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This thesis focuses on the silk components of the Mediterranean moth, Ephestia kuehniella, 

and the discovery of a novel silk gene, P150/ser6, in the silkworm, Bombyx mori. We 

analyzed and described the cocoon silk components in both species. In the first publication, 

we combined transcriptomic, genomic, and proteomic approaches to identify silk proteins in 

E. kuehniella. In the second publication, we described the discovery of gene P150/sericin6 in 

B. mori based on microsynteny analysis. 
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Introduction 

Overview 

     Silk is composed of polymers secreted by ectodermal glands in organisms such as Insecta, 

Arachnida, and Myriapoda (Sehnal and Žurovec, 2004). The use of natural silk dates back 

approximately 5,000 years when the silkworm Bombyx mori was domesticated from the wild 

silkworm B. mandarina (Underhill, 1997). Biologically, organisms produce silk for various 

purposes. Ballooning, which involves aerial dispersal using silk, has been documented in the 

lepidopteran superfamily Tineoidea, Yponomeutoidea, Gelechioidea, Cossoidea, Sesioidea, 

Tortricoidea, Pyraloidea, Geometroidea, and Noctuoidea (Bell et al., 2005). In the case of the 

green lacewing Nineta flava (Neuroptera), females produce silk to create an egg stalk that 

aids in attaching eggs to the leaves of the host plant (Lucas et al., 1957). The pyralid moth 

Bradyrrhoa gilveolella is renowned for constructing feeding tubes to facilitate larval foraging 

(Caresche and Wapshere, 1975). Many moths construct silk cocoons during the late-instar 

larval stage to shield pupae from bacterial infections and potential predation during 

metamorphosis (Offord et al., 2016). Thanks to its impressive extensibility, tensile strength, 

sustainability, and biodegradability, silk has long been considered an exemplary material for 

high-performance artificial fibers and is widely utilized in the arms industry, biomedicine, 

composite materials manufacturing, and cosmetics industry (Holland et al., 2019; Eom et al., 

2020; Das et al., 2021; Siengchin, 2023). 

 

Silk components and structure 

     Silk of B. mori is synthesized in silk glands (SGs), a pair of tubular-shaped, highly 

specialized labial glands. SG is divided into three compartments with distinct boundaries: 

posterior silk gland (PSG), middle silk gland (MSG), and anterior silk gland (ASG), each of 

which constitutes approximately 350, 255, and 520 cells (Perdrix-Gillot, 1979). The fibrous 

core protein, fibroin, is synthesized in the PSG and subsequently moved into the MSG and 

coated with the glue protein sericin. After being transported to the ASG, the condensed, 

aqueous proteins undergo a phase transition and are converted to solid fibers and spun at the 

spinneret (Wang et al., 2017). 
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     The natural silk is composed of the core protein, fibroin, and the glue protein, sericin. 

Fibroin is a macromolecular complex, which typically consists of three proteins: fibroin 

heavy chain (FibH, 350 kDa), fibroin light chain (FibL, 26 kDa), and glycoprotein P25/ 

Fibrohexamerin (P25, approximately 30 kDa). By comparing the genomic and cDNA 

sequences of two naked pupa mutant strains, Nd-s and Nd-sD, to the sequences of the wild-

type strain J-139, it was shown that a disulfide bond plays a crucial role in associating the 

residue Cys-c20 of FibH and the residue Cys-172 of FibL (Mori et al., 1995). Mutants 

carrying homozygous FibL mutant alleles Nd-sD fail to combine the FibH and FibL proteins, 

which severely decreases the amount of fibroin production to less than 0.3% (Takei et al., 

1987). P25, on the other hand, is not associated with FibH via covalent bonds but via 

hydrophobic interactions; it contains Asn-linked oligosaccharide chains, which has been 

suggested could play a role in assisting the folding of FibH (Tanaka et al., 1999). An 

Figure 1. The silk glands of B. mori. The SG is divided into anterior silk gland (red), 

middle silk gland (dark orange, orange and yellow) and posterior silk gland (black). Major 

silk genes includes fibroin heavy chain (H-fib), fibroin light chain (L-fib), and 

P25/fibroinhexamerin (fhx), sericin 1 (ser-1) and sericin 2 (ser-2). Color blocks next to the 

gene names indicate compartments where genes primarily express (Julien et al., 2005). 
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elementary unit of B. mori fibroin consists of FibH, FibL and P25 in a molar ratio of 6:6:1 

(Inoue et al., 2000). 

     The complete sequence of B. mori FibH was resolved in 2000 by a hybrid strategy of 

shotgun sequencing and physical map-directed sequencing. The gene contains two exons, 67 

bp and 15750 bp, intervened by a 971-bp intron (Zhou et al., 2000). The most abundant 

amino acids in the composition of FibH include Glycine (45.9%), Alanine (30.3%), Serine 

(12.1%), and Tyrosine (5.3%). Overall, the amino acid sequence can be delineated as N- and 

C-terminus non-repetitive regions and a central, core repetitive region. The repetitive region 

can be further subdivided into 12 repetitive blocks and 11 amorphous blocks. Three repetitive 

Figure 2. Schematic diagrams show (A) the components of an elementary unit of B. mori 

fibroin, including FibH, FibL and P25, and (B) the sequence structure of FibH. R1-R12 

represent 12 repetitive blocks, interleaved with 11 amorphous regions A1-A11. Sequences 

of repeat types (i, ii and iii) and the consensus sequence of amorphous regions (iv) are 

indicated (Reizabal et al., 2023). 
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motifs are observed throughout the full sequence: (i) Gly-Ala-Gly-Ala-Gly-Ser motif, (ii) 

Gly-Ala-Gly-Ala-(Gly-Val)-Gly-Tyr motif, and (iii) Gly-Ala-Gly-Ala-Gly-Ser-Gly-Ala-Ala-

Ser motif. Due to amino acid composition, the repetitive blocks and the amorphous blocks are 

hydrophobic and hydrophilic, respectively (Koh et al., 2015; Reizabal et al., 2023). 

     Although it has been shown that P25 is a typical component of fibroin in various 

lepidopteran species, it was not detected in the Japanese oak silkmoth Antheraea yamamai 

(Saturniidae), the ghost moth Hepialus californicus (Hepialidae), and Trichoptera (Tanaka 

and Mizuno, 2001; Yonemura et al., 2009; Collin et al., 2010). In B. mori, it is suggested that 

the N-glycosylated P25 protein is involved in maintaining the structural stability of the 

fibroin complex (Inoue et al., 2000). Zabelina et al. (2021) generated P25 mutants via 

transcription activator-like effector nuclease (TALEN)-mediated gene knockout in B. mori; 

subsequent characterization of these mutants corroborated the role of P25 in stabilizing the 

fibroin proteins during luminal transport by, possibly, regulating the solubility of fibroin 

globules in the SG lumen. 

     Sericin is a glue protein that wraps around and holds silk fibers together. Because sericin 

contains a high ratio of polar amino acids (such as serine, aspartic acid, and lysine), it is 

water-soluble and the hydrophilic properties of the side chains are crucial for crosslinking and 

modification (Liu et al., 2022). Up to now, multiple sericins have been identified in B. mori. 

The sizes of the identified sericin proteins vary from approximately 123 kDa to 331 kDa. 

Alternative splicing to create protein isoforms has been reported in Ser1, Ser2 and Ser4. The 

expression profile of these glue proteins has been well characterized. Spatially, the genes 

Ser1, Ser4 and Ser5 are expressed in the middle and posterior parts of the middle silk gland 

(MSG); Ser2 is detected mainly in the anterior and the middle parts of MSG; Ser3 is 

predominately expressed in the anterior part of MSG. Temporally, Ser1 and Ser2 are 

expressed throughout the larval developmental stage, mainly in the 5th-instar larvae (Ser1) 

and in the 3rd and 4th instar larvae (Ser2), respectively; Ser3 is specifically expressed in the 

5th-instar larvae; Ser4 is expressed in the 1st-4th-instar larval stage; Ser5 is expressed only 

before the 5h instar larval stage, a pattern similar to the expression of Ser4. The 

spatiotemporal expression pattern of sericin genes leads to the difference in the composition 

of non-cocoon silk and cocoon silk. According to the proposed model, the fibroin filaments of 

non-cocoon silk, which are secreted by young (the 1st-4th instar) larvae, are coated with, from 

the innermost to the outermost layer, Ser4, Ser5, and Ser2 glue proteins; the fibroin filaments 
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of cocoon silk, which are secreted by the 5th-instar larvae, are coated with Ser1, Ser3 and 

Ser2 from the innermost to the outermost layer (Guo et al., 2022). In addition to silk 

structure, sericin is involved in the cellular immune system (Ye et al., 2021). Its 

photoluminescent property also makes it a candidate carrier for medical applications such as 

in vivo bio-imaging and tracking (Wang et al., 2014). Recent research successfully generated 

piggyBac-mediated transgenic silkworms to express Ser3 ectopically in PSG; the resulting 

cocoon silk gained improved properties (tensile strength, moisture absorption and liberation, 

water solubility and stability), which demonstrates an efficient way to manipulate the silk 

structure in a living organism (Chen et al., 2022). 

     In addition to fibroin and sericin, several proteins have been identified in lepidopteran silk, 

especially the antimicrobial proteins. Seroin was first described in the greater wax moth 

Galleria mellonella. The name was coined because it was found in MSG and PSG, where 

sericin and fibroin were detected (Zurovec et al., 1998). Seroin 1 and 2 have shown 

antimicrobial activity and therefore might play a role in protecting pupae against pathogenic 

microbes (Singh et al., 2014). Seroin 3 was first identified by Dong et al. (2016), although its 

Figure 3. Proposed structure of multiple-layered non-cocoon silk secreted by the 1st-4th 

instar larvae (upper panel) and cocoon silk by the 5th instar larvae (lower panel). The core 

protein, fibroin, is produced in PSG; sericin 1-5 are secreted in different parts of MSG and 

ASG and covering fibroin (Guo et al., 2022). 
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low protein content implies insignificant antimicrobial activity. Kucerova et al. (2019) 

screened silk gland specific transcriptomes and publicly available datasets of multiple species 

to propose a comprehensive classification system of seroins in Lepidoptera. Other protease 

inhibitors were also identified in cocoon silk to inhibit the growth of fungi, including 

phosphatidylethanolamine-binding protein (PEBP) and serine proteinase inhibitors (serpins), 

trypsin inhibitor-like (TIL)-type protease inhibitors and Kunitz-type protease inhibitors (Guo 

et al., 2015; Li et al., 2015; Zhang et al., 2020b, 2020a). 

(Julien et al., 2005; Guo et al., 2022; Lovell et al., 2022; Reizabal et al., 2023) 

Genome resources of B. mori 

     Nowadays, whole genome sequencing (WGS) data has become an inseparable part in 

many fields of biology. Since the 1990s, due to the improvement of automation technology in 

Sanger sequencing, it has become attainable to acquire complete genome sequencing data. 

Genome drafts of various model organisms, such as the budding yeast Saccharomyces 

cerevisiae (12.15 Mb), the nematode Caenorhabditis elegans (100.29 Mb), the fruit fly 

Drosophila melanogaster (142.73 Mb), the mouse-ear cress Arabidopsis thaliana (119.67 

Mb), and the house mouse Mus musculus (2728.22 Mb), etc., were subsequently published 

(Goffeau et al., 1996; C. elegans Sequencing Consortium, 1998; Adams et al., 2000; 

Chinwalla et al., 2002). 

     The silkworm, B. mori, has been a lepidopteran model organism due to its great economic 

importance. Its first two genome drafts were released in 2004 by two independent research 

teams. Although derived from different strains (p50T and Dazao), both drafts were based on 

the whole genome shotgun sequencing technique, with 3- and 5.9-fold coverage respectively 

(Mita et al., 2004; Xia et al., 2004). An update of these two assemblies was released in 2008 

in the wake of the collaboration between the two teams; the merged scaffold-level genome 

assembly, which was derived from the previous two drafts together with end sequences of 

fosmid and bacterial artificial chromosome (BAC) libraries, achieved coverage of 8.5 folds 

with an N50 size of about 3.7 Mb (The International Silkworm Genome Consortium, 2008). 

     One major disadvantage of next-generation sequencing (NGS) technologies is the short 

length of the reads, which cannot span the repetitive regions in genomes. In addition, relying 

on the polymerase chain reaction (PCR) to amplify the samples inescapably introduces bias 

against the high GC-rich regions (van Dijk et al., 2018). Different from next-generation 
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sequencing (NGS), third-generation sequencing (TGS) does not involve a PCR amplification 

step amid library preparation. On the contrary, it requires long fragments of high-molecular-

weight DNA for library preparation. Long-read sequencing data generated on two most 

prominent platforms, single-molecule real-time (SMRT) sequencing from Pacific Biosciences 

(PacBio), and nanopore long-read sequencing from Oxford Nanopore Technologies (ONT), 

have been shown to overcome the challenges met in genome assembly, which are mainly 

caused by the complex, repetitive genomic regions (Goodwin et al., 2016). The latest B. mori 

reference genome (p50T strain) was released in 2019. This assembly, which was based on a 

hybrid assembly approach, combines the PacBio long reads and Illumina short reads. The 

assembly achieves a 140-fold sequencing depth with a scaffold N50 of 16.8 Mb (Kawamoto 

et al., 2019). 

     Given the advances in sequencing technologies, together with the decreasing sequencing 

cost, whole genome sequencing projects have moved from focusing on model organisms 

towards a more diverse, wider selection of individuals and populations. For example, genome 

phasing, a sequencing approach that considers both paternal and maternal haplotypes in a 

diploid genome, mitigates the reference bias and enables more accurate variant calling 

(Ballouz et al., 2019); generation of a pangenome to better represent the diversity within a 

species has been realized in many organisms (Ding et al., 2018; Badet and Croll, 2020; Bayer 

et al., 2020; Tettelin and Medini, 2020). The pan-genome of the silkworm, based on 545 high-

quality, long-read reference assemblies, was published in 2022. This genomic resource 

uncovered additional 264 domestication-associated and 185 genes trait-improvement-

associated genes; the genetic basis of economically important traits and adaptation-related 

traits, such as the fineness of silk and embryonic diapause, was also revealed (Tong et al., 

2022). Moreover, the release of single-cell transcriptomic atlas of B. mori silk glands 

provides a new approach to deciphering the dynamics of silk synthesis and associating the 

genotype and phenotype (Ma et al., 2022). 

 

Genome resources of Ephestia kuehniella 

     The Mediterranean flour moth E. kuehniella is a cosmopolitan storage pest, which causes 

economic damage to grains and grain products (CABI, 2023). Although genetic studies on 

this species date back to the 1950s (Caspari and Gottlieb, 1959), knowledge of E. kuehniella 
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genetic/genomic information was scarce. Since 2021, two research groups have released 

genomic data on E. kuehniella. Visser et al. (2021) used Oxford Nanopore technology to 

construct a long-read assembly of approximately 42× coverage depth, containing 165 contigs 

with an N50 size of 8.3 Mb. The assembly was annotated based on ab initio prediction and 

tissue-specific RNA-seq data, and identified 13882 genes with an N50 of 7.2 kb (Wu et al., 

2022). Künstner et al. (2022) published a set of female/male genome and transcriptome 

assemblies based on short-reads data generated using Illumina paired-end and mate-pair 

sequencing technologies. These female/male assemblies have 90999/90445 contigs with N50 

of 11860/12636 bp, respectively. 

 

Synteny-assisted homology detection 

     Identifying homologous genes is a process of finding unknown sequences based on known 

sequences. This is the fundamental step to understand gene/protein functions and establish 

the evolutionary relationships among species. However, when the pairwise sequence identity 

is lower than ~30% and the signal falls from the safe zone into the twilight zone, the 

sequence similarity searching method could be problematic (Rost, 1999). Various tools, such 

as the Basic Local Alignment Search Tool (BLAST) and HMMER (Altschul et al., 1990; 

Johnson et al., 2010), have been developed to assist with the task. However, remote 

homology detection remains hindered by the low sequence identity (Kilinc et al., 2023). For 

instance, the anti-freeze glycoprotein (AFGP) homologs found in notothenioid fishes and 

codfishes consist of a simple glycotripeptide (Thr-Ala/Pro-Ala) repeat motif, and manual 

annotation was required to properly characterize members in this gene family (Chen et al., 

1997a, 1997b; Baalsrud et al., 2018). Similar challenges were met in identifying the main 

components of silk, fibroin and sericin, which are known for their long and repetitive 

sequence composition. Due to the nature of the sequences of silk genes, the homology search 

of these genes requires additional manual investigations and adjustments (Rouhová et al., 

2022; Heckenhauer et al., 2023). On the other hand, the subject sequences employed in 

homology search could also be the source of homology detection failure. It has been noted 

that in sequence databases there exists considerable erroneous information, including 

redundancy, inconsistency and misannotaion (Chen et al., 2017; Stoler and Nekrutenko, 

2021). Such errors might be utilized in the automated annotation pipeline and result in error 

propagation from the source to the new records (Goudey et al., 2022). In addition, genetic 
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variation, such as single-nucleotide polymorphisms (SNPs) and structural variants 

(inversions, deletions, and duplications) in the reference genome may not exist in the 

individuals/populations where the query sequences originate, which results in the detection 

failure. 

     The term “synteny” initially refers to “gene loci on the same chromosome” (Passarge et 

al., 1999). This usage later expanded to mean a state such as “the conservation of co-localized 

genes in the same order within different genomes” (Vergara and Chen, 2010), “the conserved 

order of aligned genomic blocks between species” (Ensembl, 2023), and so on. Genes on a 

syntenic block shared between two genomes are not necessarily in perfect colinear order; 

micro rearrangements could interrupt the order and lead to dissimilar gap regions within the 

block (Pevzner and Tesler, 2003). Because conserved synteny can be preserved over the 

course of evolution, it has been employed to annotate genomes, infer homology, and 

reconstruct the ancestral karyotype (Zheng et al., 2005; Song et al., 2018; Damas et al., 2022; 

Simakov et al., 2022; Kirilenko et al., 2023). Synteny analysis also amends the traditional 

sequence alignment-based phylogenetic analysis; a recent study demonstrated that a 

microsynteny information-based approach is accurate in reflecting the phylogenetic 

relationships of flowering plants (Zhao et al., 2021). 

     It has been reported that, in B. mori, silk genes Sericin 1-5 form a cluster on chromosome 

11:2,534,704-4,923,394 (Dong et al., 2019; Guo et al., 2022). Also located within this region 

is another structural gene, Mucin-12 (LOC101736082), whose homologs were confirmed as a 

silk component in several lepidopteran species (Kludkiewicz et al., 2019; Rouhova et al., 

2021; Volenikova et al., 2022; Wu et al., 2022; Kmet et al., 2023). Syntenic analysis reveals 

that this specific gene cluster harbors on a syntenic block, which is seemingly well conserved 

across Lepidoptera (Figure 4). Application of such analysis in sericulture research provided a 

picture of the expansion of soluble silk components observed in G. mellonella (Kludkiewicz 

et al., 2019), and assisted in the discovery of a new silk gene in B. mori (Wu et al., 2023). 

 

 

 

  

Figure 4. Syntenic analysis on 17 representative species to infer the origin of the sericin 

genes in Lepidoptera. To consider an overall scope, 17 genome assemblies, including 16 

lepidopteran genomes of 16 superfamilies and 1 trichopteran genome, were selected to 

infer the syntenic blocks. The result shows that syntenic blocks were consistently 

preserved across Lepidoptera, even in Trichoptera. (Continued on next page) 
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The aim of my study 

     An integrated, multi-omic approach, which combines genomic, transcriptomic and 

proteomic tools, has been widely applied to systematically investigate the components of silk 

at different biological levels. In my first publication, I characterized the cocoon silk of the 

Mediterranean moth E. kuehniella. In parallel, I re-analyzed the cocoon silk of the greater 

wax moth G. mellonella and made intra-family comparisons. Genes FibH and encoded 

proteins of nine Pyraloidea species were presented and their conserved features were 

discussed. 

     Although the silkworm B. mori is one of the most studied species in sericulture, there 

remains a subset of unknown genes encoding its silk components. In my second publication, I 

conducted a microsynteny analysis and corrected an erroneous gene model in the current B. 

mori reference genome. This new gene model led to the discovery of a novel silk gene 

P150/ser6. The expression pattern of P150/ser6 homologs is similar in B. mori and two 

pyraloid moths, E. kuehniella and G. mellonella. However, the difference in P150/ser6 

protein intensities observed in silk cocoons implies other genetic factors (for example, cis-

regulatory elements) may be involved in the utilization of P150/ser6 during silk production. 
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Chapter 1 

Characterization of silk genes in Ephestia kuehniella and Galleria mellonella revealed 

duplication of sericin genes and highly divergent sequences encoding fibroin heavy 

chains 
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Chapter 2 

Unravelling the complexity of silk sericins: P150/sericin 6 is a new silk gene in Bombyx 

mori 
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ABSTRACT 

Sericins are a small family of highly divergent proteins that serve as adhesives and coatings 

for silk fibers and are produced in the middle part of the silk gland. So far, five genes 

encoding sericin proteins have been found in Bombyx mori. Sericins 1 and 3 are responsible 

for silk adhesion in the cocoon, while sericins 2, 4, and 5 are present in non-cocoon spun silk 

of younger larvae (including the early last instar). We found a new gene, which we named 

P150/sericin 6, which appears to be an ortholog of the sericin-like protein previously found 

in Galleria mellonella. The B. mori sequence of the P150/sericin 6 ORF was previously 

incorrectly predicted and assigned to two smaller, uncharacterized genes. We present a new 

P150/sericin 6 gene model and show that it encodes a large protein of 467 kDa. It is 

characterized by repeats with a high proportion of threonine residues and a short conserved 

region with a cysteine knot motif (CXCXCX) at the C-terminus. Expression analysis has 

shown that B. mori P150/ser6 has a low transcriptional level in contrast to its G. mellonella 

homolog. We also discuss the synteny of homologous genes on corresponding chromosomes 

between moth species and possible phylogenetic relationships between P150/ser6 and 

cysteine knot mucins. Our results improve our understanding of the evolutionary 

relationships between adhesion proteins in different lepidopteran species. 

 

Keywords: Synteny, sericin, mucin, gene duplication, Bombyx mori, wax moth, Pyralidae 
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1. Introduction 

     Silk is a secretory product of several arthropod groups, including insects with the best 

known being produced by specialized larval salivary glands (the silk glands, SG) of the 

silkworm. Silk fibers are composed mainly of two types of proteins: fibroins and sericins. 

Fibroins are the central structural proteins that give silk strength and durability. In most moth 

species, fibroin is a complex of three protein subunits, fibroin heavy chain (Fib-H), fibroin 

light chain (Fib-L), and fibrohexamerin/P25 (Fhx/P25)[1-3]. They are produced in the 

posterior part of SG [4]. Sericins, on the other hand, are coating proteins produced in several 

layers in the middle part of the SG [5]. Sericins are a small highly divergent family of 

adhesives that help to glue the fibers together so that silk can form intricate structures such as 

cocoons or feeding tubes. The use of sensitive proteomic methods and the sequencing of 

transcriptomes and genomes of individual species indicate that the family of sericin proteins 

is larger than previously thought. The large divergence among sericin proteins suggests that 

they have evolved to perform slightly different functions depending on the specific needs of 

the silk-producing organism. 

     Two major sericin genes of B. mori have been found to produce cocoon sericins: Sericin 1 

(Ser1) and Sericin 3 (Ser3) [6, 7]. Silkworm mutants carrying a truncated ser1 gene failed to 

spin or produced coarse cocoons, suggesting that it is involved in reducing friction during 

spinning [8]. The product of another sericin gene, sericin 2 (Ser2), and the products of two 

recently identified genes sericin 4 (Ser4) and sericin 5 (Ser5), have been described in non-

cocoon silk and are spun by younger larvae (including early last instar larvae) [9-12]. The 

presence of Ser2, Ser4, and Ser5 in non-cocoon silks suggests that they may have a specific 

function during these developmental stages. In this study, we describe another adhesive 

protein from B. mori silk that is homologous to a previously identified sericin-like protein, 

P150, found in the larval cocoons of G. mellonella and Ephestia kuehniella (superfamily 

Pyraloidea) [13, 14]. 

     We show here that there is at least one additional sericin-like protein in the silk of B. mori, 

which we named P150/ser6 and which is similar to the previously discovered sericin protein 

P150 of G. mellonella [13]. Our results suggest that B. mori sequences similar to P150 were 

misannotated in both GenBank and Silk Base and assigned to two different genes with 

unknown functions. We present a new model of the P150/ser6 gene and show that it is a large 

gene with 4 exons expressed in the middle part of the SG. The P150/ser6 protein product is 
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found in the pre-cocoon silk, and to a lesser extent in the inner cocoon layer formed at the 

end of the last instar. The newly discovered protein adds to the existing sericin family of the 

silkworm. Our results improve our understanding of the functions of silk proteins and the 

evolutionary relationships among adhesion proteins in different lepidopteran species. 

 

2. Materials and methods  

2.1. Silkworm strains and datasets used 

     A non-diapausing B. mori strain, w1-pnd (white egg 1, non-pigmented and non-diapausing 

egg), was used in the experiments as a wild type (wt) strain. Larvae were reared on mulberry 

leaves at 25°C. A list of RNA-seq datasets from the NCBI Sequence Read Archive (SRA) is 

provided in Table S1. (Supplementary Table S1). 

 

2.2. RNA extraction and RT-PCR  

     To verify the structure of P150/ser6, total RNA was extracted from the SGs from SGs of 

3-5-day-old fifth-instar larvae using Trizol reagent (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions. The first cDNA strand was synthesized using 

0.5 μg of total RNA as templates. The cDNA product was used to verify the last exon 

junction of B. mori P150/ser6 and its expression level in different tissues. Primers were 

designed using the Geneious Prime software platform (Biomatters, Auckland, New Zealand; 

version 2021.2.2) and are listed in Supplementary Table S2.  

     qPCR was performed using HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne, 

Tartu, Estonia). The PCR reaction volume of 20 µl contained 5 µl diluted cDNA and 250 nM 

primer. Amplification was performed using a Rotor-Gene Q MDx 2plex HRM (Qiagen, 

Hilden, Germany) for 45 cycles (95°C for 15 s; annealing temperature matched to the primer 

pair for 30 s; 72°C for 20 s) after an initial denaturation step (95°C for 15 min). Each sample 

was analyzed in triplicate. Results were analyzed using Rotor-Gene Q software (version 

2.3.5). Elongation factor 1 alpha (EF1a, NM _001044045.1) was used as a reference gene, 

and the relative expression of target genes was calculated using the 2−ΔΔCT method [15]. 

Statistical analysis was performed using Student’s t-test in R (version 4.1.1); p values < 0.05 
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were considered statistically significant. Detailed statistical analysis is provided in 

Supplementary Table S3. 

 

2.3. Proteomic analysis and data mining  

     Protein analysis of B. mori cocoons and database searches were performed at the 

Proteomics Core Facility (BIOCEV, Vestec, Czech Republic) as previously described [16]. 

Approximately 10 mg of the silk cocoon was boiled in 8 M urea, and samples were further 

processed using solid-phase enhanced sample preparation technology (SP3 beads) [17]. 

Samples were then digested with trypsin, and the resulting peptides obtained were subjected 

to liquid chromatography - MS. Four wt cocoons were analyzed in parallel. In addition, raw 

proteomic data deposited in public databases [18] on the composition of individual silk layers 

in the B. mori cocoon were reanalyzed. The obtained MS/MS spectra were matched against 

the UniProt database (hwww.uniprot.org), which was enriched for the newly discovered 

P150/ser6. Quantification was performed using label-free algorithms, and data were analyzed 

using MaxQuant and Perseus v.1.5.2.4 [19, 20].  

 

2.4. Chromosomal localization and collinearity analysis 

     The genome assemblies and annotated information of B. mori (GCF_014905235.1), E. 

kuehniella [14, 21], and G. mellonella (GCF_026898425.1) were processed and submitted to 

the GENESPACE software [22] for syntenic analysis. Plots showing the microsyntenic 

relationships were then generated based on the best mutual hits between the three species and 

visualized using the R package ggplot2 [23]. 

 

2.5. Phylogenetic analysis 

     Codon-based alignment of the P150/ser6 and cysteine knot mucin 3’ ends was performed 

using MEGA7 software following the MUSCLE method [24]. The phylogram was generated 

using the IQ-TREE server [25, 26], which included both the selection of the best substitution 

model by ModelFinder [27] and tree inference using MLE (ultrafast bootstrap, 1,000 

replicates). 
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3. Results 

3.1. Identification of P150/ser6 gene in B. mori 

     To identify the homolog of the major sericin gene P150 described previously in G. 

mellonella and E. kuehniella, we performed a BLAST search against the B. mori genome. We 

found two adjacent homologous regions in the genomic sequence, which were predicted to be 

parts of two B. mori genes. Most of the homologous sequence belonged to LOC101737213; 

the remaining C-terminus was predicted to be a separate gene LOC119629229. The B. mori 

sequence shared 47.5% identity per 70 C-terminal amino acid residues with G. mellonella 

P150. We hypothesized that the predicted gene models were incorrect and that the sequences 

of both B. mori genes were part of one large P150/ser6 gene. To test that the two putative B. 

mori genes represent a single gene and produce a single large mRNA, we designed RT-PCR 

primers that fuse the last two exons of the predicted LOC101737213 with the second exon 

LOC119629229 and amplified a fragment that confirmed the integrity of the putative large 

exon (Fig. 1A). We also designed primers that bridge both exons of LOC119629229. As 

shown in Figure 1B, the amplified cDNA fragments supported the hypothesis of a single 

large P150/ser6 gene. 

     The new gene model of P150/ser6 is shown in Figure 1A. The entire gene spans 

approximately 20 kb and consists of four exons and three introns (Fig. 1A). The first two 

exons of P150/ser6 encode a signal peptide and part of the short N-terminal nonrepetitive 

sequence. The third exon is very large (containing 94% of the ORF) and contains two central 

repetitive regions flanked by unique sequences. The last exon contains a short ORF and a 

stop codon. The entire gene contains an ORF encoding 4552 amino acids including a signal 

peptide (19 amino acid residues). 

 

3.2. Putative P150/ser6 protein 

     The deduced protein product of the P150/ser6 gene is a large protein of 467 kDa 

consisting of 4552 amino acid residues. It contains a signal peptide of 19 amino acid residues 

in length, followed by a central portion consisting of a 616 amino acid non-repetitive region, 

followed by 45 copies of a 30-amino acid repeat 1, a 34-amino acid non-repetitive linker, a 
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repeat 2 consisting of 73 copies of 35 amino acids, and a nonrepetitive C-terminus of 388 

amino acids (the complete sequence is shown in Text. S1). As shown in shown in Fig. 2, 

P150/ser6 consists of two types of highly conserved, threonine-rich repeat blocks 

(Supplementary Table S4). The P150/ser6 protein is relatively highly hydrophilic (hydropathy 

index = -0.672 compared to -1.118 of Ser1). The B. mori P150/ser6 contains more than 27% 

threonine, 14% serine, and 12% alanine residues. The C-terminus (encoded by the last exon) 

contains a short, conserved cysteine knot motif (Supplementary Table S5). Compared to the 

P150 proteins of G. mellonella and E. kuehniella, the B. mori P150/ser6 is almost three times 

larger, less hydrophilic, and contains fewer serine residues. There is very little conservation 

between the P150/ser6 proteins except for the C-terminal amino acids (Supplementary Table 

S6).  

 

3.3. P150/ser6 mRNA is specifically expressed in MSG 

     To determine whether the B. mori homolog of P150/ser6 is specifically expressed in silk 

glands, we isolated mRNAs from different parts of the silk glands and control tissues 

(intestine and ovary) of day 3-5 last instar larvae, prepared cDNA, and performed qPCR. As 

shown in Figure 3, P150/ser6 mRNA is highly specific for MSG and ASG, whereas it is 

absent in PSG and control tissues.  

     In addition, we reanalyzed the publicly available RNA-seq data for silk gene expression 

from previous experiments [18, 28]. We used a new annotation of P150/ser6 and quantified 

transcript abundance using Kallisto software, and estimated fold changes using DESeq2 (see 

material and methods). As shown in Figure S1, the results support our data above and 

indicate that P150/ser6 mRNA is highly specific to MSG and its maximal expression occurs 

in the middle part of MSG, similar to that of Ser2 and Mucin-12 (Muc-12). In addition, the 

maximal expression of Ser1 and Ser3 is found in the middle part of MSG, with a low 

expression level also in PSG (Fig. S1). The presence of sericin mRNAs in the posterior SG 

sample may be caused by different separation sites between the posterior and middle SG 

during tissue dissection. 

 

3.4. Quantitative proteomic analysis of silk samples  
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     To test whether the P150/ser6 protein is present in B. mori cocoons, we performed MS 

proteomic analyses of silk from wt cocoons. The results were examined using the Andromeda 

search engine integrated into the MaxQuant software. The relative abundance of proteins was 

determined by label-free quantification. We identified 118 proteins using the false discovery 

rate (FDR) of 1% for protein identification. The intensity of each protein in the biological 

samples was in strong agreement. A summary of the identified proteins from a triplicate 

analysis of each cocoon is shown in Table 1.  

     The results of the proteomic analysis show that the expression of P150/ser6 protein is 

quite low, similar to those of Ser2, and Muc-12, which are also present at low intensities at 

the instrumental detection limit (IDL). In contrast, the data (Fig. 4A) showed that Ser1 and 

Ser3 are the most abundant components of the cocoon silk with concentrations at least five 

orders of magnitude higher than P150/ser6 (Fig. 4A). 

     To determine the protein abundance in the different cocoon layers and whether P150/ser6, 

Muc-12, and Ser2 are coordinately expressed, we also re-analyzed the existing proteomics 

data in the public repository [18] using our new annotation of P150/ser6. The abundance of 

P150/ser6, Muc-12 and Ser2 in cocoons is shown in Figure 4B. All three proteins are found at 

very low levels, with P150/ser6 and Ser2 being the most abundant in the innermost cocoon 

layer (layer 1), whereas Muc-12 is found in the outermost layer. Taken together, our data 

show that the abundance of P150/ser6 and Muc-12 in cocoons is low and differs in 

localization and timing of secretion, with the outermost layer being secreted first, whereas the 

innermost layer is produced at the end of spinning. 

 

3.5. Synteny in regions coding for P150/ser6 genes in Lepidoptera  

     A previous study on the pyralid moths G. mellonella and E. kuehniella showed that the 

known sericin genes, except for P150/ser6, lie within the cluster of orthologous genes in the 

corresponding chromosomal regions [14]. Such microsynteny can be also observed between 

B. mori and G. mellonella or E. kuehniella (Fig 5). The results also show a number of local 

rearrangements and duplications in this region including the expansion of several sericin 

genes in G. mellonella compared to related moths [14].  

     In contrast, the P150/ser6 gene is located on a different chromosome in a more conserved 

region of a separate cluster, between the genes encoding metalloprotease 1 and croquemont 1. 
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As shown in Figure 5, the region on chromosome 12 of B. mori has a well-conserved synteny, 

except for an inversion that places the P150/ser6 region in the opposite direction to the 

surrounding genes. 

 

3.6. P150/ser6 may be related to Muc-12 

     To investigate the evolution of P150/ser6, we searched for homologous sequences in 

insect genomes using BLAST and the C-terminal conserved sequence as bait. We found no 

obvious orthologs in non-lepidopteran insects, suggesting that the P150/ser6 gene appears to 

be specific to Lepidoptera. We also found no P150/ser6 ortholog in members of the 

superfamily Papilionoidea. 

     P150/ser6 proteins are highly divergent, and homologous proteins from different 

Lepidopteran families are difficult to align, except for the conserved C-terminus (the 

consensus sequence is shown in Fig. 3). The most prominent conserved motif is the cysteine 

knot (CXCXCX) sequence, which is located 12–29 amino acid residues away from the C-

terminus.  

     Interestingly, there are other silk gland-specific proteins, which also contain cysteine knot 

sequences. One of these is Muc-12, which is reminiscent of P150/ser6 because of its size and 

the repetitive structure of its molecule. To learn more about the relationship between cysteine 

knot mucins and P150/ser6 sequences, we constructed a dendrogram of P150/ser6 and Muc-

12 C-termini from representatives of several lepidopteran families (Fig. 6). The resulting 

phylogenetic tree is robust and distinguishes both clades—P150/ser6 and Muc-12—with high 

support except for the sequences from the most primitive species (Fig. 6). The sequence 

alignment and consensus are shown in Figure 6B. 

 

4. Discussion 

     We discovered a new sericin-like gene P150/ser6 in the genome of B. mori, based on 

homology with a similar gene in G. mellonella. We also found that the region on chromosome 

12 where this gene is located was not correctly annotated. Previous gene models of P150/ser6 

contained a homologous sequence that was split into two putative B. mori genes. Here, we 
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present the correct P150/ser6 gene model and show that its ORF encodes a large protein with 

a repetitive structure that is specifically expressed in SG. 

     Structure prediction of large genes is still a problem [29]. The best results are obtained by 

comparing genomic and cDNA sequences or by using proteomic data [30]. Previous 

identification of P150/ser6 sequences in G. mellonella and E. kuehniella was successfully 

performed using this approach [13, 14]. In contrast, finding the B. mori P150/ser6 homolog 

has been more difficult due to its relatively low expression. Here we show that P150/ser6 and 

possibly some other silk genes can be identified on the basis of the homology of a sufficiently 

conserved, relatively short motif. The identification of P150/ser6 was supported by 

microsynteny between the corresponding genomic regions in B. mori and G. mellonella (Fig. 

5). 

     Previous results showed that the homolog of P150/ser6 is one of the most abundant silk 

proteins in G. mellonella [13]. In contrast, our results show that it is present only at trace 

levels in B. mori silk. The P150/ser6 protein product of B. mori is found mainly in the inner 

cocoon layer formed at the end of the last instar and also in the non-cocoon silk from earlier 

instar larvae, as suggested by the data of Dong et al. [28]. Consistently, Ser2, Ser4 and Ser5 

are present in the non-cocoon silk [9-11]. Non-cocoon silk has previously been associated 

with the initial stage of silk spinning and is responsible for holding the molting larva and 

fixing the cocoon to a suitable substrate [11]. Alternatively, the sericin sequences of B. mori 

sericin sequences could have high serine content (Supplementary Table S5), as only simple 

sericins are digestible by cocoonase [31]. Sericins containing less serine would be restricted 

to non-cocoon silk. Mutants in cocoonase result in adults being trapped in the cocoon.  

     Why are there multiple sericins in moth silks? Unlike spiders, moths have only one fibroin 

gene, which is considered to be the main structural component of silk. However, silk is 

modified differently in different moth species, and sericins appear to be the most variable 

components, important for building three-dimensional silk structures and contributing to silk 

strength and toughness [32]. For example, G. mellonella builds very dense feeding tubes and 

cocoons that are needed for larval protection in hives. Sericins and other soluble silk 

components make up about 48% of the cocoon mass of G. mellonella, whereas B. mori 

cocoons contain only about 26% soluble cocoon proteins. Some moths, including those of 

Samia ricini, contain as little as 16 % soluble proteins [11, 33]. The number of sericin genes 
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can also vary widely, for example, G. mellonella contains twice as many sericin genes as E. 

kuehniella [14]. 

     The cysteine knot motif (CXCXCX) encoded by the C-termini of some SG-specific genes 

is similar to the motif described in some mammalian growth factors, including the VEGF 

family [34]. The function of cysteine knot motifs has been suggested for protein structural 

integrity. In addition to P150/ser6 and Muc-12, there are at least two other B. mori SG-

specific proteins that carry this motif. One of these, a putative 53 kDa non-repetitive protein, 

is also expressed in silk glands and has homologs in other moths and even caddisflies. The 

other protein, designated egalitarian protein homolog (LOC101741849), is more conserved 

and appears to be well separated from other cysteine knot proteins [35].   

     The general similarity of P150/ser6 and Muc-12 suggests that they may have a common 

origin. P150/ser6 and Muc-12 are both large, highly divergent proteins. They have repetitive 

sequences encoding ORFs with simple amino acids and both are likely to serve as silk 

adhesives [13]. Our phylogram (Fig. 6) distinguishes the two clades P150/ser6 and Muc-12 

with good support, except for the sequences in the most primitive species, where it is difficult 

to place them confidently in the phylogram. The evolutionary relationship between P150/ser6 

and mucins with a cysteine node motif is not clear. The question of whether P150/ser6 and 

cysteine knot mucins share a common ancestor and have diverged extensively or whether 

they are the product of convergent evolution remains an important question for future 

research. 
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Figure. 2. Amino acid sequence logos. The sequence logos show the conservation of amino 

acids in two types of repeats found in the B. mori P150/ser6 protein. Hydrophobicity of an 

amino acid is indicated by color: hydrophilic (blue; RKDENQ); neutral (dark gray; 

SGHTAP); hydrophobic (orange; YVMCLFIW). 
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Figure. 3. Quantitative PCR (qPCR) analysis of gene expression of silk gland-specific genes 

(ser1, ser2, ser3, and P150/ser6) and control (non-silk gland-specific gene MAD) in different 

tissues. Statistical differences were evaluated using Student’s t-test (see Supplementary data); 

error bars are SD. 
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Figure. 4. Proteomic analysis 

of B. mori silk proteins (A) 

from wt cocoons as 

previously described [16]; and 

(B) individual cocoon layer 

data from a public repository 

[18]. Label-free quantification 

(LFQ) of silk proteins from 

cocoons was calculated using 

MaxQuant. LFQ intensities 

were log2-transformed. 

Relative protein contents in 

cocoon silk were analyzed 

using MaxQuant/Andromeda 

(eight experiments). Error 

bars indicate the standard 

deviation. Proteomic analysis 

confirmed that Ser1 and Ser3 

were the most abundant silk 

components. The other 

proteins, including P150/ser6, 

Ser2, and Muc-12, were 

present at low levels at the 

instrumental detection limit 

(IDL). 

 



65 
 
 

 

 

 

  

F
ig

u
re

. 
5
. 
M

ic
ro

sy
n
te

n
y
 m

ap
s 

o
f 

P
1
5
0
/s

er
6
 a

n
d
 t

h
ei

r 
fl

an
k
in

g
 g

en
es

. 
H

o
ri

zo
n
ta

l 
co

lo
r 

b
lo

ck
s 

in
d
ic

at
e 

ch
ro

m
o
so

m
al

 

se
g
m

en
ts

 i
n
 e

ac
h
 s

p
ec

ie
s.

 H
o
m

o
lo

g
o
u
s 

g
en

es
 a

n
d
 g

en
e 

o
ri

en
ta

ti
o
n
 a

re
 r

ep
re

se
n
te

d
 b

y
 l

ef
t-

 a
n
d
 r

ig
h
t-

p
o
in

ti
n
g
 t

ri
an

g
le

s 

an
d
 c

o
n
n
ec

te
d
 b

y
 l

in
es

. 
D

et
ec

te
d
 P

1
5
0
/s

er
6
 h

o
m

o
lo

g
s 

ar
e 

sh
o
w

n
 i

n
 r

ed
. 



66 
 
 

 

 

Figure. 6. Relationship between P150/ser6 and cysteine knot mucin sequences. (A) Maximum 

likelihood phylogenetic tree based on the alignment of the C-terminal amino acid sequences 

of P150/ser6 and Muc-12 homologs in selected lepidopteran species. The Nesw_1 transcript 

from N. swammerdamellus, (Incurvarioidea), the most primitive in this group, was selected 

for tree rooting. See Supplementary Text S2 and Supplementary Table S7 for sequences. (B) 

Alignment of the C-terminal regions of P150/ser6 proteins from representative lepidopteran 

species. Sequences include the characteristic CXCXCX region, which is well-conserved 

between species. 
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Supplementary Text S1. The full sequence of B. mori P150 protein. The sequence is divided 

into 5 regions: N-terminus (orange), Repeat 1 (green), linker (magenta), Repeat 2 (grey), and 

C-terminus (blue). Sequences of the N-terminal signal peptide and C-terminal conserved 

motif (CXCXCX) are underlined. Triangles in the schematic figure below indicate the 

variants of Repeat 1 (R1) and Repeat 2 (R2), which are designated as R1A, R1B, R2A and 

R2B. 

 

[N-Terminus]- 

15[R1]-1[R1B]-4[R1]-1[R1B]-8[R1]-1[R1B]-5[R1]-1[R1B]-8[R1]-1[R1A]- 

[Linker]- 

11[R2]-1[R2A]-2[R2]-1[R2A]-15[R2]-1[R2B]-5[R2]-1[R2B]-2[R2]-1[R2B]-5[R2]-

1[R2B]-1[R2]-1[R2B]-1[R2]-1[R2B]-2[R2]-1[R2B]-4[R2]-1[R2B]-15[R2]- 

[C-Terminus] 

 

 

>BmP150 

MKVLCAIVLYIALMQPALCDPPFAKKSNEHHTLDHLLNKGPENGNRYRAPSSFFENSAINKHFQNYFVNQQGRVQ

PVQPTRSARHLNAKPFRAAENKHNLHANARIPVRHPSIQPKDTQSETNHAKNSNLPTRVSLNLDDVTTESHINEN

TVPKQPTEGNGQIDSVTNTIDPIIKKPNEVNGTDKKPEIQWTTNTHEQTTSAVGKGETSSNNQLKLNKDTVLKGH

YIVRPATTNALDKTQNVEPLTTDSAYQIPLLPPSTQPADSLLSKESNQEVLEKIIEEVIKDNKYENSDDTNPVKF

IYKEELVPNAAIENQENVTTTTDLKGFLKNIKEIKHSEEKIENFKENKTQEWKSKKNMTIKKAESITQHDVSKKT

NEYTIEKRNETREESDFESNKQLSKYTEESQFELNTRISLTENSDEFAALNEYLEEVKKIENQNKAYEKVEQKSL

QAEKFDDLEFWRQEAEKEEKKREKEIREMQSKLNGGRHTEMTEKELVSKAEELVENDEDEFWNQEAIYLDNNYEN

SKTLNKTNSSISSTTNPKQPITGANIAKTTATEQSTTEAKVLSTTELKQSTTATSVPSTVASEQSTSEISVPSTT

GTEQPTTETSVPSTTATEQSRTDIKLPSTTSTVQSTTETNVPSTSVTEKSTTETSVSSTTKLKQSTTETNASTPT

ATEQSTTETSVPSTIELKQSTTETNVPSTTATEQSTTETSVPSTIELKQSTTETNVPSTTATEQSTTETSVPSTI

ELKQSTTETNVPSTSATEKSTTETSVPSTIELKQSTTETNVPSTSAIEKSTTDTSVPSTTELKQSTTETNASTPT

ATEQSTTETSVPSTIELKQSTTETNVPSTTATEQSTTETSVPSTIELKQSTTETNVPSTSVTEKSTTETSVSSTT

KLKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETNVPSTTATEQSTTETSVPSTIELKQSTTETNVPSTS

AIEKSTTETSVPSTTELKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETNVPSTSVTEKSTTETSVSSTT

ELKQSTTETNVPSTTATEQSTTETSVPSTIELKQSTTETSVPSTIELKQSTTETNVPSTSATEQSTTETSVPSTI

ELKQSTTETNVPSTSVTEKSTTETSVSSTTELKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETNVPSTT

ATEQSTTETSVPSTIELKQSTTETSVPSTIELKQSTTETNVPSTSATEQSTTETSVPSTIELKQSTTETNVPSTS

VTEKSTTETSVSSTTELKQSTTETNASTPTATEQSTTETSVPSTTKLKQSTTETNASTPTATEQSTTETSVPSTI

ELKQSTTETNVASTTATEQSTTETSVPSTIELKQSTTETNVPSTSAIEKSTTDTSVPSTTELKQSTTETNASTPT

ATEQSTTETSVSSTTELKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETSVPSTIELKQSTTETNVPSTS

ATEQSTTETSVSSTTKLKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETNVASTTATEQSTTETSVPSTI

ELKQSTTETNVPSTTATEQSTTETSVPSTTELKQSTTETNASTPTATEQSTTETSVPSTIELKQSTTETSVPSTI

ELKQSTTETNVPSTSATEQSTTETSVPSTIELKQSTTETNVPSTSAIEKSTTETSVPSTTELKQSTTETNASTPT

ATEQSTTETSVPSTTKLKQSTTETNASTPTATEQSTTETSVSSTTKLKQSTTETNASTPTATEQSTTETSVPSTI
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ELKQSTTETNVPSTTATEQSTTETSVPSTIELKQSTTETNVPSTSAIEKSTTETSVPSTTELKQSTTETNASTPT

ATEQSTTETSVPSTIELKQSTTETNVPSTTAIEQSTNETSVPSTTDDNVQPVTKEDVTEPTAAYIKVQSTTVTES

NTTGAAVQSTTATENTTTDAEAQSTTVTESNTTGAAVQSTTATESGTTDAEVRSTTVNESNTTGAAVQSTTATES

ATTDAEAQSTTVTESNTTGTAVRSTTATESAITDAEVQSTTVTESNTTGAAVQSSTATESATTDAEAQSTTVTES

NTTGTAVQSTTATESAITDAEVQSTTVTESNTTGAAVQSTTATESATTDAEVQSTTVTESNTTGAAVQSTTATES

ATTDAEAQSTTVTESNTTDAAVQSTTATESASTDAEVQSTTVTESNTTGTAVQSTTATESAITDAEVQSTTVTES

NTTGAAVQSTTATESATTDAESQSTTVTESSTAGAAVQSTTATDAEDQSTTITESNTTGAAVQSTTATESATTDA

EAQSTTVTESNTTGAAVQSTTATESATTDAESQSTTVTESSTAGAAVQSTTATDAEDQSTTVTESNTTGAAVQST

TATESATTDAEAQSTTVTESNTTGAAVQSTTATESAITDAEVQSTTVKESNSAGAAVQSSTATESATTDAEAQST

TVTESNTTGTAVQSTTATESAITDAEVQSTTVTESNTTGAAVQSTTATESATTDAEVQSTTVTESNTTGAAVQFT

TATESATTDAEAQSTTVTESNTTDAAVQSTTATESASTDAEVQSTTVTESNTTGAAVQSTTATESATTDAEAQST

TVTESNTTDAAVQSTTATESASTDAEVQSTTVTESNTTGAAVQSTTATESATTDAEAQSTTVTESNTTGAAVQST

TATESATTDAEAQSTTVTESNTTGAAVQSTTATESAITDAEVQSTTVKESNSAGAAVQSSTATESATTDAEAQST

TVTESNTTGTAVQSTTATESAITDAEVQSTTVTESNTTGAAVQSTTTTESATTDAEAQSTTVTESNTTGAAVQST

TATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTESNTTGAAVQSTTATESATTDA

EAQSTTVTESNTTGTAVQSTTATESAITDAEVQSTTVTESNTTGAAVQSTTATESATTDAEVQSTTVTESNTTGA

AVQSTTATESATTDAEAQSTTVTESNTTGAAVQSTTATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATES

ATTDAEAQSTTVTESNTTGAAVQSTTATESAITDAEAQSTTVTESNTTGAAVQSTTATESATTDAATTDAEAQST

TVTESSTAGAAVQSTTATESATTDSEAQSTTVTESNTTGAAVQSTTATESAITDAEAQSTTVTELSTAGAAVQST

TATENATTDAEAQSTTVTESNTTGAAVQSTTTTESATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQST

NVTESNTTGAAVQSTTATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTESNTTGA

AVQSTTATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTESNTTGAAVQSTTATES

ATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTESNTTGAAVQSTTATESAITDAEAQST

TVTESNTTGAAVQSTTATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTESNTTGA

AVQSTTATETAITDAEAQSTTVTESNTTGAAVQSTTAKKSTTADAEAQFTTVSESNTGRAAVQSTTATESATTDA

EAQSTTVTESNTTGAAVQSTTATESATTDAATTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTES

NTTGAAVQSTTAKKSTTADAEAQFTTVSESNTGRAAVQFTTATESATTDAEAQSTTVTESYTTGAAVQSTTATES

ATTDAEAQSTTVTESNTAGAAVQSTTTTESATTDAEAQSTTVTESSTAGAAAQSTTATDSATTDAEAQSTTVTES

SSAGAAVQSTTATESATTNAEAQSTTVTESSSAGAAVQSTTTTESATTDAEAQSTTVTESSTAGAAAQSTTATDS

ATADAEVQSTTVTELSTTGAAVPSTTATESSTTDAEAQSTTVTESSTAGAAVQSTTATESATTDAEAQSTTVTES

SSAGAAVQSTTTTESATTDAEAQSTTVTESSTAGAAAQSTTATDSATADAEVQSTTVTELSTTGAAVPSTTATKS

STTDAEAQSTTVTESSTAGVAVQSTSATERAITDTEVQSATVTESNTAAKVHDQPTRTVFTSPCGNHPTSVATDN

TSEKESKQTNTPTEHTVIVAHNQLHKTQTKTTASAHPILETVSGMPSIHLTSKNDPPTTDEPIEIWEQSTKQFAP

TTFISESLVLKNKQTQFKVIPLEIPTEATQKPVQSTIEPIHPKTKPEQSTIKTVQSTDQSTQATMGSFPSIVKPI

QSRESNVFNVKAISSIEPLKSTTEPVHSITQSTVVSKQSSNEPLQVTIELLQSSIEPTQSTVQTQQSSAQPGQFA

TKPVNRIETTTENPESKKSNEHRPFIQVTKSTKSPIGSTLKGYYREINPTQGFGDDVGENEDKRKGRYDLSKFNQ

APAMHMAVENEITLKTLIVEDGSKYGRCYCSCDLNSKPVFISLDGSALKPRR 

 

>BmP150_N_Terminus 

MKVLCAIVLYIALMQPALCDPPFAKKSNEHHTLDHLLNKGPENGNRYRAPSSFFENSAINKHFQNYFVNQQGRVQ

PVQPTRSARHLNAKPFRAAENKHNLHANARIPVRHPSIQPKDTQSETNHAKNSNLPTRVSLNLDDVTTESHINEN

TVPKQPTEGNGQIDSVTNTIDPIIKKPNEVNGTDKKPEIQWTTNTHEQTTSAVGKGETSSNNQLKLNKDTVLKGH

YIVRPATTNALDKTQNVEPLTTDSAYQIPLLPPSTQPADSLLSKESNQEVLEKIIEEVIKDNKYENSDDTNPVKF

IYKEELVPNAAIENQENVTTTTDLKGFLKNIKEIKHSEEKIENFKENKTQEWKSKKNMTIKKAESITQHDVSKKT

NEYTIEKRNETREESDFESNKQLSKYTEESQFELNTRISLTENSDEFAALNEYLEEVKKIENQNKAYEKVEQKSL

QAEKFDDLEFWRQEAEKEEKKREKEIREMQSKLNGGRHTEMTEKELVSKAEELVENDEDEFWNQEAIYLDNNYEN

SKTLNKTNSSISSTTNPKQPITGANIAKTTATEQSTTEAKVLSTTELKQSTTATSVPSTVASEQSTSEISVPSTT

GTEQPTTETSVPSTTATEQSRTDIKLPSTTSTVQS 

 

>BmP150_Repeat1 

TTETNVPSTSVTEKSTTETSVSSTTKLKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETNVPSTSATEKSTTETSVPSTIELKQS 

TTETNVPSTSAIEKSTTDTSVPSTTELKQS 



70 
 
 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETNVPSTSVTEKSTTETSVSSTTKLKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETNVPSTSAIEKSTTETSVPSTTELKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTSVTEKSTTETSVSSTTELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETSVPSTIELKQS 

TTETNVPSTSATEQSTTETSVPSTIELKQS 

TTETNVPSTSVTEKSTTETSVSSTTELKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETSVPSTIELKQS 

TTETNVPSTSATEQSTTETSVPSTIELKQS 

TTETNVPSTSVTEKSTTETSVSSTTELKQS 

TTETNASTPTATEQSTTETSVPSTTKLKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVASTTATEQSTTETSVPSTIELKQS 

TTETNVPSTSAIEKSTTDTSVPSTTELKQS 

TTETNASTPTATEQSTTETSVSSTTELKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETSVPSTIELKQS 

TTETNVPSTSATEQSTTETSVSSTTKLKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVASTTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTTELKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETSVPSTIELKQS 

TTETNVPSTSATEQSTTETSVPSTIELKQS 

TTETNVPSTSAIEKSTTETSVPSTTELKQS 

TTETNASTPTATEQSTTETSVPSTTKLKQS 

TTETNASTPTATEQSTTETSVSSTTKLKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTATEQSTTETSVPSTIELKQS 

TTETNVPSTSAIEKSTTETSVPSTTELKQS 

TTETNASTPTATEQSTTETSVPSTIELKQS 

TTETNVPSTTAIEQS 

 

>BmP150_Linker 

TNETSVPSTTDDNVQPVTKEDVTEPTAAYIKVQS 

 

>BmP150_Repeat2 

TTVTESNTTGAAVQSTTATENTTTDAEAQS 

TTVTESNTTGAAVQSTTATESGTTDAEVRS 

TTVNESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGTAVRSTTATESAITDAEVQS 

TTVTESNTTGAAVQSSTATESATTDAEAQS 

TTVTESNTTGTAVQSTTATESAITDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTDAAVQSTTATESASTDAEVQS 

TTVTESNTTGTAVQSTTATESAITDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAESQS 

TTVTESSTAGAAVQSTTATDAEDQS 
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TTITESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAESQS 

TTVTESSTAGAAVQSTTATDAEDQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESAITDAEVQS 

TTVKESNSAGAAVQSSTATESATTDAEAQS 

TTVTESNTTGTAVQSTTATESAITDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEVQS 

TTVTESNTTGAAVQFTTATESATTDAEAQS 

TTVTESNTTDAAVQSTTATESASTDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTDAAVQSTTATESASTDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESAITDAEVQS 

TTVKESNSAGAAVQSSTATESATTDAEAQS 

TTVTESNTTGTAVQSTTATESAITDAEVQS 

TTVTESNTTGAAVQSTTTTESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGTAVQSTTATESAITDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEVQS 

TTVTESNTTGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESAITDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDSEAQS 

TTVTESNTTGAAVQSTTATESAITDAEAQS 

TTVTELSTAGAAVQSTTATENATTDAEAQS 

TTVTESNTTGAAVQSTTTTESATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TNVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESAITDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATETAITDAEAQS 

TTVTESNTTGAAVQSTTAKKSTTADAEAQF 

TTVSESNTGRAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTATESATTDAATTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESNTTGAAVQSTTAKKSTTADAEAQF 

TTVSESNTGRAAVQFTTATESATTDAEAQS 

TTVTESYTTGAAVQSTTATESATTDAEAQS 

TTVTESNTAGAAVQSTTTTESATTDAEAQS 

TTVTESSTAGAAAQSTTATDSATTDAEAQS 

TTVTESSSAGAAVQSTTATESATTNAEAQS 

TTVTESSSAGAAVQSTTTTESATTDAEAQS 

TTVTESSTAGAAAQSTTATDSATADAEVQS 

TTVTELSTTGAAVPSTTATESSTTDAEAQS 

TTVTESSTAGAAVQSTTATESATTDAEAQS 

TTVTESSSAGAAVQSTTTTESATTDAEAQS 

TTVTESSTAGAAAQSTTATDSATADAEVQS 

TTVTELSTTGAAVPSTTATKSSTTDAEAQS 
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TTVTESSTAGVAVQSTSATERAITDTEVQS 

 

>BmP150_C_Terminus 

ATVTESNTAAKVHDQPTRTVFTSPCGNHPTSVATDNTSEKESKQTNTPTEHTVIVAHNQLHKTQTKTTASAHPIL

ETVSGMPSIHLTSKNDPPTTDEPIEIWEQSTKQFAPTTFISESLVLKNKQTQFKVIPLEIPTEATQKPVQSTIEP

IHPKTKPEQSTIKTVQSTDQSTQATMGSFPSIVKPIQSRESNVFNVKAISSIEPLKSTTEPVHSITQSTVVSKQS

SNEPLQVTIELLQSSIEPTQSTVQTQQSSAQPGQFATKPVNRIETTTENPESKKSNEHRPFIQVTKSTKSPIGST

LKGYYREINPTQGFGDDVGENEDKRKGRYDLSKFNQAPAMHMAVENEITLKTLIVEDGSKYGRCYCSCDLNSKPV

FISLDGSALKPRR 
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Supplementary Text S2. Sequences of P150 and Mucin-12 homologs used for the alignment 

and dendrogram construction in Figure 6. 

 

> P150 

GTAACAAAATCAACAAAGAGTCCGATCGGGAGCACCCTAAAAGGATATTACCGAGAAATCAACCCTACCCAAGGC

TTCGGTGATGATGTCGGGGAAAATGAAGATAAACGCAAAGGAAGATATGATTTATCTAAATTTAATCAAGCTCCG

GCAATGCATATGGCCGTTGAAAACGAAATAACATTGAAGACTCTGATCGTCGAAGACGGATCCAAGTATGGACGC

TGCTACTGTTCGTGTGACCTGAATAGCAAGCCAGTCTTCATTAGCTTGGATGGAAGTGCTTTGAAACCTAGACGA

TGA 

>XP_021205679.2 

CATGCAGATGGATCTAGCACTGAACCTAATAGGACAGTGCCTTGCAATAAGCCGCCTGCAGGACCTGGGCAGAAG

GAGCCGGCGACTGACTTGCAGCCTACCCCGCCTGGTACTGGAGGCAAATTGGCCTTGAATCAAGGCAAGAAAGAA

ATAATGCAAGCTTTGGAAACCAGCATGAATCTGAAGGTTTTAATTCTGCCAAATGGTCCTCAAGGGCAGAACTGT

TTCTGTACTTGTGACAACACGAGCGCACCTAAACTTATTCCTTTAAAAGATTTGCCGGCTGGTATCACTGGCAGT

TGA 

> BRAKERZPYP00000020335.1 

GAAAGCAGTGAAACTATTAAGACCGCACAAGTTAATCAGTTCCAACCACCTAAAAAACCAGGACATAATGATATT

GAGAGTCATCAGGCATCACAAGATTATAACGAAACAGAAAATAGAAGAGGACGATATGATCTTTCAAAGAAAAAT

TCTAGACAAGAAATCCGACAGGCTATTGAAAGTGATGTTAACTTCAAGACACTTATCATCGATGATGGTTCCAAG

AATGGACGATGTTACTGTTCGTGTGATATCAACAACAGACCAGTGTTTCTTAATGTGGATCAAAATAAACCTTTT

TAG 

>BRAKERZPYP00000016428.1 

GCGACCCCGCCGCTACAACCAGAAAGACCAGGGCAGTCTGCTTCAGGGCCACAACCAGTCGCTCCAAGCAACGAA

CTCGAGAGTGACGGCAAAAAAGGAGGAAAATTAGCATTGCAACAAGGCCGCAAAGATGTAATGCATGCATTGGCA

ACCAACATGAACCTGAAAATTCTCATACTGCCGAACGGACCAAATAAGAAAAACTGCTTCTGCACATGCGAGAAT

GACAGCCCTCCCAAACTGATACCAGTGGAGGACTTACCACCACAAATCAGAGGAATTAGAGCAAAACCCTTAGCC

TAA 

> XP_049868194.1 

GTAGACAAACCAGGTCAAGACACGCCGGGACAAGATCAACCAGTCCAAGATAAGCCAGGAAATGATAAACCTGGA

CGGCAACCAGATCAATGCAGACCACAAAGACCAGGCCAGAATTCTCGCAGAAAGGGTCGCTATGATTTAAACAAG

GGCAAACCAGCTCTTCAAAGGGCCCTGGAGAGCCACATTGAGTTTCAGACCCTGATAGTTTACGACAGTAAAGGA

GGAGAAGGAAAATGCTACTGCTCTTGCGGCAGTAACGGCAGACCTAAATTTATTAGTGTTGATCCTAGCATCCTA

TAG 

>XP_049884459.1 

ACAGAAAATACGGAAAGTGAAACGCAATGGAGCAAGGACAGCAAGACTCCAAGACCTGGTCGTGGAACTCCGCCA

ACGCGACAACCGCAGCCACTGCCAAAGAAGGGAGGGAAACTCAACATCCAACATGGGAGACATGAAATCATTCGC

GGTGTTGAAACCACAATGAAGATGAAGTTCCTGGTGGTTCCTCATGGTGAGAAGGGCAAGAACTGCTTCTGTTCG

TGCGACAGCACTGCTGCTCCCAAACTGGTACCGCTTGCAGACCTCCAAGAGCTAGACTCCTTTGGGAAAGAAAAC

TAA 

>ENSTAIP00005009985.1 

CCTGCTGAAAGTGAAGCCACATTGAACCGCAGCAATAAAGATAAGAAACAAAATGTTTACACTTCGGATAATCGT

GATACTAAATCTATATTTGCAAAGAGAGAAGAGGAACACAAAACAGGGCGTTATGATTTCAAACAAATGGATGGA

GCCAAAGCGATCCACAACGCGATACAGATGGATTTCAACTATAAGATGTTGTTGGTGGAAGACGGCTCTGCCCCA

GGGAAGTGCTACTGCACCTGTGATATGAACAGCCGACCTGTCTTTATGACGTTAGATTCTGAGTCCATACCTTCC

TAG 
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>ENSTAIP00005010080.1 

ACAACACAAACTAGCTGGACCAATGAAGTAAGCAATAATCATGATAGCTCAGAAGAATCCTCATTCGAACAAACT

ACTGATAAACAGGATAATTCAGAACCAATCACAACGAATCAAACTACAGATAAGGTAGCAGCAACCACACAAACA

AACATAATGCACGCGCTTGAGTCCAATATGAATCTGAAGGTGCTTATAATTCCCAACGAGGCCACCGGTGGGAAA

TGCTTCTGCACTTGCGCCGCAGACACGCCCAAGCTGATTCCTCTCGAGGATCTGCCAAAAGAACTCACGCAGGAT

TGA 

>BRAKERPYPP00000015107.1 

GTTGGCGATGCTGTTGGAGGAATCGCAGCTGGCGTTGGCGGGATCGTTGGAGGAGTTGAAGCTGGTGTTGGTGAT

GTCGTTGAAGAAGTTGGGTCTGGTATTGCCGGAATCACCGGAGATAACAAACCAGAAAACAAACCAGGTCTTCAA

CAAGCCATCGCTGCTGATTTGGACCTTCAAATGATGACGGTGGCAGATGGGACTCCCAGAGGGAAGTGCTACTGC

TCTTGCAGTCTGAACAATCAGCCGGTATTCTTGGAGATAAATGAAGCAGCTCTGCCACGTTCCCTAGCGCTTACA

TAG 

>XP_032528373.1 

TTAGACCCAAAAGACAAACCTGAAGCCTCTGGACCAAAAGACGAAGTACAATCTACCGAGTCTCAGTCTACACCT

GCGCCACCCAGCCTAAAACCTAACCAGGACCCAAGTACTTCTGGACCCCAGGATCTTTCAACAGACCCGCAAGCT

CTCCAAGTGTCGATGAATCTGAAACTCCTCATCCTACCCAAGGGACCAAAAAACACAAAGAATTGCTACTGCGCC

TGCGAGGGCCAGGAACCGCCCAAACTGGTCCCGATGCGACAACTTCCGGTCGGGATTACTAGTGTAGATAAAAAT

TAA 

> XP_053613123.1 

GCCCAAAGCAACACCTACCTATATGGACAACCAGAACAACCTGGTTACCCAGGACCAGGGCAATCAGGCTCAAGC

TCAGGTTCTTCCTCACAAAGCCAAAGCAATGCTCAGTCCAGCTCAACAGACGTCATCGACAGACGAGGCCGTTAC

GATCTGAACAAACCTAGAGGTATTGAAACTGACATGAACCTGAATACACTATTTATCAACGACGGGACGAAGGAT

GGAAGGTGTTATTGCTCATGTGGAGTCAACCGCCGCCCTATCTTCTTGAGCGTCGAGCCCAACCAACTTGGACTT

TAA 

>XP_053622877.1 

AGTGAATCAGAATCTCGTGCAGAATCTGAATCGAGAAGAGATTCTGAATTGGAGTCCGAAAAGGAAGTAGGCGTT

GCTGTGCCGCCGACCAAACCTGGAGTGGGAGGCAAGCTGGCTATTCAACAAGGAAAACGCGAAATCATGCACGCC

TTGGAAACTAACACGAACTTGAAAATCCTGATCTTGCCAAACGGACCCAAGCAAAAGAACTGCTTCTGCACCTGT

CAAAGTGACAGCGCGCCAAAACTTGTACCAATGAAAGACTTGCCGGCCGAAATCACCGCCATCGAGTCAAAATCG

TAA 

>BRAKERSAFP00000015049.1 

CCTGGCGAACCAGAGCAACCAGGTGAACCAGGTGAAACAGCAGAGCCAGGCCAGCCGGGTGAACCAGAAGAATAT

GATGATGATGAAGAGGACGACGGACACTACAGAAGAAGGGGACGTTACAACTTGAGACGTAGGAAAGGACACCGT

GCCCTCGAAACTGACCTCCATTTCAAGACTTTGATCGTGCAAGACGGATCAAAGACCGGAAGTTGCTTCTGTTCC

TGTGACGTCAACAACCGTCCAGTATTCCTCACCGTAGACCCCAAGTACTTGCCCGGACTTCGCGCCCCACTGAAC

TAA 

>BRAKERSAFP00000011847.1 

TCTGGTCTCCCTAGACCAGAACACCCAGGTTCAGGACCACAGCCATCTGTTCCGAACAGACCTTTGCCAGATGAC

TATTTAATACATGACAAGAGAGGCGGCAAGTTAGCTTTGCATCATGGTCGACGAAAAATAATGAATGCACTGGAA

ACCAACATGAATCTCAAAATATTGATTCTGCCCAACACTCCCGATCGCAAGAACTGCTTCTGTACCTGTGAAAAC

AACGACCCGCCAAAACTCATACCGCTTCGCGATTTGCCGCCGGAAGTACGAGAAATCGGCGCGAAGGAATCAGAC

TAG 

> BRAKERPFCP00005001188.1 

GACAGCCAGGCCAGCCAGAACAACCAAATCAGCCAGAACAGCCAGATCAGCCAGGCCAGCCAGGACAAGGAGGCC

ATTCAGGGCAATCAGGACAGCCAGGACCACCAGGGACTGACAAAATATTTTGTAGGAGGTTTGGAGTTAAAACTT

GACTACGATGATCGTGCGATTGAGGCCGACCTCAACCTGCGGACCATGATCATCCCGAGCCGCTACGGCAACCAG

CCGGGCCGCTGCTACTGCTCCTGCGACCTCAACAACAAGCCCGTCTTCATCAGCGTCGACCCCAGGCGGCTCTCG

TGA 
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>BRAKERPFCP00005013050.1 

GAAGAGGAGGAAGAGGTTACAGAAGGGTTCGCGTCAGGCAAGAAACCAGCGGCTCCTGGTACGCCAGTTGCACCG

ACGACGCCAGACGATGGCAAGAAGGGAGGAAAGCTAGCGGTCCAGAAAGGAACTAAAGAAATACTGCACGCCCTG

GAAACCAGCATGAACCTCAAGGTCCTCATCCTGCCCAACGGCCCTAACGGCAAGAACTGCTTCTGCACTTGCGAC

AACAACGCTGCGCCTAAGATCATCCCTCTGTCTGCTCTGCCAGCACAGGTCTCTGAGATTGCCGCAGAAAAAAAC

TAA 

>Tibi_1 

CGCCCAGGAGATGCAGGACGACCGGGAAGTCCAGGTCAACCAGAAGATTCGGGCAAGCCTTGTGATCGCCCAGGA

AGACCAGGCCCCAATACACCTGGGGGTCGTAAAGATGTCGTACGTGCAATTGAATCGCGAGTCCTATTTAAGACA

ATTATGATTCCCGACGAAGACGGCGGCGGCAAATGTTTCTGTACTTGTGAAAGTAAAACTACACCGAAAATTATT

TGGGTCGACGAAAACGGTCCCCGAGTTGAATACGTCCATAATAAAAATGGTGACCAAAACGAGAAAGGAATTAAA

TAA 

> Euja_1 

TCAGAATTCGATAAAATCCATAAATCAAAAATAAAAAAGGAAACTGATATAGAGGAAGATGATGAGACAAGCGAA

TATGAAGACGATCTATATGAAAGCGAATTTGATAAAAAACACAAGCGGCGACGTCATCCCAAGCATCACAAGCCA

GATGAAAAAATTAGAGCTATGGAGGCCGAAGTAGATTACAAGTTGGTGATCGTCCAGAACGGGCCGGATAAAGGC

CACTGCTACTGCACGTGCACGACCAAAACCAGTCCGCACTTCGTCGTCTGGGACGACAAGAAAAAGAAGAATCCT

TAA 

>Euja_2 

GGCACAACGAAACAACCAGGTGGTGGGGTTAAACCTGGGGATTCTGGAAAACCGCAAGTATCGGGCAAGACAGAA

CAACCGAAAAAACCGAATGATGGCAAAATAGGTGCTTCTACCGGACCTAGTAAAACAGGCACACCAAGCAAACCT

CGTCCCCGCAAGCGGACTGGTATTCCGGAAATCTATCGCGGTTTCAAAATGGATGTCAAATTCAAGACGGTGATG

GTGACGAACGGATTGCAGGAGGACAAGTGCTTCTGCACATGCTCGCCGCTCGATTCGCCGACGTGGATTAAGCGT

TGA 

> Nesw_1 

CCGCACCGCGCCCGCACCACGCGACTGCGAGTGAGTGCACTGTGTTACAAGGGGCGCGTGTGTGTTGCAGGGTCG

CCGCGCGGCGTCGAGACGGACGTCACCTTCAAGACGATCATAGTGCAGAACGGACCCGACCGCAAGTCCTGCTAC

TGCTCGTGCACCAGCAACTCGCGGCCCAAACTCATCGGCTGG 
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Conclusions 

     This Ph.D. thesis expands the knowledge of silk components in lepidopteran species and 

provides a perspective on the origin of silk genes. In Chapter 1, we have conducted a 

thorough study focused on the cocoon silk components of pyralid moths, specifically E. 

kuehniella (subfamily Phycitinae) and G. mellonella (subfamily Galleriinae). This study 

involved a thorough analysis utilizing proteomic, transcriptomic, and genomic data. Our 

investigation unveiled intriguing findings about the cocoon silk properties of E. kuehniella. 

We discovered that this particular silk is remarkably hygroscopic, exhibiting a capacity to 

absorb moisture that surpasses that of G. mellonella silk by 38%. In addition, we have 

presented complete sequences for nine FibH proteins derived from the suborder Pyraloidea, 

and conducted a discussion on the conserved structural features of these proteins. Another 

noteworthy aspect of our study involves the confirmation of microsyntenic relationships 

surrounding the sericin gene cluster. We observed these relationships among E. kuehniella, G. 

mellonella, and Amyelois transitella. This insight into the gene expansion observed in G. 

mellonella adds valuable knowledge to the field of silk research. In Chapter 2, we have 

provided a detailed description of a previously misannotated silk component gene, P150/ser6, 

found in B. mori. Prior to our study, this gene had been incorrectly annotated as two separate 

genes encoding uncharacterized proteins in both GenBank and SilkBase. We proposed a new 

model for P150/ser6, and verified its specific expression in the middle silk glands of B. mori. 

Previously, the P150/ser6 protein of B. mori has been identified in both the non-cocoon silk 

and the inner cocoon layer of the silk. We observed a similar expression pattern for P150/ser6 

homologs in B. mori, E. kuehniella and G. mellonella. However, we also detected variations 

in the intensity of the P150/ser6 protein within silk cocoons. This discrepancy suggests that 

the utilization of the P150/ser6 protein during silk synthesis may be influenced by additional 

genetic factors. 

     One of the ongoing projects in this laboratory revolves around the characterization of 

natural silk across various lepidopteran and trichopteran species. As our dataset continues to 

expand, we encounter two significant challenges that demand immediate attention. 

     Firstly, it is imperative to address the effective management of our sequence database to 

conduct comparative studies. Currently, while we do document the sources of the data and the 

methods employed in generating the sequences, this information is not integrated seamlessly. 

This disjointed documentation often results in confusion, particularly in the nomenclature of 
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genes. Furthermore, sequences generated on different platforms frequently contain invalid 

characters and exhibit varying line endings, which subsequently lead to errors in their 

utilization. The unprocessed headers within FASTA files also pose a potential source of errors 

due to the presence of invalid characters, exceeding program limits, or encountering 

duplicates. Many tools have been created to sanitize sequence data (Waldmann et al., 2014; 

Foley et al., 2019); however, there is a pressing need to establish a unified standard to 

streamline future utilization. 

     Secondly, in comparison to the extensive sequence data, we find ourselves lacking a 

complete evaluation of silk properties. To address this gap in our research, it is essential to 

systematically describe a wide range of silk properties, including structural, mechanical, 

thermal, hydration, optical, electrical, biodegradability, and more. By accumulating more data 

on these properties, we can enhance our understanding of the intricate relationship between 

the protein sequences and the resulting silk properties. A compelling example of a resource 

that has already made significant strides in this direction is the Spider Silkome Database 

(https://spider-silkome.org). This comprehensive repository houses both sequence and 

property data for over 1,000 spider species (Arakawa et al., 2022). By adopting a systematic 

approach, we can enhance our ability to draw meaningful conclusions about silk properties 

across moths and caddisflies. 

     Our extensive sequence dataset serves as a valuable resource for our collaborators in the 

biomaterial field, enabling them to explore and develop new materials with diverse 

applications. Simultaneously, our dataset holds substantial significance for evolutionary 

biologists who are keen on untangling the origins of silk production (“phenotype”) from the 

wealth of sequence information we've gathered (“genotype”) in Lepidoptera. To tackle this 

question, it is necessary to adopt a more sophisticated strategy that broadens our search for 

homologous genes. Beyond traditional approaches, such as sequence alignment-based and 

microsynteny information-based methods, there is a growing interest in utilizing protein 

structure-based techniques for homology detection. Historically, structure alignment 

programs relied heavily on a priori knowledge of solved protein structures. With the 

advancements in machine learning, however, we now have access to highly accurate protein 

structure prediction tools like AlphaFold (Jumper et al., 2021) and ESMFold (Lin et al., 

2023). Additionally, emerging structure-aware aligners like PRotein Ortholog Search Tool 

(PROST) (Kilinc et al., 2023) and TM-Vec/DeepBLAST (Hamamsy et al., 2023) are gaining 
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prominence as alternative methods to identify remote homologs. Incorporating these tools 

into our research toolkit is an important consideration for future investigations. Another 

important consideration is the inclusion of as many species as possible in our search for an 

all-inclusive understanding. Accessing high-quality genome data through repositories like 

NCBI or the Darwin Tree of Life Data Portal (Blaxter et al., 2022) has become increasingly 

convenient. However, it's crucial to recognize that to gain a holistic and accurate perspective, 

we should not restrict ourselves to data from only a handful of organisms. This approach 

allows us to capture variations, adaptations, and unique features at different taxonomic levels 

that might be missed when relying solely on a limited set of species. 
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