and Their Phylogenetic Relationships

In order to identify evolutionary relationships among silk proteins, we performed a
phylogenetic analysis and reconstructed dendrograms based on the Maximum Likelihood
(ML) method. The sequence alignments of the central repetitive fibroin-H sequence between
P. prasinana and B. mori showed close similarity (more than 72% amino acid identity
in the central repeat region of 250 amino acid residues). P. prasinana Fib-H contained
long stretches of GAGA motifs, which are also typical for the B. mori crystalline region
(Supplementary Materials Figure S2). However, unlike silkworm Fib-H, P. prasinana Fib-H
did not contain amorphous regions and, conversely, contained slightly more serine and
tryptophan residues dispersed within the repeats, making the molecule less hydrophobic
(Supplementary Materials Table S3).

The phylogenetic analysis of Fib-H protein sequences assigned P. prasinana Fib-H
to the same cluster as B. mori due to the high similarity in repeated regions. Thus, the
Fib-H gene tree does not follow the species tree and rather reflects adaptive changes and
convergent evolution (Figure 5). In contrast, the developmental history of Fib-L shows no
peculiarity and its cladogram corresponds to that of the species. P. prasinana Fib-L shares
60% amino acid identity with B. mori Fib-L (Supplementary Materials Figure S3).
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Figure 5. Comparison of available Fib-H protein sequences (left). The P. prasinana (PP) Fib-H sequence (blue dot) is more
similar to that of B. mori (BM) and B. mandarina (BMA), these three sequences form a single well-supported cluster based
on the similar structure of their crystal region (Class I sequences are marked by red text). Fib-H sequence from Antheraea
yamamai (AY), another representative of superfamily Bombycoidea, forms one well supported cluster with two sequences
from Noctuoidea (Spodoptera frugiperda, SF, and Trichoplusia ni, TN). Based on crystal region structure they all belong to Class
III (text marked by violet), including the outgroup sequence from the pyralid moth, Galleria mellonella (GM). Corresponding
species tree with time divergence of nodes is shown on the right. All species from Bombycoidea superfamily have branches
highlighted in green and all species from Noctuoidea superfamily have branches highlighted in blue (Mya = million years
ago). Fib-H tree (ML) exhibits full resolution and good statistical support. Branches with statistical support (aBayes values)
higher than 70 are marked with asterisks.

Interestingly, P. prasinana silk contains a dramatically higher number of fibrohexam-
erins and fibrohexamerin-like proteins compared to silks of other Lepidoptera. Their
molecular weight ranges from 21 to 28 kDa and they tend to be hydrophilic. The phy-
logenetic analysis revealed that fibrohexamerin proteins form two main groups: bona
fide fibrohexamerins (close homologs of B. mori P25), and fibrohexamerin-like proteins
(Figure 6). The bona fide fibrohexamerins (P25 proteins) in most other species, including
B. mori as well as some studied noctuoid species, are encoded by a single copy gene [14].
In contrast, we found six bona fide Fhx/P25 paralogs in P. prasinana, which is unique
among Lepidoptera. In addition, the duplication also occurred in the other group of
fibrohexamerin-like proteins. P. prasinana thus has more fibrohexamerin-like homologs
than B. mori (8 vs. 6) or indeed any other moth studied to date. In addition, the branching
of the cladogram showed two species-specific clusters in P. prasinana, thus supporting the
idea that both fibrohexamerin groups expanded quite recently.

We found only two sericins, Src1A and SrclB, in the P. prasinana cocoon by proteomic
methods. These seem to be orthologs of B. mori sericin 1, which are characterized by two
conserved cysteine residues of the CXCX motif near the C-termini. We also searched our
transcriptome by running a local BLAST search using known sequences of sericins from
other moths. We detected at least two other putative sericin proteins, named Src2 and Src3,
which contained putative signal peptides, repetitive sequences in the central part of the
molecule and a high percentage of serine residues (Supplementary Materials Table S2). The
phylogenetic analysis confirmed that these two additional sericins are related to sericin 2
from B. mori (Supplementary Materials Figure S4).
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Figure 6. Expansion of fibrohexamerins and fibrohexamerin-like proteins in P. prasinana. The
dendrogram also contains sequences from several members of the superfamily Bombycoidea (shown
with green lines; B. mori, BM; B. mandarina, BMA; Manduca sexta, MS; Dendrolimus spectabilis, DS;
Samia ricini, SR; Hyalophora cecropia, HC) and Noctuoidea (shown with blue lines; S. litura, SL; Heliothis
virescens, HV; Helicoverpa armigera, HA; T. ni, TN). Pseudoips prasinana (PP) sequences are highlighted
by blue dots whilst sequences from its closest studied relative, A. plantaginis (AP), are highlighted by
black dots. The maximum-likelihood method was used to reconstruct the phylogeny. Branches with
statistical support (Bayes values) higher than 70 are marked with asterisks.
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3. Discussion

Lepidopteran caterpillars produce silk from a pair of labial glands in the form of two
filaments. Both filaments are aligned and sealed together into a fiber by sericin adhesives
during its passage through the common spinneret [15]. The diameter of the spun-out
silk increases with age and developmental stage. The tensile strength of silk materials
depends mainly on its crystallites, highly organized (3-sheet structures in Fib-H [16,17].
The amino acid sequences of the central repetitive regions of P. prasinana and B. mori Fib-H
forming the crystallites are almost identical, even though the moth species are not closely
related. The estimated separation of Noctuoidea and Bombycoidea occurred during the
Cretaceous period approximately 70 million years ago. Both fibroins are of an unusual type,
characterized by high glycine content, followed by alanine, serine, and tyrosine [4]. The
glycine residues alternate with alanine in the crystalline regions, thus allowing a special
arrangement with the small intersheet packing distance of 9.3 A characteristic for group I
fibroins or group I silks [5].

Our measurements of the tensile strength of B. mori and A. yamamai fibers showed
significantly lower values compared to that of previous studies [18,19]. This might be
due to the relatively harsh degumming methodology used in our experiments, which
may have affected their mechanical properties [20]. Importantly, the difference in relative
tensile strength was significant, with P. prasinana fibers much weaker than that of B. mori.
Class I silks such as these are supposed to be stiff in comparison to other silks based
on measurements in B. mori [19]. Overall, P. prasinana fibers did not show any obvious
structural difference from that of B. mori, which would explain its low tensile strength.
We hypothesize that the observed low tensile strength is related to the high proportion
of Fhx /P25 and Fhx-like proteins in the silk core. Alternatively, P. prasinana silk might be
more sensitive to the degumming process than that of B. mori and A. yamamai.

The role of Fhx /P25 and Fhx-like proteins in the silk core is not clear. Studies on B. mori
Fhx/P25 suggested that they are responsible for the efficient secretion of fibroin complexes
from posterior silk gland (PSG) cells into the lumen, as well as maintaining the solubility
of fibroin complexes during luminal transport [21]. It was previously shown in B. mori that
Fib-H and -L chains, as well as Fhx/P25, were all present in the endoplasmic reticulum
(ER) fraction of PSG cells and the remaining Fhx/P25 which was not assembled into the
fibroin elementary unit stayed in the ER [22]. Interestingly, previous experiments with
transgenic silkworms carrying a truncated Fib-H variant chimeric Fib-H-GFP suggested
that its C-terminal region interacting with Fib-L was not needed for the secretion of the
chimeric protein. However, such truncated Fib-H containing the intact N-terminal Fib-H
region could still interact with Fhx/P25 [23]. Since all 14 Fhx/P25 and Fhx-like proteins
were detected in the P. prasinana cocoon, they may all interact with the Fib-H or Fib-H-Fib-L
complexes as a part of the silk core.

Interestingly, the expression of other Fhx-like proteins in B. mori (e.g., XM_004922580
(BMSK0008085) or XM_004922578 (BMSK0008085)) predominantly occur outside of the silk
glands (e.g., in the larval trachea or epidermis) [24]. Fhx-like genes in a more primitive
lepidopteran species, Tineola bisseliella Fhx1 and Fhx2, are expressed predominantly in the
middle silk gland (MSG) [14]. Such differences in tissue specificity suggest that at least
some of the Fhx/P25 and Fhx-like proteins may play roles other than interacting with
fibroin complexes within the PSG.

The beta sheet structures in the Fib-H molecule are responsible for fiber strength
and, due to the limited number of possible conformations, the same structures can appear
in distant species (Figure S1) [4]. The presence of beta sheets in the Fib-H molecule
may sometimes represent a significant structural limitation to the amino acid sequence,
making adaptive changes difficult. It has previously been suggested that the extraordinary
mechanical properties of silk from some species may be incidental and exceed the functional
requirements of the species [25]. A high proportion of Fhx proteins in the silk might change
the mechanical properties of the entire complex. A high proportion of Fhx protein caused
by gene multiplication might be an adaptation to the desired lower silk strength. Clade-
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specific gene duplications or gene losses seem to be a common strategy for improving the
silk properties of Lepidoptera. For example, sericin gene multiplication was observed in
Galleria mellonella [26] and the loss of Fib-L. and Fhx /P25 was observed in the saturniid
family [27].

The cocoon of P. prasinana seems to be unique in that it contains two distinct fibers of
different morphology, both in structure and diameter (Figure 1A-H). The major cocoon
silk is quite similar to that of other Lepidoptera: the fibers are uniform, with a diameter
of 9-13 um. However, a second type of fiber exists in a much lower quantity. It has a
ribbon-like morphology and is localized at the inner anterior side of the cocoon around the
escape valve. Such ribbon fibers have not been observed in any other Lepidoptera to date.
Our results show that it might be specific for P. prasinana, serving as a fine flexible protective
inner cover for the escape valve. The ribbons are flat, transparent, and have a width of
58-69 um. The ribbon fibers are attached distally at the inner cocoon wall and become
loose as they extend across the escape valve by forming fringe curtains (Figure 1). The
localization of ribbon silk suggests that it was added at the end of spinning. The different
morphology of these ribbon-like fibers indicates that they may not be products of the
labial silk glands, but rather some other larval secretory gland (possibly maxillary glands).
P. prasinana cocoons may therefore contain products of two distinct secretory glands. A
detailed analysis is needed to clarify the composition and origin of the ‘ribbon silk’.

We describe herein a number of novel silk proteins from the noctuoid moth P. prasinana,
which has an X-ray silk structure very similar to that of B. mori. We show that, despite
the close sequence similarity between Fib-H molecules of P. prasinana and B. mori, the
resulting fibers exhibit quite different mechanical properties. We observed multiplication
of Fhx/P25 and Fhx-like genes, which may be responsible for the lower tensile strength
of P. prasinana silk. Moreover, P. prasinana cocoon contains two distinct fibers, which may
represent products of two different larval secretory glands. This study will improve our
understanding the role and evolution of silk components.

4. Materials and Methods
4.1. Insects

Two female P. prasinana were collected during a light trapping program in June 2017 in
Bonyhad (Hungary). The eggs hatched 14 days after laying, and the larvae were fed with
oak leaves for 8 weeks. Larvae of the B. mori polyvoltine line N4 were obtained from the
Institute of Zoology, Bratislava (Slovakia) and kept at low density on an artificial diet (Nihon
Nosan Corporation, Yokohama, Japan) or mulberry leaves at 25 °C. The breeding material of
Antheraea yamamai was purchased from Worldwide Butterflies (https://www.wwb.co.uk).

4.2. Histology and Scanning Electron Microscopy

Semi-thin cocoon sections were prepared as previously described [26]. Briefly, pieces
of cocoon were prepared in phosphate buffered saline (PBS) and fixed in 2.5% glutaralde-
hyde/PBS overnight at 4 °C. The samples were washed and sequentially dehydrated by
adding acetone to PBS at increasing concentrations (30%, 50%, 70%, 80%, 90%, 95%, and
100%), with 15 min incubation for each stage. The dehydrated samples were embedded
in Epon resin and left in undiluted resin for 24 h at room temperature and for 48 h at
62 °C. Semi-thin sections were cut with a glass knife and stained with toluidine blue and
viewed under a light microscope. Macrophotographs were taken using a D5600 digital
camera (Nikon) and SZX16 stereomicroscope (Olympus). The final images were created by
merging several Z stacks.

Scanning electron microscopy was performed as described in a previous study by
Zurovec et al. [28]. Cocoon pieces were glued to aluminium holders, sputter-coated with
gold, and analyzed with a JSM-7401F scanning electron microscope (Jeol).
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4.3. Measurement of Silk Fiber Mechanical Strength

The cocoons of P. prasinana, B. mori and A. yamamai were soaked in hot water (3 X 15 min)
to dissolve sericins and thus release fibers from the cocoon wall. Silk fibers were collected
from the outer surface of the cocoon and were then air-dried at room temperature, ei-
ther overnight or for 2 h. Fiber diameter was measured under a BX51 light microscope
(Olympus) equipped with Nomarski optics. For mechanical testing, fibers approximately
2 cm long were individually attached to the mounting surfaces of the testing apparatus,
which measured the force of lifting a weight on miniature scales. The diameter of the
spun fiber was measured at 8 locations along its length, with the cross-sectional area as-
sumed as circular. The fiber was pulled at a constant speed of 0.5 mm/s with a slowly
rotating motor and the force to which it was exposed was read on a computer as a reduc-
tion of the original weight load. The measurements were terminated when the fiber was
pulled apart. The tensile tests were statically analyzed by one-way analysis of variance
(Supplementary Materials Table S54).

4.4. Transcriptome Preparation and Analysis

RNA isolation, synthesis of cDNA libraries and RNA sequencing were performed as
previously described [28]. Total RNA from the dissected larval silk glands of P. prasinana
was isolated using Trizol reagent (Life Technologies, Carlsbad, CA, USA) and used to
prepare cDNA libraries for the Illumina sequencing platform. rRNA was removed using
“A RiboMinus Eukaryote Kit for RNA-Seq” (Ambion, Austin, TX, USA). poly-A mRNA was
enriched using a Dynabeads Oligo (dT),s mRNA Purification Kit (Thermo Fisher Scientific,
Waltham, MA, USA), and the cDNA library was prepared with a NEXTflex Rapid RNA-Seq
Kit (Bioo Scientific, Austin, TX, USA). Sequencing was performed using a MiSeq instrument
(IIIumina, San Diego, CA, USA), producing sequences in the 2 x 150 nt pair-end format.
A total of 1.6 x 107 reads were assembled de novo using Trinity software (v.2.9.1) on the
Galaxy platform [29] set on the default options and a minimum allowed length of 200 bp.
The transcriptome database served for manual searches of homologs of known silk proteins
from other species by local BLAST in BioEdit (v.7.2) software [30] and also as a backbone
for the identification of tryptic peptides in MS spectrometry. The nucleotide sequences
were uploaded to NCBI GenBank under the codes MW373748-MW373775.

4.5. Protein Extraction and Identification of Protein Fragments by Mass Spectrometry

About 10 mg of P. prasinana silk was dissolved in 8 M urea and further processed
using SP3 beads, according to Hughes et al. [31]. Briefly, after washing, the samples were
trypsinized overnight, acidified with formic acid to 1% final concentration, and peptides
were desalted using C18 disks (Empore) according to Rappsilber et al. [32]. The samples
for LC/MS analysis were processed as described previously [33]. Max Quant and its
search engine Andromeda [34] were used to search MS/MS spectra against the P. prasinana
database on the basis of RNA-Seq data. Further data analysis was performed using Perseus
software (v.1.5.2.4) [35].

4.6. Phylogenetic Analysis

Protein sequences were aligned with the MUSCLE algorithm [36]. For each protein
alignment the best model (WAG + G+F) was chosen by Smart Model Selection (SMS) [37]
according to the lowest Bayesian information criterion (BIC) scores. The resulting aligned
matrix was manually trimmed. Phylogenetic maximume-likelihood (ML) analysis was
carried out using the original algorithm, Nearest Neighbor Interchange (NNI), in PhyML
(v.3.0) [38]. MEGA-X software [39] was used to graphically adjust the phylogenetic trees.
Branch support (aBayes values) higher than 70 is marked on the phylogenetic trees with
asterisks (*).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22158246/s1.


https://www.mdpi.com/article/10.3390/ijms22158246/s1
https://www.mdpi.com/article/10.3390/ijms22158246/s1

Int. . Mol. Sci. 2021, 22, 8246 12 0f 13

Author Contributions: M.R,, LK., LR, HS., M.S.,, M.H., PK,, and M.Z. performed the experiments,
analyzed and interpreted the data, and wrote the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by European Community’s Programme Interreg Bayern
Tschechische Republik Ziel ETZ 2021-2022 no. 331. We also acknowledge the core facility Laboratory
of Electron Microscopy, Biology Centre CAS supported by MEYS CR (LM2018129 Czech-Biolmaging)
and ERDF (No. CZ.02.1.01/0.0/0.0/16_013/0001775). This publication is supported by the project
“BIOCEV—Biotechnology and Biomedicine Centre of the Academy of Sciences and Charles Univer-
sity” (CZ.1.05/1.1.00/02.0109), from the European Regional Development Fund. P.K. was supported
by the European Regional Development Fund-Project “Mechanisms and dynamics of macromolecular
complexes: from single molecules to cells” (no. CZ.02.1.01/0.0/0.0/15_003/0000441).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All datasets are provided within the manuscript itself or the electronic
Supplementary Material.

Acknowledgments: We would like to thank Csaba Gaspar (Forest Research Institute, University of
Sopron, Hungary) for kindly providing us with the P. prasinana breeding material, Jitka Pflegerova
(Biology Centre CAS, Budweis, Czechia) for helping us with the semi-thin cocoon sections and
electron microscopy, Ken Palmer (Norfolk Moths, United Kingdom) for providing us with P. prasinana
cocoon photography (see Figure 1B) and Chris Raper (Natural History Museum London, UK) for his
help with language corrections.

Conflicts of Interest: Authors declare that they have no competing interest.

References

1. Sehnal, F.; Zurovec, M. Construction of silk fiber core in Lepidoptera. Biomacromolecules 2004, 5, 666-674. [CrossRef]

2. Takei, F; Kikuchi, Y.; Kikuchi, A.; Mizuno, S.; Shimura, K. Further evidence for importance of the subunit combination of silk
fibroin in its efficient secretion from the posterior silk gland cells. J. Cell. Biol. 1987, 105, 175-180. [CrossRef] [PubMed]

3. Tanaka, K,; Inoue, S.; Mizuno, S. Hydrophobic interaction of P25, containing Asn-linked oligosaccharide chains, with the H-L
complex of silk fibroin produced by Bombyx mori. Insect. Biochem. Mol. Biol. 1999, 29, 269-276. [CrossRef]

4. Lucas, E; Rudall, K. M. Extracellular Fibrous Proteins: The silks. In Comprehensive Biochemistry; Florkin, M., Stotz, E.H., Eds.;
Elsevier: Amsterdam, The Netherlands, 1968; Volume 26, pp. 475-558.

5. Craig, C.L. Evolution of arthropod silks. Annu. Rev. Entomol. 1997, 42, 231-267. [CrossRef] [PubMed]

6.  Warwicker, ].O. Comparative Studies of Fibroins. II. The Crystal Structures of Various Fibroins. J. Mol. Biol. 1960, 2, 350-362.
[CrossRef]

7.  Hwang,].S,; Lee, ].S.; Goo, TW.; Yun, E.Y,; Lee, K.S.; Kim, Y.S; Jin, B.R.; Lee, S.M.; Kim, K.Y.; Kang, S.W,; et al. Cloning of the
fibroin gene from the oak silkworm, Antheraea yamamai and its complete sequence. Biotechnol. Lett. 2001, 23, 1321-1326. [CrossRef]

8. Sezutsu, H.; Yukuhiro, K. Dynamic rearrangement within the Antheraea pernyi silk fibroin gene is associated with four types of
repetitive units. J. Mol. Evol. 2000, 51, 329-338. [CrossRef]

9. Zurovec, M.; Sehnal, F. Unique molecular architecture of silk fibroin in the waxmoth, Galleria mellonella. |. Biol. Chem. 2002, 277,
22639-22647. [CrossRef]

10. Tsubota, T.; Yoshioka, T.; Jouraku, A.; Suzuki, T.K.; Yonemura, N.; Yukuhiro, K.; Kameda, T.; Sezutsu, H. Transcriptomic analysis
of the bagworm moth silk gland reveals a number of silk genes conserved within Lepidoptera. Insect Sci. 2020, 28, 885-900.
[CrossRef]

11.  Lussi, H.G. Chloephorinae, Noctuidae. In Die Schmetterlinge Baden-Wurttembergs; Bartsch, D., Ed.; Eugen Ulmer Verlag: Stuttgart,
Germany, 1997; Volume 5, pp. 523-527.

12.  Fibiger, M.; Ronkay, L.; Steiner, A.; Zilli, A. Pantheinae—Bryophilinae. In Noctuidae Europaeae; Apollo Books; Entomological Press:
Soro, Denmark, 2009; Volume 11, pp. 123-124.

13. Davey, P.A ; Power, A.M.; Santos, R.; Bertemes, P.; Ladurner, P; Palmowski, P; Clarke, J.; Flammang, P.; Lengerer, B.; Hennebert,
E.; et al. Omics-based molecular analyses of adhesion by aquatic invertebrates. Biol. Rev. 2021, 96, 1051-1075. [CrossRef]

14. Rouhova, L.; Kludkiewicz, B.; Sehadova, H.; Sery, M.; Kucerova, L.; Konik, P.; Zurovec, M. Silk of the common clothes moth,
Tineola bisselliella, a cosmopolitan pest belonging to the basal ditrysian moth line. Insect Biochem. Mol. Biol. 2021, 130, 103527.
[CrossRef]

15. Sehnal, F,; Craig, C. Silk Production. In Encyclopedia of Insects, 2nd ed.; Resh, V.H., Cardé, R.T., Eds.; Academic Press: Burlington,
MA, USA; London, UK, 2009; p. 924.

16. Peng, Z.; Yang, X,; Liu, C.; Dong, Z.; Wang, F; Wang, X.; Hu, W.; Zhang, X.; Zhao, P; Xia, Q. Structural and mechanical properties

of silk from different instars of Bombyx mori. Biomacromolecules 2019, 20, 1203-1216. [CrossRef]


http://doi.org/10.1021/bm0344046
http://doi.org/10.1083/jcb.105.1.175
http://www.ncbi.nlm.nih.gov/pubmed/3611183
http://doi.org/10.1016/S0965-1748(98)00135-0
http://doi.org/10.1146/annurev.ento.42.1.231
http://www.ncbi.nlm.nih.gov/pubmed/15012314
http://doi.org/10.1016/S0022-2836(60)80046-0
http://doi.org/10.1023/A:1010542011150
http://doi.org/10.1007/s002390010095
http://doi.org/10.1074/jbc.M201622200
http://doi.org/10.1111/1744-7917.12846
http://doi.org/10.1111/brv.12691
http://doi.org/10.1016/j.ibmb.2021.103527
http://doi.org/10.1021/acs.biomac.8b01576

Int. . Mol. Sci. 2021, 22, 8246 13 0f 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Keten, S.; Xu, Z.; Ihle, B.; Buehler, M.]. Nanoconfinement controls stiffness, strength and mechanical toughness of beta-sheet
crystals in silk. Nat. Mater. 2010, 9, 359-367. [CrossRef]

Denny, M.W. Silks-Their Properties and Functions. In The Mechanical Properties of Biological Materials; Vincent, ].EV., Currey, ].D.,
Eds.; Cambridge University Press: Cambridge, UK, 1980; Volume 34, pp. 247-272.

Numata, A.; Sato, R.; Yazawa, K.; Hikima, T.; Masunaga, H. Crystal structure and physical properties of Antheraea yamamai silk
fibers: Long poly(alanine) sequences are partially in the crystalline region. Polymer 2015, 77, 87-94. [CrossRef]

Feng, Y,; Lin, J.; Niu, L.; Wang, Y,; Cheng, Z.; Sun, X.; Li, M. High molecular weight silk fibroin prepared by papain degumming.
Polymers 2020, 12, 2105. [CrossRef] [PubMed]

Inoue, S.; Tanaka, K.; Arisaka, F.; Kimura, S.; Ohtomo, K.; Mizuno, S. Silk fibroin of Bombyx mori is secreted, assembling a
high molecular mass elementary unit consisting of H-chain, L-chain, and P25, with a 6:6:1 molar ratio. J. Biol. Chem. 2000, 275,
40517-40528. [CrossRef] [PubMed]

Inoue, S.; Tanaka, K.; Tanaka, H.; Ohtomo, K.; Kanda, T.; Imamura, M.; Quan, G.X,; Kojima, K.; Yamashita, T.; Nakajima, T.; et al.
Assembly of the silk fibroin elementary unit in endoplasmic reticulum and a role of L-chain for protection of alphal,2-mannose
residues in N-linked oligosaccharide chains of fibrohexamerin/P25. Eur. J. Biochem. 2004, 271, 356-366. [CrossRef] [PubMed]
Long, D.; Lu, W,; Zhang, Y.; Guo, Q.; Xiang, Z.; Zhao, A. New insight into the mechanism underlying fibroin secretion in
silkworm, Bombyx mori. FEBS ]. 2015, 282, 89-101. [CrossRef]

Xia, Q.; Zhou, Z.; Lu, C.; Cheng, D.; Dai, F; Li, B.; Zhao, P; Zha, X.; Cheng, T.; Chai, C.; et al. A draft sequence for the genome of
the domesticated silkworm (Bombyx mori). Science 2004, 306, 1937-1940.

Sutherland, T.D.; Young, ]. H.; Weisman, S.; Hayashi, C.Y.; Merritt, D.J. Insect silk: One name, many materials. Annu. Rev. Entomol.
2010, 55, 171-188. [CrossRef]

Kludkiewicz, B.; Kucerova, L.; Konikova, T.; Strnad, H.; Hradilova, M.; Zaloudikova, A.; Sehadova, H.; Konik, P.; Sehnal, E,;
Zurovec, M. The expansion of genes encoding soluble silk components in the greater wax moth, Galleria mellonella. Insect Biochem.
Mol. Biol. 2019, 106, 28-38. [CrossRef]

Tanaka, K.; Mizuno, S. Homologues of fibroin L-chain and P25 of Bombyx mori are present in Dendrolimus spectabilis and Papilio
xuthus but not detectable in Antheraea yamamai. Insect Biochem. Mol. Biol. 2001, 31, 665-677. [CrossRef]

Zurovec, M.; Yonemura, N.; Kludkiewicz, B.; Sehnal, F.; Kodrik, D.; Vieira, L.C.; Kucerova, L.; Strnad, H.; Konik, P.; Sehadova, H.
Sericin composition in the silk of Antheraea yamamai. Biomacromolecules 2016, 17, 1776-1787. [CrossRef] [PubMed]

Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Gruning, B.A.; et al.
The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018, 46,
W537-W544. [CrossRef] [PubMed]

Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98 /NT. Nucl.
Acids Symp. Ser. 1999, 41, 95-98.

Hughes, C.S.; Foehr, S.; Garfield, D.A.; Furlong, E.E.; Steinmetz, L.M.; Krijgsveld, J. Ultrasensitive proteome analysis using
paramagnetic bead technology. Mol. Syst. Biol. 2014, 10, 757. [CrossRef] [PubMed]

Rappsilber, J.; Mann, M.; Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat. Protoc. 2007, 2, 1896-1906. [CrossRef]

Kludkiewicz, B.; Takasu, Y.; Fedic, R.; Tamura, T.; Sehnal, F.; Zurovec, M. Structure and expression of the silk adhesive protein
Ser2 in Bombyx mori. Insect Biochem. Mol. Biol. 2009, 39, 938-946. [CrossRef]

Cox, J.; Neuhauser, N.; Michalski, A.; Scheltema, R.A.; Olsen, ].V.; Mann, M. Andromeda: A peptide search engine integrated into
the MaxQuant environment. J. Proteome Res. 2011, 10, 1794-1805. [CrossRef]

Tyanova, S.; Temu, T.; Sinitcyn, P; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; Cox, J. The Perseus computational platform for
comprehensive analysis of (prote)omics data. Nat. Methods 2016, 13, 731-740. [CrossRef] [PubMed]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792-1797. [CrossRef] [PubMed]

Lefort, V.; Longueville, J.E.; Gascuel, O. SMS: Smart model selection in PhyML. Mol. Biol Evol. 2017, 34, 2422-2424. [CrossRef]
[PubMed]

Guindon, S.; Dufayard, J.E; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307-321. [CrossRef] [PubMed]
Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]


http://doi.org/10.1038/nmat2704
http://doi.org/10.1016/j.polymer.2015.09.025
http://doi.org/10.3390/polym12092105
http://www.ncbi.nlm.nih.gov/pubmed/32947834
http://doi.org/10.1074/jbc.M006897200
http://www.ncbi.nlm.nih.gov/pubmed/10986287
http://doi.org/10.1046/j.1432-1033.2003.03934.x
http://www.ncbi.nlm.nih.gov/pubmed/14717703
http://doi.org/10.1111/febs.13105
http://doi.org/10.1146/annurev-ento-112408-085401
http://doi.org/10.1016/j.ibmb.2018.11.003
http://doi.org/10.1016/S0965-1748(00)00173-9
http://doi.org/10.1021/acs.biomac.6b00189
http://www.ncbi.nlm.nih.gov/pubmed/27049111
http://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
http://doi.org/10.15252/msb.20145625
http://www.ncbi.nlm.nih.gov/pubmed/25358341
http://doi.org/10.1038/nprot.2007.261
http://doi.org/10.1016/j.ibmb.2009.11.005
http://doi.org/10.1021/pr101065j
http://doi.org/10.1038/nmeth.3901
http://www.ncbi.nlm.nih.gov/pubmed/27348712
http://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://doi.org/10.1093/molbev/msx149
http://www.ncbi.nlm.nih.gov/pubmed/28472384
http://doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Compact Structure of P. prasinana Cocoons 
	Mechanical Strength Measurement 
	Transcriptome Construction, Proteomic Analysis 
	Major Silk Structural Proteins and Their Phylogenetic Relationships 

	Discussion 
	Materials and Methods 
	Insects 
	Histology and Scanning Electron Microscopy 
	Measurement of Silk Fiber Mechanical Strength 
	Transcriptome Preparation and Analysis 
	Protein Extraction and Identification of Protein Fragments by Mass Spectrometry 
	Phylogenetic Analysis 

	References

