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Abstract 
Biomineralization is an essential process for the development of hard body parts, 

which are integral to many organisms. The acquisition of biominerals such as bones, 

teeth, and shells brought about great diversification of morphology and ecology among 

animals. Furthermore, biominerals, which often remain as fossils, provide important 

records of Earth history to understand the interactions, and the histories thereof, 

between the global environments and life. In order to clarify those interactions and 

histories, it would be necessary to understand the molecular mechanisms of biomineral 

formation. In molluscs, their shells have been intensively studied from the viewpoints of 

morphology, taxonomy, phylogeny, and biomineralization because they show a 

considerable diversity on the present Earth and have left a rich and continuous fossil 

record throughout the Phanerozoic. However, detailed molecular mechanisms of 

molluscan shell biomineralization have not been clarified yet. Molluscan shells consist of 

inorganic crystals of CaCO3 and organic matters such as polysaccharides and proteins, 

collectively known as shell organic matrices, which are secreted from the mantle tissue. 

Recent advances of analytical techniques brought even more drastic changes in our 

understanding of shell matrix proteins (SMPs). Proteomic analyses combined with 

genomic and transcriptomic analyses made it possible to almost comprehensively 

characterize protein sequences contained in biominerals, but a new question has arisen: 

do all those literally hundreds of SMPs contained in one kind of biomineral have a 

function in biominerarization? 

In Chapter 2 of this study, I identified potentially important SMPs, among other 

SMPs, by exploiting the asymmetric shell growth of snails. Formation of an asymmetric 

shell would require laterally asymmetric expression of SMP genes in the mantle tissue. 

I examined the expression levels of the 35,951 transcripts expressed in the left and right 

sides of the mantle tissue in the dextral pond snail, Lymnaea stagnalis. This 

transcriptome dataset was used to identify 207 SMPs by LC-MS/MS. A total of 32 out of 

the 207 SMP genes show asymmetric expression patterns in the transcriptome data, and 

they were further verified using quantitative PCR analysis, resulting in identification of 

four asymmetric genes out of those 32 SMP genes. Among the asymmetrically expressed 

SMPs in dextral snails in the transcriptome analysis or in the combined transcriptome 

and qPCR analysis, those that are more highly expressed in the left side than in the right 

side are three times more numerous than those that are more highly expressed in the 

right than in the left, suggesting importance of inhibitory roles of SMPs in shell 

formation. This observation was unexpected because it was assumed that a dextrally 

coiled shell is produced by a greater shell precipitation on the right than the left side of 

the mantle, and that more shell precipitation-promoting SMPs would be expressed in the 

right than in the left.  
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The 32 SMPs identified have distinctive features, such as conserved domains and low 

complexity regions, which may be essential in biomineralization. One of the SMPs that 

showed higher expression in the left than in the right, in both transcriptomic and qPCR 

analyses (Ls-SMP-88), showed a significant sequence similarity to Pif, an SMP originally 

isolated from the pearl oyster Pinctada fucata. Ls-SMP-88 contains two chitin-binding 

domains (ChtBD2) and an extracellular domain (Laminin_G) as in Pif, but, it has no von 

Willebrand factor type A domain (VWA), which is involved in protein binding, and is 

always found in Pif. Phylogenetic analysis of ChtBD2 and Laminin_G domain sequences 

indicated that Ls-SMP-88 is closely related to Pif of bivalvia, and that it originated as 

Pif, but lost the VWA domain subsequently. In pearl oysters, Pif binds aragonite crystals 

and promotes nacre formation. Although functions of Ls-SMP-88 have yet to be clarified, 

one possibility is that the loss of the VWA domain led to loss of shell formation-promoting 

roles, and acquisition of inhibitory roles instead. These results suggest that a dextrally 

coiled shell is produced by inhibition of shell precipitation on the left. Inhibitory roles of 

SMPs have long been recognized, and they could be at work in the process of coiled shell 

formation. 

   In Chapter 3, focusing on the laterality of the coiling direction of the snail, 

comparative proteomic analyses between the dextral and sinistral strains of L. stagnalis 

have been performed. L. stagnalis shows two types of shell coiling, namely, dextral (wild 

type) and sinistral (mutant type), and they have a mirror-symmetrical relationship with 

each other. In order to minimize the differences in genetic background between the 

dextral and sinistral strains, those two strains were crossed, and then each of the dextral 

and sinistral strains was established once again before being subjected to proteomic 

analyses. In the proteomic analyses, about 100 individuals each of the dextral and 

sinistral shells were sampled and provided for the comparative analysis. As a result, a 

total of 443 SMPs have been identified. The 443 SMPs include all the 207 SMPs identified 

in the dextral strain in Chapter 2.  

The comparisons of protein repertoires between the dextral and sinistral shells 

indicated no difference between them, but relative abundance of the proteins contained 

in the shell was different for some proteins: the most abundant SMP in the dextral shells, 

comp88734_c0_seq1, is 3.13 times more abundant in the dextral than in the sinistral 

shells, while the most abundant SMP in the sinistral shells, comp88616_c0_seq1, is 2.88 

times more abundant in the sinistral than in the dextral snail. These results suggest that 

the abundance profiles of SMPs in each of the dextral and sinistral shells are not simple 

mirror images. This would mean that the lateral asymmetry in L. stagnalis is not a 

simple matter of asymmetry determination at the very early developmental stage, but 

involves some “maintenance mechanisms”, which result in different expression profiles 

of SMP encoding genes in the mantle between dextral and sinistral strains in late 
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developmental stages. The fact that the shell shapes are not exact mirror images between 

dextral and sinistral shells is consistent with this hypothesis. The exact mechanisms, 

including the gene regulatory pathways of SMP expression need to be elucidated by 

further analysis.  

Furthermore, the expression levels of the 39,069 mantle transcripts have been 

compared between the right and left sides of mantle tissues in the sinistral strain of L. 
stagnalis. Contrary to expectation, the expression patterns of SMP genes in the sinistral 

strain did not mirror the asymmetric pattern observed in the dextral strain shown in 

Chapter 2. Only one SMP (comp153562_c0_seq1) gene indicated a statistically significant 

difference in expression level between the right and left sides of the mantle, with higher 

expression in the left (outer side of the sinistral shell) than in the right (axial side of the 

sinistral shell). The SMP comp153562_c0_seq1 has two EFh (EF-hand) domains which 

can interact with cations.  This SMP was identified in the dextral shells, but was found 

to show no significant difference in the expression levels of the transcripts between the 

right and left sides in the dextral snails. Instead, Ls-SMP-61 and Ls-SMP-62, which are 

distinct from comp153562_c0_seq1, but possess components of conserved domains 

similar to those of comp153562_c0_seq1, have been identified in the 32 asymmetric SMPs 

in the dextral strain discussed in Chapter 2, and are expressed higher in the left than in 

the right in the dextral snails. These observations suggest that a similar (but not the 

same) set of SMPs control some aspects of shell formation in dextral and sinistral strains. 

It is notable that, although the dextral strain and sinistral strains have almost the same 

genome background, they indicate distinctly different expression profiles of SMP genes. 

In order to understand the functions of SMPs in the future, it is necessary to analyze 

the in vivo functions of SMPs using genome editing techniques such as CRISPR/Cas9. 

The SMPs which have been narrowed down as potentially important in this study provide 

the first candidates to be analyzed in those in vivo functional analyses. In this context, 

investigations of not only the expression profiles of SMP genes but also the arrangements 

of SMPs in the shell and the relationships between the SMPs and the shell 

microstructures will be essential. In future, evolution of the molluscan shell morphology 

may be understood as a history of changes in the developmental programs of the shell. 

To this end, the lateral asymmetry of shell morphology, on which this study put a focus, 

provides a unique foothold for elucidating the molecular mechanisms of shell formation. 

It is hoped that further studies focusing on this aspect help understand the nature of 

hard tissue formation and evolution. 
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1. General Introduction 
Biomineralization is an essential process for the development of integral body parts 

in many organisms. Acquisition of biominerals greatly facilitated life, providing physical 

support of the body, armor against predation, apparatus for food ingestion, attachment 

for muscles, gravity sensors, optical lenses, magnet for navigation, etc. It played pivotal 

roles in the diversification events of morphology and ecology of life, such as 

terrestrialization and arms races between predators and predators (Schmidt-Nielsen, 

1984; Vermeiji, 1987; Coates, 1996; Kelley et al., 2003; Shubin et al., 2004; Ahlberg et al., 

2005; Glenner et al., 2006; Ashley-Ross et al., 2013). Furthermore, biominerals often 

remain as fossils, and thus provide important records of Earth history, including the 

history of the interactions between global environments and life (Clack, 1997; Shu et al., 

1999; Kelley et al., 2003; Knoll, 2003).  

Over 62 different biominerals are known, including the hydroxyapatite of bones or 

teeth, calcite and aragonite of the mollusc shells, gypsum of jellyfish larvae, barite of 

algae, silica of plants, diatoms, or sponges, magnetite of the magnetotactic bacteria, 

goethite of limpet teeth, and ferrihydrite of mammalian ferritin cores (Lowenstam & 

Weiner, 1989). Biominerals are composed of inorganic mineral crystals and organic 

molecules, which are mainly polysaccharides and proteins.  

The biomineralization process can be divided into the following 6 important steps 

(Lowenstam & Weiner, 1989): (1) space delineation, or the creation of a boundary space 

in which nucleation can occur; (2) matrix formation, when proteins which promote 

aggregation are synthesized and exported by cells to the boundary space, where they 

assemble and form a hydrated environment for nucleation to occur; (3) supersaturation, 

which is a condition where the concentration of ions in the boundary space reaches a 

critical threshold of insolubility, guaranteeing the nucleation of an inorganic solid; (4) 

control over nucleation, when agents or additives produced by cells are exported to the 

boundary space and control the nucleation of biominerals; (5) control over biomineral 

formation controlled by the cells with the assistance of agents or additives; and (6) 

termination of biomineralization. As the biomineralization process reaches its 

dimensional limit, the nucleation and mineral deposition processes are terminated. 

These steps are likely driven by intracellular regulation. 

The organic molecules extracted from biominerals have conventionally been classified 

into soluble and insoluble fractions based on the solubility in water. Insoluble matrix 

molecules are generally much more abundant than soluble ones, and are considered to 

provide framework or scaffold for biomineralization, while soluble components have been 

considered to help control the nucleation in the above step (4), and the subsequent 

mineralization steps (5) and (6), as an additive to the biominerals (Lowenstam & Weiner, 

1989; S. Mann, 2001).  
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Matrix proteins, which are considered as the main controllers of biomineralization, 

have been characterized by primary structure determination, first by one-by-one 

approaches based on Edman degradation (e.g. Sarashina and Endo 1998), followed by 

more comprehensive proteomic analyses (see Table 1.1). In vitro functional analyses of 

matrix proteins have also been performed to reveal promotive or inhibitory roles of shell 

matrix proteins (SMPs) on CaCO3 crystallization, and other potential functions of SMPs. 

For example, the acetic acid-soluble SMP Caspartin inhibits calcium carbonate 

precipitation (Marin et al., 2005). The SMP Prismalin-14 also inhibits precipitation of 

calcium carbonates in vitro (Suzuki & Nagasawa, 2007). The super-acidic SMP Aspein 

controls the CaCO3 polymorph formation in vitro (Takeuchi et al., 2008). The SMP 

Perlucin promotes the calcium carbonate precipitation and modification of crystal 

morphology at ambient conditions (Wang et al., 2008). The acidic SMP Pif is a key 

molecule in the induction of aragonite crystal formation (Suzuki et al., 2009). The SMP 

Pearlin modulates mineral growth/formation and recovers conformation to bind calcium 

or to bind alpha-chitin (Montagnani et al., 2011). The basic SMP PfN23 accelerates the 

deposition of calcium carbonates and induces the formation of aragonite crystals (Fang 

et al., 2012). Lysine-rich SMP KRMP7 inhibits CaCO3 precipitation, changes the 

morphology of calcite, and inhibits the growth of aragonite (Liang et al. 2016). In vivo 

functional analyses of matrix proteins have been advanced mainly in the studies of bones 

in model organisms (e.g. Patel et al. 2006; Williams et al. 2009; G. Zhao et al. 2018). With 

those in vitro and in vivo functional analyses of matrix proteins, detailed molecular 

mechanisms of biomineralization are still unclear. 

Table 1.1. 

The list of recent previous studies which focused SMPs by transcriptomic or proteomic analyses. 
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In molluscs, their shells have been intensively studied from the viewpoints of 

morphology, taxonomy, phylogeny, and biomineralization because they show a 

considerable diversity on the present Earth and have left a rich and continuous fossil 

record throughout the Phanerozoic (Ponder & Lindberg, 2008; Kocot et al., 2011; Smith 

et al., 2011). The phylum of extant molluscs is composed of eight classes that are divided 

into two major lineages, the Conchifera including gastropods, bivalves, scaphopods, 

cephalopods and monoplacophorans, and the Aculifera including polyplacophorans, 

solenogastres, and caudofoveates (Kocot et al., 2011; Smith et al., 2011; Vinther et al., 

2012; McDougall & Degnan, 2018). Molecular phylogenetic analyses greatly updated the 

relationships among those molluscan classes, however, even recent phylogenomic 

analyses show some conflicts, with gastropods being shown to be sister to scaphopods in 

one study, and to bivalves in another (Kocot et al., 2011; Smith et al., 2011; Vinther et al., 

2012; McDougall & Degnan, 2018). Molluscan morphological diversity of the shell, with 

over 100,000 species, is among the largest, only next to arthropods, in extant animal 

phyla (Ponder & Lindberg, 2008). The molluscan shells also exhibit a micro-level 

diversity in the form of “shell microstructures”, including such diverse structures as 

nacreous, prismatic, cross-lamellar, foliated, granular, and homogeneous structures 

(Lowenstam & Weiner, 1989; Chateigner et al., 2000; S. Mann, 2001). In other words, the 

molluscan shells are greatly diverse, from micro- to macro-levels. However, detailed 

molecular mechanisms of molluscan shell biomineralization have not been clarified yet. 

The molluscan shells generally consist of inorganic crystals of CaCO3 and organic 

matters such as polysaccharides and proteins, which are secreted from the mantle tissues 

(Lowenstam & Weiner, 1989; S. Mann, 2001). Pioneering studies on shell protein 

sequences have identified such matrix proteins as the carbonic anhydrase Nacrein 

(Miyamoto et al., 1996) as well as the likely shell framework proteins MSI60 and MSI31 

from the pearl oyster Pinctada fucata (Sudo et al., 1997), and another framework protein 

Lustrin A from the abalone Haliotis rufescens (X. Shen et al., 1997). An unusually acidic 

shell protein, MSP-1, which is rich in aspartic acid, was then identified from the scallop 

Patinopecten yessoensis (Sarashina & Endo, 1998, 2001). The following decade saw a 

boom of isolation and sequence determination for a wealth of molluscan shell matrix 

proteins (Sarashina & Endo, 2006; Marin et al., 2007). In fresh water molluscs, the 

extracellular matrix protein known as dermatopontin was found in the shell matrix of 

Biomphalaria glabrata (Marxen et al., 2003). 

Recent development of analytical techniques made it possible to investigate the 

transcriptome of mantle tissues and proteomes of the shell matrices from very small 

quantities of the sample material, potentially allowing us to detect interactions among 

various shell proteins. Indeed, this comprehensive approach triggered a burst of novel 

shell proteins identified from various molluscan species including Pinctada margaritifera 
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(Bédouet et al., 2007; Berland et al., 2011), P. margaritifera and P. maxima (Marie et al., 

2012), Crassostrea gigas (Marie, Zanella-Cléon, et al., 2011), Haliotis asinina (Marie et 

al., 2010), Mytilus edulis, Mytilus galloprovincialis, and Mytilus californianus (Marie, Le 

Roy, et al., 2011; Freer et al., 2014), Pinctada fucata (Takeuchi et al., 2011; Miyamoto et 

al., 2013), Lottia gigantea (K. Mann et al., 2012; Marie et al., 2013), Cepaea nemoralis 
(K. Mann & Jackson, 2014), Mytilus coruscus (Liao et al., 2015), Mya truncata 
(Arivalagan et al., 2016), Haliotis laevigata (K. Mann et al., 2018), Lymnaea stagnalis 
(Herlitze et al., 2018), and Euhadra quaesita (Shimizu et al., 2019). 

Functions of those proteins in shell formation, however, have remained largely 

unexplored. It is desirable to establish a system with which to study in vivo functions of 

shell matrix proteins systematically. Previous transcriptome studies have mainly used 

marine molluscs, and only a few freshwater molluscs have been subjected to 

transcriptomic or proteomic analysis. In this study, I characterized the shell matrix 

proteins of the pond snail Lymnaea stagnalis. 

The freshwater pond snail Lymnaea stagnalis (Linnaeus, 1758) (Fig. 1a), also referred 

to as great pond snail or common pond snail, belongs to the phylum Mollusca, class 

Gastropoda, subclass Heterobranchia, superorder Hygrophila and family Lymnaeidae. L. 
stagnalis inhabits fresh waters, with low current, and are predominantly herbivores, 

feeding mostly on plants. Detailed embryonic development is summarized by 

(Meshcheryakov, 1990).  

Piaget (1929) reported that the shell shapes of L. stagnalis are somewhat different 

between those in running water and still water environments. Arthur (1982) confirmed 

that this observation was statistically significant in (Piaget, 1929; Arthur, 1982). Asami 

et al. (2008) have established laboratory lines of enantiomorphs of the pond snail L. 
stagnalis starting from a wild population, and revealed that the early embryos of the 

dextral and sinistral strain of L. stagnalis are not mirror images of each other (Asami et 

al., 2008). Kuroda et al. (2009) found that when the 8-cell stage micromeres of a sinistral 

embryo were artificially placed so as to twist clockwise, the individual grew normally as 

a dextral embryo (Kuroda et al., 2009). Shimizu et al. (2011; 2013) reported the signal 

transduction factor Dpp showed laterally asymmetric expression patterns in the 

embryonic shell gland, embryonic mantle, and adult mantle, with high levels of 

expression in the right and left sides of the body in those shell forming tissues in the 

dextral and sinistral snails, respectively. When embryos of L. stagnalis were subjected to 

a chemical that inhibits the signal transduction by Dpp, they produced a shell of a cone-

like shape without coiling, confirming that Dpp is responsible for shell coiling in those 

snails (Shimizu et al., 2011, 2013). Then, Davison et al. (2016) revealed that Formin, 

which is a protein involved in polymerization of actin, and is encoded by the Lsdia1 gene, 

is likely the long-sought maternal factor that determine the coiling direction in L. 
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stagnalis, a discovery which was confirmed by gene knockout experiments of Abe & 

Kuroda (2019).  

 

The shell microstructure of L. stagnalis is composed by crossed lamellar 

microstructure (Yonezawa et al., 2016), and shell matrix proteins have also been 

characterized in L. stagnalis (Sarashina et al., 2006; Yonezawa et al., 2016; Herlitze et 

al., 2018). Herlitze et al. (2018) identified 34 candidate shell-forming proteins, showing 

that their transcripts display a variety of spatial and temporal expression patterns at 

different developmental stages (Herlitze et al., 2018).  

L. stagnalis has a short life cycle and can be reared easily. Besides, L. stagnalis has 

been widely used in neurophysiology, embryology, environment toxicology, and so on (de 

Vlieger et al., 1980; Rittschof & McClellan-Green, 2005; Bandow & Weltje, 2012; Munley 

et al., 2013; Atli & Grosell, 2016; Amorim et al., 2019). Therefore, L. stagnalis has a high 

potential of becoming a ‘model organism’ in the study of shell formation.  

In this study, by investigating the shell matrix proteins of L. stagnalis much more 

comprehensively than in any previous studies, I attempted to identify potentially 

functionally important SMPs out of the hundreds of SMPs characterized by proteomic 

analysis, and to make a basis for understanding the mechanisms of biomineralization as 

well as the evolutionary processes of shell formation in molluscs.  

Figure 1. 

An adult individual of Lymnaea stagnalis showing the position of mantle tissues dissected for 

analysis. (a) Ventral view of L. stagnalis. (b) A schematic diagram of L. stagnalis. Red line: right 

side, blue line: left side of the mantle, ap: shell aperture, ft: foot, hd: head, and sh: shell. Scale bar 

= 1 cm. 
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2. Functional shell matrix proteins tentatively identified by asymmetric 
snail shell morphology 

 

2.1. Background 
Biomineralization is the process by which organisms incorporate and deposit 

minerals. The end products, called biominerals, are composed of both minerals and 

organic matrices, which are considered essential to formation of highly ordered, 

functional materials (Lowenstam & Weiner, 1989; S. Mann, 2001). In these organic 

matrices, proteins are the major components and have attracted much interest. SM50, 

from sea urchin larval spicules, was the first such protein sequenced among calcium 

carbonate biominerals (Sucov et al., 1987). Subsequently, studies of molluscan shell 

proteins have identified such matrix proteins as the carbonic anhydrase nacrein 

(Miyamoto et al., 1996) and the probable shell framework proteins, MSI60 and MSI31 

(Sudo et al., 1997), from the pearl oyster, Pinctada fucata. The following decade saw a 

significant surge in sequence determination of skeletal matrix proteins (Sarashina & 

Endo, 2006; Marin et al., 2007; Nagasawa, 2013). 
Recent advances in analytical techniques brought even more drastic changes in our 

understanding of matrix proteins. Proteomic analyses combined with genomic and 

transcriptomic analyses made it possible to almost comprehensively characterize protein 

sequences from biominerals. These advances triggered a burst of novel matrix proteins 

identified from various biominerals, including chicken eggshells (K. Mann et al., 2006), 

sea urchin larval spicules (K. Mann et al., 2008), shells of molluscs (G. Zhang et al., 2012; 

K. Mann et al., 2012, 2018; K. Mann & Jackson, 2014; Gao et al., 2015; Liao et al., 2015; 

Liu et al., 2015; Arivalagan et al., 2016; Upadhyay & Thiyagarajan, 2016; Di et al., 2017; 

Shimizu et al., 2019), and brachiopods (Isowa et al., 2015; Jackson et al., 2015; Luo et al., 

2015). In these studies, literally hundreds of proteins have been identified from 

biominerals of individual species.  

These techniques enabled a new era of proteomic biomineralization studies, however, 

they also raised a conundrum. Previous studies identified proteins that are not specific 

to biomineralization, e.g., house-keeping proteins such as EF-1α and ribosomal proteins 

(G. Zhang et al., 2012). Do all these matrix proteins function in biomineralization? Is 

there a way to identify essential SMPs among the literally hundreds of SMPs identified 

by omics approaches? To address these questions, we focused our attention on the pond 

snail, Lymnaea stagnalis (Fig. 1a). Because these snails produce coiled-shells, which can 

only be produced by asymmetric accretion of shell material to the shell aperture, we 

hypothesized that some genes responsible for shell formation may be differentially 

expressed between the left and right sides of their mantle tissues. In other words, by 

comparing gene expression levels between the left and right sides of the mantle, we 
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anticipated being able to identify functionally important proteins. We posited that 

enhanced and diminished SMP expression would result in more biomineralization on the 

right side than left side of the mantle in dextral snails (Fig. 1b). 

In addition, L. stagnalis is an ideal organism for such a study because it has a short 

life cycle and can be reared easily in the laboratory. For this reason, it has been used for 

a wide range of studies, including neurophysiology, embryology, and environmental 

toxicology (Davies & Henrissat, 1995; Rittschof & McClellan-Green, 2005; Shimizu et al., 

2011; Munley et al., 2013). At least three previous studies have used transcriptomic 

analyses to understand the snail central nervous system or responses to a pesticide (Z.-

P. Feng et al., 2009; Bouétard et al., 2012; Sadamoto et al., 2012). Shell matrix proteins 

(SMPs) have also been characterized in L. stagnalis (Sarashina & Endo, 2006; Herlitze 

et al., 2018). Herlitze et al. (2018) identified 34 candidate shell-forming proteins, showing 

that their transcripts display a variety of spatial and temporal expression patterns at 

different developmental stages (Herlitze et al., 2018). Therefore, L. stagnalis is an ideal 

‘model organism’ for biomineralization. 

In this study, we identified shell matrix proteins of L. stagnalis using a combination 

of proteomic and transcriptomic analyses. Gene expression levels of shell matrix proteins 

have been compared between the right and left sides of the mantle. We identified 32 shell 

matrix protein genes that are asymmetrically expressed in the mantle transcriptome, 

suggesting their roles in shell formation in this species. Using quantitative PCR analysis, 

asymmetric expression patterns were further verified for four of these 32 SMPs. The shell 

proteomic and transcriptomic data presented here may support additional studies of 

biomineralization mechanisms, as well as evolutionary processes of shell formation in 

molluscs. 
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2.2. Results 
 

2.2.1. Mantle transcriptomic analysis 

Approximately 70 million reads were obtained for each of the 6 paired-end libraries 

prepared from left and right mantle tissues of three biological replicates. The read length 

was 200 bp and GC content was ~40% (Table 2.1). Sequence assemblages using all six 

pairs of samples from mantle tissues generated 337,195 contigs with a maximum contig 

length of 37,809 bp, an average length of 1,140 bp, and an N50 value of 2,828 bp. Local 

BLASTN searches of these contigs against the whole genome shotgun sequence of L. 
stagnalis (GCA_900036025.1, unpublished, Ashworth Laboratories, 2016) returned 

significantly similar sequences for 309,623 contigs (e-value < 10-10). After an ORF search 

by TransDecoder, 162,121 contigs remained in the FASTA file with a maximum contig 

length of 32,196 bp, an average length of 1,050 bp, and an N50 value of 1,728 bp. After 

clustering with CD-HIT, 35,951 sequences remained with a maximum sequence length 

of 32,196 bp, an average length of 1,190 bp, and an N50 value of 1,974 bp. After clustering 

with CD-HIT, we used those sequences as references for the proteomic analysis. The 

sequence assembly, gene set, and transcriptome completeness of the FASTA file have 

been checked using BUSCO statistics (Simão et al., 2015; Waterhouse et al., 2018). The 

results indicated that our contig sequences are well assembled and comprise a nearly 

complete gene set that identified 99.1% (969) complete genes and 0.6% (6) fragmented 

genes among the 978 metazoan BUSCO genes (Supplementary Table S2.1). 

About 7 million reads with read lengths of 35 - 309 bp and a GC content of 42% were 

obtained as paired-end sequences for foot tissue (Table 2.1). After removal of low quality 

reads, 5,965,429 reads (paired-end pairs) remained in the FASTQ file (Table 2.1). BUSCO 

statistics for the FASTA file obtained for the foot transcriptome (116,738 contig 

sequences; Fig. 2.1) identified 93.7% (917) complete genes and 5.7% (56) fragmented 

genes, a value slightly lower than, but comparable to the value for the mantle 

transcriptome shown above (Supplementary Table S2.2). 

Table 2.1. 

Details of transcriptomic data obtained in this study. 
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2.2.2. Proteomic analysis 

LC-MS/MS identified 378 unique peptide fragments from the shell matrix of L. 
stagnalis. Of these 378 peptide fragments, 91, 233, and 55 peptides were identified from 

the soluble, insoluble, and both soluble and insoluble fractions, respectively 

(Supplementary Table S2.3). Using transcriptomic data obtained from mantle tissues of 

L. stagnalis, protein sequences identified by more than one unique peptide were 

employed in subsequent analyses. In all, 207 proteins were identified with 21, 116, and 

70 having been identified in the soluble, insoluble, and both fractions, respectively 

(Supplementary Table S2.4). 

 

2.2.3. Analysis of SMP-encoding transcripts 

147 contigs encoded complete protein sequences, accounting for 71% of the 207 shell 

matrix proteins of L. stagnalis. In this study, a complete sequence refers to a gene model 

that has both start and stop codons. Of the remaining 60 sequences, 16, 31, and 13 had 

the 3’ end missing, the 5’ end missing, or internal sequences, respectively 

(Supplementary Table S2.4). The distribution of theoretical isoelectric points (pI) 

Figure 2.1. 

Venn diagram showing numbers of transcripts (Tr) and SMPs identified in right mantle, left 

mantle, and foot using transcriptomic and proteomic analyses. 
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estimated for all complete sequences of SMPs identified in this study indicated a bimodal 

pattern with acidic proteins being more numerous than basic ones (Fig. 2.2). The highest 

and lowest pIs were 10.90 and 3.65, respectively. 

 

2.2.4. Similarity searches using BLAST 

In order to find homologous sequences in the databases, the 207 SMPs identified in 

this study were searched against GenBank using BLASTP, and 165 proteins showed 

similarity to known proteins. Of the 165 proteins, 156 and 9 SMPs indicated high 

similarity to those molluscs and other invertebrates, and even to vertebrates. The 

remaining 42 SMPs are novel proteins, which are dissimilar from all known proteins 

(Supplementary Table S2.4). 

 

2.2.5. Conserved domain search 

Searches for conserved domains using SMART identified 261 domains in the 207 

SMPs. Those domains were grouped into six categories: extracellular matrix (38 

domains), enzyme (76), cation interaction (33), polysaccharide interaction (33), 

proteinase inhibitor (14), and others (67) (Fig. 2.3). 

  

Figure 2.2.  

Histogram showing the frequencies of theoretical pIs of SMPs identified in this study. Theoretical 

pI was estimated from the amino acid sequence translated using UniProtKB. The values of the 

highest and the lowest pIs were 10.90 and 3.65, respectively. 
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Figure 2.3. 

Summary of domains identified from SMPs of L. stagnalis. Actual counts and frequencies of 

different kinds of domains observed among the 207 SMPs are shown. 

 

 

Figure 2.4. 

Venn diagram showing shared conserved domains among SMPs of three mollusc species (Lymnaea 

stagnalis, Crassostrea gigas, and Lottia gigantea). Conserved domains are grouped into 5 

categories. 11 domains (CCP, EGF, FN3, VWA, WAP, EFh, ChtBD2, CLECT, Laminin_G, 

Tyrosinase, and An_Peroxidase) are shared among all three species. 2 domains (Glyco_hydro_20, 

and Cu-oxidase) are shared between L. stagnalis and C. gigas, and 3 domains (Ependymin, DERM, 

and SCP) between L. stagnalis and L. gigantea. 
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115 proteins had signal peptides, including 99 complete amino acid sequences. Among 

the 115 proteins were 22 house-keeping, 17 room-keeping, 8 known SMPs, 37 

uncharacterized proteins, and 31 novel proteins (Supplementary Table S2.4). The 99 

SMPs with signal peptides and complete sequences included 17 house-keeping, 13 room-

keeping, 7 SMPs, 36 uncharacterized proteins, and 26 novel proteins. Of the 92 proteins 

lacking signal peptides there were 48 complete and 44 partial sequences. Among them 

48 house-keeping proteins, 16 room-keeping proteins, 5 SMPs, 12 uncharacterized 

proteins, and 11 novel proteins (Supplementary Table S2.4). The 48 complete SMP 

sequences without signal peptides included 29 house-keeping proteins, 8 room-keeping 

proteins, 3 SMPs, 5 uncharacterized proteins, and 3 novel proteins. 

Eighty-one proteins contained one or more low complexity regions (LCRs). Of these, 

14, 13, 6, 24, and 24 proteins were identified as house-keeping, room-keeping, SMP, 

uncharacterized protein, and novel proteins, respectively (Supplementary Table S2.4). 

Comparisons of shared domains among the SMPs of three molluscs, L. stagnalis, 

Lottia gigantea, and Crassostrea gigas: (the latter two have decoded draft genomes (G. 

Zhang et al., 2012; Simakov et al., 2013)) indicated that 11 kinds of domains are shared 

among these species, including 5 extracellular regions, 3 polysaccharide interaction 

domains, 2 enzymes, and 1 cation interaction domain (Fig. 2.4). 

 

2.2.6. Expression levels of SMP genes in mantle tissue 

FPKMs for each of the 207 SMPs were calculated from transcriptomic data. Fig. 2.5 

indicates the 10% of sequences with the highest FPKMs among the 207 SMPs (Fig. 2.5 

and Supplementary Table S2.4). The sequence with the highest FPKM is Ls-SMP-126, 

annotated as adductor muscle actin by BLAST. Other sequences with top 10% expression 

levels are dominated by apparent house-keeping genes, including 60S acidic ribosomal 

P2 (Ls-SMP-173), actin (Ls-SMP-127), L-amino-acid oxidase (Ls-SMP-33), arginase-1-

like isoform X2 (Ls-SMP-114), ATP-dependent RNA helicase DDX43 (Ls-SMP-175), 

voltage-dependent anion-selective channel protein 2-like isoform X4 (Ls-SMP-12), 

retrograde protein of 51 kDa (Ls-SMP-77), 14-3-3 protein epsilon (Ls-SMP-17), and 

YGSC-1 (Ls-SMP-176). Some proteins that had already been identified as SMPs, such as 

formin-like protein 2 isoform X3 (Ls-SMP-53), matrilin (Ls-SMP-90), extensin-like 

isoform X1 (Ls-SMP-52), and dermatopontin 1 (Ls-SMP-195) also exhibited high 

expression levels, and were included in the top 10% of sequences based on FPKMs. The 

remaining sequences in Fig. 2.5 include hemocyanin alpha D-subunit (Ls-SMP-170), a 

“room-keeping” gene, and an unidentified protein (Ls-SMP-172) or uncharacterized 

proteins including LOC106071610 (Ls-SMP-51) and LOC106053304 (Ls-SMP-85) (Fig. 

2.5 and Supplementary Table S2.4). 
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Figure 2.5 

Top 10% of contigs for SMP-coding genes of L. stagnalis that yielded the highest FPKM values. 

 

Figure 2.6  

Top 10% of SMPs (shown in contig names) yielding the highest protein abundance values. 
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2.2.7. Abundances of SMPs in the shell 

Protein abundance, or the amount of a protein in the shell matrix, was estimated from 

proteomic data. Fig. 2.6 shows the most abundant 10% of protein sequences among the 

207 SMPs (Fig. 2.6 and Supplementary Table S2.4). The most abundant protein, Ls-SMP-

203, could not be identified by BLAST or conserved domain search. Indeed, more than 

half of the most abundant 10% of shell proteins were either unidentified (Ls-SMP-45, Ls-

SMP-4, Ls-SMP-120, Ls-SMP-161, Ls-SMP-96, Ls-SMP-7, Ls-SMP-57, Ls-SMP-5, Ls-

SMP-10 and Ls-SMP-144) or uncharacterized [coiled-coil domain-containing 1-like 

isoform X2 (Ls-SMP-198), LOC106053304 (Ls-SMP-85), LOC106070421 (Ls-SMP-200), 

LOC106069873 (Ls-SMP-197), and LOC106073248 (Ls-SMP-202)] proteins. The 

remaining proteins had already been identified as either SMPs [formin-like protein 2 

isoform X3 (Ls-SMP-53), extensin-like isoform X1 (Ls-SMP-52), and galaxin (Ls-SMP-

97)], or an otolith matrix protein [starmaker-like isoform X1 (Ls-SMP-199)]. 

 

2.2.8. SDS-PAGE analysis 

Matrix proteins were extracted from shells of Lymnaea stagnalis, which yielded 0.53 

μg soluble and 1.39 μg insoluble fractions per g of shell. Extracted proteins separated by 

SDS-PAGE revealed 3 major (10 kDa, 20 kDa, and 22 kDa) and 2 minor (28 kDa and 220 

kDa) bands for the soluble fraction and one major (20 kDa) and 3 minor (28 kDa, 32 kDa, 

and 220 kDa) bands for the insoluble fraction, when stained with Coomassie Brilliant 

Blue (Fig. 2.7). As shown later, sizes of those proteins do not match those of proteins with 

the highest numbers of hits in the proteomic analysis, suggesting that the major proteins 

seen in SDS-PAGE are products of post-translational modifications such as cleavage, 

glycosylation, and phosphorylation. 

 

2.2.9. Gene ontology analysis 

Gene ontologies (GO) of the mantle and SMP-encoding transcriptomes were analyzed 

and visualized with Blast2GO. Annotated genes were classified into three different 

categories, “cellular component”, “biological process”, and “molecular function”, with 

three different levels for each category (Figs. 2.8 - 2.13). In the categories, “cellular 

component” and “biological process”, no notable differences were observed between the 

mantle and SMP transcriptomes, except that at level 2 of “cellular component”, the term 

“extracellular region” is enriched in SMPs compared to the mantle (Figs. 2.8, 2.9, 2.11, 

and 2.12). On the other hand, some differences were seen in the category “molecular 

function.” Especially at level 3, the GO terms “hydrolase activity”, “protein binding”, 

“oxidoreductase activity”, and “carbohydrate derivative-binding” are enriched in SMPs 

(Figs. 2.10 and 2.13). At level 4, the GO terms “cation binding” and “anion binding” are 

enriched in SMPs compared to the mantle (Supplementary Figs. 2.10 and 2.13). 
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Figure 2.7.  

SDS-PAGE analysis of soluble and insoluble fractions extracted from shells of L. stagnalis. M: 

Marker, a: soluble fraction (904 µg/mL), b: soluble fraction (452 µg/mL), c: insoluble fraction (40 

µg/mL), d: insoluble fraction (10 µg/mL). 
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Figure 2.8.  

Combined graphs for GO of mantle tissues (cellular component) produced by Blast2GO. 
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Figure 2.9. 

Combined graphs for GO of mantle tissues (biological process) produced by Blast2GO. 

 

  



18 
 

 

Figure 2.10.  

Combined graphs for GO of mantle tissues (molecular function) produced by Blast2GO. 
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Figure 2.11. 

Combined graphs for GO of SMPs (cellular component) produced by Blast2GO. 
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Figure 2.12. 

Combined graphs for GO of SMPs (biological process) produced by Blast2GO. 
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Figure 2.13.  

Combined graphs for GO of SMPs (molecular function) produced by Blast2GO. 
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2.2.10. Phylogenetic analyses of some conserved domains 

Pif proteins in general and the Pif-like protein (Ls-SMP-88) of L. stagnalis have two 

ChtBD2 domains arranged in tandem. Phylogenetic analyses of those ChtBD2 domains 

indicated that each forms a cluster (with bootstrap probabilities for the upstream and 

downstream domains being 64% and 68%, respectively), suggesting that the last common 

ancestor of bivalves and gastropods already had those two ChtBD2 domains in tandem 

(Fig. 2.14a). Phylogenetic analyses also indicated that the Laminin_G domain sequence 

of the Pif-like SMP of L. stagnalis forms a cluster with sequences of typical Pif SMPs of 

other molluscs, rather than with Laminin_G sequences of BMSP (blue mussel shell 

protein) (Fig. 2.14b). 

Phylogenetic analyses of tyrosinase domains clearly discriminated three classes of 

TDC-SMPs: lophotrochozoan tyrosinase, vertebrate tyrosinase, and hemocyanin-

tyrosinase (Fig. 2.15). Thus, TDC-SMPs of L. stagnalis may be classified into two groups 

of different origin, i.e., tyrosinase SMP and hemocyanin-tyrosinase, with the latter 

having greatly expanded in L. stagnalis (Fig. 2.15). 

 

2.2.11. Comparison of SMP expression levels between the right and left sides of mantle 

tissues 

The right and left sides of the mantle tissues of L. stagnalis should have different 

rates of shell growth to produce the asymmetric dextral shell (Fig. 1). Levels of shell 

matrix protein gene expression have been compared between the right and left sides of 

the mantle in three individuals, to identify functionally important proteins 

(Supplementary Tables S2.5 and S2.6). There are indeed differences in the patterns of 

gene expression between the left and right sides of the mantle. Of the 35,951 transcript 

sequences identified from the mantle, 916 transcripts (2.6%) indicated a statistically 

significant difference between the left and right sides, considering variations in gene 

expression levels among the three individuals studied (q < 0.05; Fig. 2.16, Supplementary 

Table S2.6). Of those 916 transcripts, 32 transcripts encode SMPs (15.5% of the 207 SMPs 

identified in this study). Among the 916 transcripts, 612 encoding proteins other than 

SMPs (64.4%), and 25 encoding SMPs (78.1% of 32) showed higher expression on the left 

side than on the right (Fig. 2.17). Among the 32 SMPs, 25 showed higher expression on 

the left than the right, with Ls-SMP-30 showing the greatest difference in expression 

level. In contrast, 7 SMPs showed higher expression on the right side than the left, with 

Ls-SMP-43 being the most distinctively different (Figs. 2.1, 2.16 and Supplementary 

Table S2.4). 

The mantle transcriptome was compared to the foot transcriptome using local BLAST 

to find genes that are expressed in the mantle, but not in the foot (E value cut off >10-10) 

(genes hereafter termed “mantle specific”). Of the 207 SMP genes, 29 were mantle 
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specific (Fig. 2.17 and Supplementary Table S2.7). 14 of the 29 mantle-specific SMP genes 

were significantly more highly expressed on the left side than the right. Those 14 genes 

encode ovipostatin (Ls-SMP-150), matrilin-like (Ls-SMP-48), cysteine-rich venom 

protein LO1-like protein (Ls-SMP-108), three uncharacterized proteins (Ls-SMP-30, Ls-

SMP-63, and Ls-SMP-192), and 8 novel proteins (Ls-SMP-4, Ls-SMP-39, Ls-SMP-59, Ls-

SMP-60 Ls-SMP-61, Ls-SMP-62, Ls-SMP-70, and Ls-SMP-206). The remaining 15 genes 

did not show asymmetric expression patterns, and include 5 SMP genes containing 

conserved domains found in other molluscs (Ls-SMP-23, Ls-SMP-24, Ls-SMP-81, Ls-

SMP-82, and Ls-SMP-186) (Supplementary Table S2.4). 

 

 

Figure 2.14. 
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Figure 2.14 (legend). 

(a) Maximum likelihood tree of ChtBD2 domains in molluscan SMPs, including the one from Lymnaea 

stagnalis. Molluscan ChtBD2 domain sequences were retrieved from NCBI GenBank after BLAST 

searches using the two ChtBD2 domain sequences of Ls-SMP-88 of L. stagnalis as query. The ML tree 

was inferred from two domains of Ls-SMP-88 and 29 domains of 14 proteins, using the WAG + G + I 

model based on 47 amino acids. When more than one ChtBD2 domain exists in a protein, they are 

discriminated in order from the N-terminus, and named p1, p2, etc. (b) Maximum likelihood tree of 

Laminin_G domains in molluscan SMPs, including the one identified from Lymnaea stagnalis. 

Molluscan Laminin_G domain sequences were retrieved from NCBI GenBank after BLAST searches 

using the Laminin_G domain sequence of Ls-SMP-88 of L. stagnalis as a query. The ML tree was inferred 

from a domain of Ls-SMP-88 and 13 domains of 13 proteins, using the LG + G model, based on 128 

amino acids. (a, b) Polychotomy results if the bootstrap value of the node is lower than 50%. Bootstrap 

values are indicated for nodes with a value greater >50%. A domain sequence of the chitin-binding 

domain-containing protein of the brachiopod, Lingula anatina, was included as outgroup. The sequence 

name in red indicates the sequence from L. stagnalis. Cgi: Crassostrea gigas, Lan: Lingula anatina, Lgi: 

Lottia gigantea, Mga: Mytilus galloprovincialis, Pfu: Pinctada fucata. 
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Figure 2.15. 
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Figure 2.15 (legend). 

Maximum likelihood tree of the tyrosinase domains contained in some animal tyrosinase proteins and 

molluscan SMPs, including the one from Lymnaea stagnalis. The ML tree was inferred from 15 domains 

in 6 SMPs of L. stagnalis, 25 domains in two molluscan haemocyanin proteins from NCBI GenBank and 

63 domains in tyrosinase proteins identified by Shimizu et al. (2019) (Shimizu et al., 2019), using the 

LG + G model based on 82 amino acids. Polychotomy results if the bootstrap value of the node is lower 

than 50%. Bootstrap values are indicated for nodes with a value greater >50%. Sequences of tyrosinase 

domains of the brachiopod, Lingula anatina, were included as an outgroup. Sequence names in red 

indicate proteins that have been identified as SMPs in this study or by Shimizu et al. (2019) (Shimizu 

et al., 2019). Cgi: Crassostrea gigas, Equ: Euhadra quaesita, Lan: Lingula anatina, Lgi: Lottia gigantea, 

Mga: Mytilus galloprovincialis, Pmarg: Pinctada margaritifera, Pmax: Pinctada. maxima, Pfu: Pinctada 

fucata. When more than one tyrosinase domain exists in a protein, they are listed in order from the N-

terminus, and named p1, p2, etc. 
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Figure 2.16. 

Volcano plot showing differential expression of SMP-coding genes between right and left sides of mantle 

tissues of the dextral strain. The X axis represents the logarithm of the change in expression levels of 

the right side vs. the left side. The Y axis represents the logarithm of the significance level for each 

comparison of the gene. The level of significance to reject the null hypothesis (q = 0.05) is shown as a 

black line. Numbers denote serial numbers of contigs (genes) in Supplementary Table S2.4. Only genes 

that were considered significant or expressed specifically in the mantle (shown in orange dots) are 

numbered. 
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From Figure 2.16 it is evident that (1) 14 of 32 SMP transcripts are specifically 

expressed in the mantle, without detectable expression in the foot, (2) all mantle-specific 

SMP transcripts are more strongly expressed on the left side than the right, and (3) those 

14 transcripts dominate the left side of Figure 2.16. The 14 SMPs include those that are 

homologous to the three room-keeping proteins, ovipostatin (Ls-SMP150), matrilin-like 

(Ls-SMP-48), and cysteine-rich venom protein LIO1-like protein (Ls-SMP-108), three 

uncharacterized proteins (Ls-SMP-30, Ls-SMP-192, and Ls-SMP-63), and 8 novel 

proteins (Ls-SMP-39, Ls-SMP-61, Ls-SMP-4, Ls-SMP-60, Ls-SMP-70, Ls-SMP-59, Ls-

SMP-62, and Ls-SMP-206) (Fig. 2.17). An ELH domain is contained in the novel protein 

Ls-SMP-4, two EFh domains are present in each of the novel proteins Ls-SMP-61 and 

Ls-SMP-62, and a CLECT domain and an H_lectin domain are found in the novel protein 

Ls-SMP-59 and the uncharacterized protein Ls-SMP-63 (Fig. 2.17). One or more low 

complexity regions are seen in Ls-SMP-150, Ls-SMP-60, Ls-SMP-63, and Ls-SMP-108 

(Fig. 2.17). Amino acid composition analyses of low complexity regions indicate that the 

low complexity regions in Ls-SMP-60, Ls-SMP-63, Ls-SMP-108, and Ls-SMP-150 are rich 

in acidic residues (58.3%, 33.3%, 39.3%, and 28.6% acidic residues, respectively) 

(Supplementary Table S2.8). Signal peptides have been identified in most of those SMPs 

(10/14). Potential N-glycosylation (11/14), O-glycosylation (8/14), or phosphorylation 

(14/14) sites have also been inferred for those proteins (Supplementary Table S2.7). 

Although the actual functions of those SMPs must yet be confirmed by in vivo functional 

analysis, those 14 SMPs appear to be important in shell biomineralization, especially in 

suppressing shell precipitation, because they are specifically expressed in the mantle and 

they are more highly expressed on the left than the right side. 

The other 18 SMP-encoding transcripts are expressed in both mantle and foot; thus, 

they are not specific to the mantle. However, since they show a significant difference in 

expression levels between the left and right sides of the mantle, they are probably 

important in shell formation. Of the 18 SMP-encoding transcripts, 11 are more highly 

expressed on the left than the right. They include a chitin-binding domain (ChtBD2)-

containing protein (Ls-SMP-88), proteins homologous to two house-keeping proteins, 

alkaline phosphatase (Ls-SMP-35) and pancreatic triacylglycerol lipase-like protein (Ls-

SMP-49), 5 SMPs homologous to the room-keeping protein, hemocyanin (Ls-SMP-170, 

Ls-SMP-171, Ls-SMP-164, Ls-SMP-165, and Ls-SMP-166), and 3 novel proteins (Ls-

SMP19, Ls-SMP-2, and Ls-SMP-120). These three novel proteins all have one or more 

low-complexity regions, including one rich in acidic residues (42.9% of Asp: Ls-SMP-120) 

(Supplementary Table S2.8). 
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Figure 2.17. 

Features of the 32 SMPs displaying a significant difference in gene expression between left and right sides 

of the mantle. “Room-keeping” genes are those specific to a particular functional unit of the body, such as 

the nervous system, blood, or the immune system. See Supplementary Table S2.7 for further details of 

those 32 SMPs. 
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The remaining 7 SMPs, which are expressed more strongly on the right than the left, 

comprise three house-keeping proteins, the bromodomain-containing protein, 

DDB_G0280777-like protein (Ls-SMP-129) and two hephaestin-like proteins, which 

include Cu-oxidase domains (Ls-SMP-102 and Ls-SMP-105), one room-keeping 

neurogenic locus notch homolog protein (Ls-SMP-149), two uncharacterized proteins (Ls-

SMP-43 and Ls-SMP-50), and one novel protein (Ls-SMP-203). These three novel and 

uncharacterized proteins (Ls-SMP-43, Ls-SMP-50, and Ls-SMP-203) have one or more 

low-complexity regions, and Ls-SMP-43 has a tyrosinase domain. 

As discussed above, the 32 SMPs identified by left-right comparisons include a 

number of proteins that contain apparently important domains. In addition, the 207 

SMPs identified in this study include 65 proteins (31.4%) that are homologous to known 

house-keeping proteins, but among the 32 left-right asymmetric SMPs, the number of 

proteins homologous to known house-keeping proteins is only 5 (15.6% of the 32 SMPs). 

Thus, the exercise of left-right comparisons appears to have successfully narrowed the 

list of potentially important SMPs. 

In order to validate the above observations of asymmetric left-right expression of 

SMP genes in the mantle, levels of gene expression were also compared using 

quantitative PCR (qPCR). Overall, qPCR results did not show any trends significantly 

contradictory to those of transcriptome comparisons (Fig. 2.18 and Supplementary Table 

S2.9). However, some individual biological replicates showed contradictory patterns, 

resulting in detection of only four SMPs (Ls-SMP-2, Ls-SMP-19, Ls-SMP-88, and Ls-

SMP-149) that indicated statistically significant differences between left and right, with 

the former three (Ls-SMP-2, Ls-SMP-19, and Ls-SMP-88) being more highly expressed 

on the left than the right, and Ls-SMP-149 more highly expressed on the right than the 

left. Four other SMPs (Ls-SMP-48, Ls-SMP-59, Ls-SMP-129, and Ls-SMP-203) also 

indicated patterns of gene expression perfectly consonant with those of the transcriptome 

analysis; however, since they did not show statistically significant differences between 

left and right, we focused on the former four SMPs as the most important SMPs identified 

in our study.  
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Figure 2.18 (continued). 
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Figure 2.18 (continued). 

Results of qPCR analysis. RQ (Relative Quantitation) scores are shown for 27 successfully amplified 

asymmetrically expressed SMP genes in the transcriptomic analysis (a to aa) as well as the three 

symmetrically expressed SMP genes (as control; ab to ad). Quantitative PCR was performed on each left 

and right mantle sample for 5 biological replicates. Relative expression levels (RQ Scores) of two technical 

replicates for each individual are shown. The four SMP genes (a: Ls-SMP-2, c: Ls-SMP-19, m: Ls-SMP-88, 

and s: Ls-SMP-149) that indicated exactly the same asymmetric trends as in transcriptomic analysis are 

shown by a black rectangle. Five SMP genes (Ls-SMP-30, Ls-SMP-39, Ls-SMP-60, Ls-SMP-70, and Ls-

SMP-150) out of the 32 asymmetrically expressed SMP genes in the transcriptomic analysis did not show 

detectable signals (Fig. 2.17). 
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2.3. Discussion 
 

2.3.1. Comprehensive identification and sequence annotation of SMPs 

Traditionally, prediction of functionally important SMPs identified by proteomic 

analysis has relied on sequence similarities, including the presence of domains conserved 

among SMPs and other proteins (e.g. Isowa et al. 2015; Jackson et al. 2015; Takeuchi et 

al. 2016)) and the abundance of SMPs contained in the shells (Jackson et al., 2015). These 

two approaches have been effective in identifying dozens of potentially important SMPs 

(see Supplementary Material for detailed discussion). However, since the in vivo 

functions of those conserved domains or known SMPs in biomineralization have yet to be 

clarified, identification of sequences homologous to those domains or proteins is not 

promising. In addition, the mere abundance of SMPs may be an inadequate measure of 

importance. 

Since shell matrix protein are secreted by mantle epithelial cells, genes with high 

expression levels in the mantle would result in high abundances of gene products 

contained in the shell, reflecting their involvement with shell formation. Contrary to this 

assumption, mean gene expression level of SMPs in the whole mantle is not correlated 

with the number of peptides in the shell (Fig. 2.19a: rs = 0.054, p = 0.78; Spearman's rank 

correlation coefficient). The 4 proteins with the highest gene expression levels (FPKM: > 

2.0 × 104) are rarely detected in the shell (protein abundance: < 5.00). Highly expressed 

SMP genes with FPKM values greater than 2.0 × 104 include those encoding a house-

keeping protein homolog that lacks a signal peptide, such as Ls-SMP-173 (60S ribosomal 

protein P2) and Ls-SMP-175 (ATP-dependent RNA helicase DDX43) (Supplementary 

Table S2.4). Notably, these genes are not differentially expressed between left and right 

sides of the mantle. These results imply that these SMPs are accidentally embedded in 

the shell, merely because they are abundant in epithelial cells. 

 

2.3.2. Inference of important SMPs based on traditional sequence-based approaches 

In order to identify functionally important SMPs based on sequence similarities, the 

207 SMPs identified in this study were first searched against GenBank using BLAST, 

and a total of 165 proteins showed similarity to known proteins. Of the 165 proteins, 70 

were categorized as house-keeping proteins, 40 as room-keeping, 13 as SMPs, and 49 as 

uncharacterized proteins (Supplementary Table S2.4). Seven proteins were categorized 

as both room-keeping proteins and SMPs. This indicates that many SMPs identified in 

this study are house-keeping proteins that are probably irrelevant to shell formation. 

Some of the SMPs categorized as room-keeping proteins are also known as SMPs in other 

taxa or as an otolith matrix protein (Ls-SMP-199; starmaker-like), suggesting that those 

proteins could well be important in shell formation.  
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Figure 2.19. 

Graphs showing comparisons of FPKM and protein abundance for identified SMPs. (a) SMPs displaying 

significant differences between left and right sides of the mantle are shown in red. (b) SMPs that were 

also identified by Herlitze et al. (2018) are shown in orange (Herlitze et al., 2018). 
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In order to further identify possibly important SMPs based on sequence similarities, 

searches for domains conserved among molluscan SMPs were carried out. Out of the 261 

domains identified in the 207 SMPs of L. stagnalis using SMART and InterProScan 5, 

fifteen domains are shared with at least one of the two other molluscs compared, the 

limpet, Lottia gigantea (K. Mann et al., 2012) and the oyster, Crassostrea gigas (G. Zhang 

et al., 2012; D. Feng et al., 2017). They include 8 extracellular matrix, two polysaccharide 

interaction, two cation interaction, and three enzyme domains (Fig. 2.4). Of these 16 

domains, 11 domains [5 extracellular matrix (CCP, EGF, FN3, VWA, and WAP), three 

polysaccharide interaction (CLECT, Cht_BD2, and Laminin_G), two enzyme (Tyrosinase 

and An_Peroxidase), and one cation interaction (EFh) domains] are shared among all 

three species. Two domains [one enzyme (Glyco_hydro_20) and one cation interaction 

(Cu-oxidase) domains] are shared only by L. stagnalis and C. gigas, and three domains 

[three extracellular matrix (Ependymin, DERM, and SCP) domains] by only L. stagnalis 

and L. gigantea (Fig. 2.4). SMPs containing one of those domains may be functionally 

important (Jackson et al., 2015; Takeuchi et al., 2016). 

The 16 common domains identified in this study can be classified into different 

categories according to their known functions. Eight domains (EGF, FN3, VWA, WAP, 

SCP, DERM, Ependymin and CCP) are categorized as extracellular matrix domains. EGF 

(Epidermal Growth Factor) (IPR000742) domain is a short peptide with a distinctive six-

cysteine motif. The main structure involves a two-stranded beta-sheet followed by a loop 

and a C-terminal short, two-stranded sheet. Both calcium-binding EGF repeats and non-

calcium-binding EGF repeats are known (Davis, 1990). FN3 (Fibronectin type 3) 

(IPR003961) domain is one of the three types of internal repeat in the plasma protein, 

fibronectin. Fibronectin is involved in cell adhesion, cell morphology, thrombosis, cell 

migration, and embryonic differentiation (Sottrup-Jensen et al., 1984). VWA (von 

Willebrand factor type A) (IPR002035) domains in extracellular eukaryotic proteins 

mediate adhesion via metal ion-dependent adhesion sites, and von Willebrand factor is a 

large multimeric glycoprotein found in blood plasma (Ruggeri, 1993). WAP (Whey Acidic 

Protein) (IPR008197) domain constitutes the four-disulfide core of WAP. A number of 

proteins that have WAP domains have been shown to exhibit antiproteinase activity 

(Bingle et al., 2002). SCP (sperm-coating glycoprotein) (IPR014044) is also known as CAP 

(cysteine-rich secretory proteins, antigen 5, and pathogenesis-related 1 protein) domain, 

and is found in a wide range of organisms, including prokaryotes and eukaryotes, where 

it may function as an endopeptidase (Gibbs et al., 2008). Thus, SCP domain can also be 

categorized as an enzyme domain. DERM (dermatopontin) (PF14704) is known as a low-

molecular-weight protein in the extracellular matrix that has been reported to mediate 

cell adhesion by cell surface integrin binding (Okamoto & Fujiwara, 2006; Okamoto et 

al., 2010). Ependymin (IPR001299) is known as a secretory and calcium-binding 
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meningeal glycoprotein found in the cerebrospinal fluid of teleost fish and has a bound 

form of glycoprotein associated with the extracellular matrix, including collagen fibrils 

(Shashoua, 1991). CCP (IPR000436) domain is also known as Sushi domain. It has a 

beta-sandwich structure, and is found in selectin, which can bind to C-type lectins 

(CLECT) (Sharon & Lis, 2001). 

Two domains (CLECT, and ChtBD2) are categorized as polysaccharide interaction 

domains. CLECT (C-type lectin) (IPR001304) is a Ca2+ dependent carbohydrate-binding 

domain, and has functions in cell adhesion, immune response to pathogens, and 

apoptosis (K. Mann et al., 2000; Sharon & Lis, 2001). ChtBD2 (chitin-binding 2) 

(IPR002557), containing six conserved cysteine residues, is a chitin-binding domain, and 

is also known as an extracellular domain (Z. Shen & Jacobs-Lorenat, 1998). 

Two domains (EFh and Cu-oxidase) are categorized as a cation-interaction domain. 

EFh (EF-hand) (IPR002048) has a calcium-binding motif that is shared by many calcium-

binding proteins (Ban et al., 1994). Cu-oxidase (multicopper oxidase) (IPR001117) 

oxidizes substrate molecules by accepting electrons at a mononuclear copper center and 

transferring them to a trinuclear center (Bento et al., 2005). Cu-oxidase is also 

categorized as an enzyme domain. 

Three domains (Tyrosinase, An_peroxidase and Glyco_hydro_20) are categorized as 

enzyme domains. Tyrosinase (IPR002227) is an oxidase that controls production of 

melanin and other pigments. A tyrosinase domain has three histidine residues for 

interaction with copper atoms that are shared by some hemocyanins, which are copper-

containing oxygen carriers from the hemolymph of many molluscs and arthropods (Kato 

et al., 2018). An_peroxidase (IPR002007) is known as animal heme-dependent peroxidase, 

the heme-containing enzyme that uses hydrogen peroxide as an electron acceptor to 

catalyze various oxidative reactions (Kimura & Ikeda‐Saito, 1988; H. Li & Poulos, 1994; 

Nelson et al., 1994). Glyco_hydro_20 (glycoside hydrolase family 20) (IPR015883) is a 

widespread group of enzymes that hydrolyze the glycosidic bond between two or more 

carbohydrate moieties (Vinet & Zhedanov, 2011). In L. stagnalis, SMPs containing DERM, 

An_peroxidase, CLECT, CCP, or VWA domains have been identified in previous studies 

(Sarashina & Endo, 2006; Herlitze et al., 2018). 

   Tyrosinase domain-containing SMPs dominate the SMPs with an asymmetric gene 

expression pattern in the mantle, representing 6 of the 32 asymmetric SMPs (Ls-SMP-

43, Ls-SMP-164, Ls-SMP-165, Ls-SMP-166, Ls-SMP-170, and Ls-SMP-171). 

Phylogenetic analyses demonstrated that those proteins comprise two distinct classes, 

tyrosinase (Ls-SMP-43) and hemocyanin (Ls-SMP-164, Ls-SMP-165, Ls-SMP-166, Ls-

SMP-170, and Ls-SMP-171) (Fig. 2.15). 

Of SMPs containing at least one of those 15 domains, 9 SMPs are specific to the 

mantle transcriptome, showing no detectable expression in the foot (Supplementary 
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Table S2.4). They include Ls-SMP-23 (DERM), Ls-SMP-24 (DERM), Ls-SMP-48 (VWA), 

Ls-SMP-59 (CLECT), Ls-SMP-61 (EFh), Ls-SMP-62 (EFh), Ls-SMP-81 (CLECT), Ls-

SMP-82 (CLECT), and Ls-SMP-186 (EFh) (shared domain names are indicated in 

parentheses). Ls-SMP-23 and Ls-SMP-24 are dermatopontin homologs that are inferred 

to be splicing variants (Fig. 2.20). Sarashina et al. (2006) reported three dermatopontin 

genes from L. stagnalis, but considered only one as an SMP (Sarashina & Endo, 2006). 

In this study, all of these dermatopontin homologs were identified as SMPs, but their 

transcripts were also expressed in the foot. Ls-SMP-23 and Ls-SMP-24 are newly 

identified in this study as SMPs, of which transcripts are specific to the mantle. Ls-SMP-

81 was identified as a perlucin-like protein, and Ls-SMP-82 is a likely splicing variant of 

Ls-SMP-81. Perlucin is an SMP that may promote nucleation and/or growth of calcium 

carbonate crystals with an ability to bind D-galactose and D-mannose/D-glucose. It has 

been identified in many other molluscs (K. Mann et al., 2000; Weiss et al., 2000; Wang et 

al., 2008); thus, it appears likely to be actively involved in shell formation. Ls-SMP-61, 

Ls-SMP-62, and Ls-SMP-186 have EFh domains, which could mediate calcium ion 

binding during biomineralization. Ls-SMP-48 has a VWA domain, and is been identified 

as matrilin-like by BLAST. Matrilin is known as an extracellular protein. 
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Our signal peptide search indicated that of the 147 SMPs with complete sequences, 

only 99 are predicted to have signal peptides. In total, 115 SMPs were predicted to have 

signal peptides. That those SMPs have signal peptides is consistent with the fact that 

SMPs are secretory proteins. On the other hand, for the remaining 92 of the 207 SMPs, 

or 48 of the 147 SMPs with a complete sequence, signal peptides were not predicted. 

SMPs without signal peptides may have originated from either extracellular regions of 

proteins with transmembrane regions or from contaminating cells (Marin et al., 2016). 

However, since no transmembrane regions have been identified in SMPs with complete 

sequences, contaminating cells, such as hemocytes, are the more likely source. The fact 

that SMPs without signal peptides are dominated by house-keeping proteins, such as 

60S ribosomal proteins and histone (Supplementary Table S2.4), tends to support this 

Figure 2.20. 

Alignment of amino acid sequences of dermatopontin of L. stagnalis. Bold letters denote sequences 

detected by LC-MS/MS. Asterisks (*) indicate amino acid residues conserved among the 8 sequences. 

Colons (:) indicate synonymous substitutions. Periods (.) indicate nonsynonymous substitutions. 
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interpretation. Thus, those SMPs may have accidently leaked from cells such as dying or 

randomly trapped cell remnants and may not be important in shell formation.  

Our domain searches revealed that SMPs categorized as novel or uncharacterized 

proteins by BLAST, often contain one or more low-complexity regions (LCRs), with 14, 

13, 6, 24, and 24 LCR-containing SMPs having been identified among 70 house-keeping, 

33 room-keeping, 13 known SMPs, 49 uncharacterized, and 42 novel proteins 

(Supplementary Table S2.4). LCRs are often present in SMPs and are considered 

important in shell precipitation (Jackson et al., 2010; Marin et al., 2016). Therefore, novel 

or uncharacterized SMPs that contain LCRs may also be important in shell formation. 

In order to further characterize SMP-encoding genes, based on sequence comparisons, 

we compared gene ontology (GO) between SMP-encoding genes and mantle transcripts. 

The results indicated that in the category “molecular function”, notable differences were 

observed in hydrolase activity, protein binding, oxidoreductase activity, and carbohydrate 

derivative-binding at level 3, and in cation binding and anion binding at level 4. Those 

terms are enriched in SMP-encoding genes (Figs. 2.10 and 2.13). For the other two 

categories “cellular component” and “biological process”, notable differences were not 

observed between the mantle and SMP transcriptomes, except for the term “extracellular 

region” at level 2 of “cellular component”, a term enriched in SMP transcripts 

(Supplementary Figs. 2.8, 2.9, 2.11, and 2.12). Proteins that indicated enrichment in GO 

terms typically seen in SMP-encoding genes could be important in shell formation. 

Enrichment of the term “extracellular region” is concordant with the fact that SMPs are 

secretory proteins. 

Marin et al. (2016) classified the sources of organic matrices in animal calcium 

carbonate skeletons into three categories: (1) secretome, (2) cleaved extracellular 

domains of transmembrane proteins, and (3) cellular contaminants. They distinguished 

SMPs originating from (1) and (2) (skeletome) from those in (3) (entrapped contaminants) 

(Marin et al., 2016). A secretome, by definition, is comprised of proteins with a signal 

peptide. Of the 32 left-right asymmetric SMPs, 18 SMPs have a signal peptide, and are 

thought to have originated from the secretome of this species. On the other hand, 14 

SMPs did not show potential signal peptides, although 11 of those 14 SMPs are 

represented by 5’ partial or internal sequences, and could have signal peptides. Thus, 

three SMPs (Ls-SMP-39, Ls-SMP-50, and Ls-SMP-170) remain as complete sequences 

without signal peptides. They cannot be identified as belonging to the above category (2) 

because they do not have transmembrane regions in domain searches using 

InterProScan5, SMART, and Blast2GO. Ls-SMP-39 is a novel protein, showing a high 

value of logFC and the lowest p value in the test of the difference in gene expression 

levels between the left and right (Fig. 2.17). Ls-SMP-50 is homologous to an 

uncharacterized protein identified from Biomphalaria glabrata, and has two low 
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complexity regions, but has no known functional domains. It is more strongly expressed 

in the right mantle than in the left (Fig. 2.17). Ls-SMP-170 has been identified as a 

hemocyanin homolog, and has a low-complexity region, although its function in shell 

formation is unknown (Fig. 2.17). Incidentally, Marin et al. (2016) considered only coral 

skeletal proteins as included in this category having a transmembrane protein 

extracellular domain. Isowa et al. (2015) and Jackson et al. (2015) reported SMPs 

containing one or more transmembrane domains from the brachiopods Laqueus rubellus 

and Magellania venosa, respectively, and they may represent other SMPs belonging to 

this category (Isowa et al., 2015; Jackson et al., 2015). According to the classification of 

Marin et al. (2016), therefore, the three proteins without signal peptides may be regarded 

as cellular contaminants. Although we cannot completely exclude this possibility, since 

they showed asymmetric gene expression between left and right, they may not be just 

cellular contaminants. One possibility is that they function to maintain the asymmetric 

nature of the mantle in regard to growth and metabolism, indirectly contributing to 

asymmetric shell formation. 

 

2.3.3. Inferring important SMPs based on traditional abundance-based approaches 

Other traditional approaches for prediction of important SMPs involve quantification 

of abundances of SMPs in the shells. When we look at amounts of SMPs, quantified for 

each protein by the number of times constituent peptides appeared in the spectrograms 

standardized by the length of the protein, the highest abundance was observed for Ls-

SMP-203, which accounted for 14.7% of all 207 SMPs, and was annotated as a novel 

protein, followed by Ls-SMP-53 and Ls-SMP-52, which accounted for 6.0% and 4.5% of 

the total, respectively, and which were annotated as a formin-like protein and an 

extensin-like protein. All were represented by complete sequences in both the soluble 

and insoluble fractions. A common feature of these three proteins is that they contain at 

least one low-complexity region. Ls-SMP-203 [theoretical molecular mass (Mm) = 

20094.3; theoretical isoelectric point (pI) = 8.04] has a signal peptide, a potential O-

glycosylation site, and 16 potential phosphorylation sites. Ls-SMP-53 (Mm = 19811.7; pI 

= 7.01) has no signal peptide with 11 potential phosphorylation sites. Ls-SMP-52 (Mm = 

24230.1; pI = 8.89) has no signal peptide, a potential O-glycosylation site, and 13 

potential phosphorylation sites (Supplementary Table S2.4). 

The results of SDS-PAGE analysis revealed three major bands (10 kDa, 20 kDa, and 

22 kDa) for the soluble fraction and one major band (20 kDa) for the insoluble fraction 

(Fig. 2.7). Since all three of the highest abundance SMPs (Ls-SMP-203, Ls-SMP-53, and 

Ls-SMP-52) have molecular masses of about 20 kDa and are represented in both the 

soluble and insoluble fractions, it appears likely that they correspond to the 20 kDa bands 

seen in SDS-PAGE gels in the soluble and insoluble fractions. Those proteins may be 
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important in shell formation by virtue of their high abundance, but details should be 

experimentally studied. 

 

2.3.4. Asymmetrical expression of SMP encoding gene in the mantle tissues 

Instead of averaged gene expression levels, asymmetric gene expression patterns in 

the mantle regions may offer a better measure of the functional importance of SMPs. 

Because snail shells are laterally asymmetric, accretionary shell growth implies 

asymmetric expression of functional SMP genes. For example, SMPs that suppress shell 

precipitation should be more highly expressed in the mantle region at the inner side of 

the shell than in that corresponding to the outer edge of the shell. In dextral shells, the 

outer and inner sides correspond to the right and left sides of the mantle, respectively. In 

this study, the dextral pond snail, L. stagnalis, has been studied, and expression levels 

have been compared between the right and left sides of the mantle tissues in three 

individuals, in order to identify functionally important SMPs. 

Both transcriptomic and qPCR analyses of gene expression levels of SMPs between 

the right and left sides of mantle tissues showed that among asymmetrically expressed 

SMPs, those that are more highly expressed on the left than the right are three time 

more abundant than those that are more highly expressed on the right than the left (Fig. 

2.17). This observation was unexpected because we assumed that a dextrally coiled shell 

is produced by a greater shell precipitation on the right than the left side of the mantle, 

and that more shell precipitation-promoting SMPs would be expressed on the right than 

the left. Our results, however, suggest that a dextrally coiled shell is produced by 

inhibition of shell precipitation on the left. Inhibitory roles of SMPs have long been 

recognized (Wheeler et al., 1981; Westbroek, 1991) and could be at work in production of 

coiled shells. 

 

2.3.5. Candidates for potentially functional SMPs 

One of the three SMPs that showed higher expression on the left than the right, in 

both transcriptomic and qPCR analyses (Ls-SMP-88), indicated a significant sequence 

similarity to Pif (Fig. 2.17), an SMP originally isolated from the pearl oyster Pinctada 
fucata (Suzuki et al., 2009). It contains two chitin-binding domains (ChtBD2) and an 

extracellular domain (Laminin_G), as in Pif. However, it has no von Willebrand factor 

type A domain (VWA), which is involved in protein binding, and is always found in Pif 

(Suzuki et al., 2009, 2013; R. Zhao et al., 2018). There exists a Pif-like SMP, known as 

BMSP (Blue Mussel Shell Protein) (Suzuki et al., 2011), originally isolated from the 

bivalve, Mytilus galloprovincialis. It has four VWA domains, a ChtBD2 domain, and a 

Laminin_G domain. Phylogenetic analysis of ChtBD2 and Laminin_G domain sequences 

indicated that Ls-SMP-88 is closer to Pif than to BMSP, suggesting that it originated as 
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Pif, but lost the VWA domain subsequently (Figs. 2.14 and 2.21). In pearl oysters, Pif 

binds aragonite crystals and promotes nacre formation (Suzuki et al., 2009). Although 

functions of Ls-SMP-88 have yet to be clarified, one possibility is that the loss of the VWA 

domain led to loss of shell formation-promoting roles and acquisition of inhibitory roles 

instead. 

Two other SMPs that indicated higher expression on the left than the right in both 

transcriptomic and qPCR analyses (Ls-SMP-2 and Ls-SMP-19) do not show any 

similarity to known proteins or domains. Except for the fact that Ls-SMP-2 and Ls-

SMP19 have two and one low complexity region(s) (LCRs), respectively (Supplementary 

Table S2.8), they do not to show any apparent features characteristic of SMPs (Fig. 2.22). 

Further studies are required to confirm their importance in biomineralization. 

Ls-SMP-149 was the only SMP more highly expressed on the right than the left in 

both transcriptomic and qPCR analyses. It showed significant sequence similarity to the 

neurogenic locus Notch (NlN) homolog protein-like isoform X1 of the pond snail, 

Biomphalaria grabrata (Fig. 2.17). Although it is annotated as a homolog of NlN in B. 
grabrata, its overall domain composition and domain arrangements are entirely different 

from those of other typical NlN proteins in B. grabrata, Crassostrea gigas, Drosophila 
melanogaster, and Homo sapiens (Fig. 2.23). Ls-SMP-149 has a single EGF domain 

(which exists in multiple copies in typical NlNs) and two Whey Acidic Protein (WAP) 

domains (that do not exist in NlN). Ls-SMP-149, therefore, is unlikely to function as a 

NlN. Since it has two WAP domains that exhibit an antiproteinase function (Bingle et al., 

2002), it may act as a proteinase inhibitor, although its function in biomineralization 

needs to be verified. A WAP domain-containing SMP (isotig_7807) has been isolated from 

the land snail, Cepaea nemoralis (K. Mann & Jackson, 2014); however, isotig_7807 has 

only one WAP domain and no EGF domain. Thus, Ls-SMP-149 and isotig_7807 are not 

very similar. Phylogenetic analysis of the WAP domain sequences tends to support 

different origins (Fig. 2.24). Iwamoto et al. (2020) reported that an EGF-like domain 

containing protein, which has two EGF domains in tandem, promotes aggregations of 

polycrystalline calcite in vitro (Iwamoto et al., 2020). Ls-SMP-149 has only one EGF 

domain and is different in origin from this EGF-like domain containing protein (Fig. 2.25). 

Online tBLASTn searches using NCBI GenBank, EMBL EnsemblMetazoa, and OIST 

genome browser with the Ls-SMP-149 (or Ls-SMP-58) sequence as the query found a 

similar sequence in the B. grabrata genome (XP_013065122.1), but returned no similar 

sequences in C. gigas, P. fucata, and L. gigantea genomes. It appears likely that the 

homologs of Ls-SMP-149 evolved in pulmonates independent from the EGF domain 

containing SMPs of other molluscs.  



43 
 

 

 

 

 
Figure 2.21. 

Schematic representations of the conserved domain configuration of Ls-SMP-88 of Lymnaea stagnalis 

and Pif of Pinctada fucata (results from SMART domain searches). A Laminin_G domain was not 

identified by SMART domain searches in those proteins, but was identified by Pfam domain searches in 

the region just downstream of the ChtBD2 domains in both Ls-SMP-88 and Pif. 

 

 

 

 
Figure 2.22. 

Amino acid sequences of Ls-SMP-2 and Ls-SMP-19. The signal peptide of LS-SMP-2 is shown in red. 

Low complexity regions are highlighted by yellow shades. The MS/MS peptides are indicated by gray 

shades. 
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Figure 2.23. 

Schematic representations of the conserved domain configuration of Ls-SMP-149 and neurogenic locus 

Notch proteins and a related protein of other species (Biomphalaria grabrata, Crassostrea gigas, 

Drosophila melanogaster, and Homo sapiens) (results from SMART domain searches). 

Figure 2.24. 

Maximum likelihood tree of the WAP domains in molluscan proteins, including SMPs identified from 

Lymnaea stagnalis in this study and Cepaea nemoralis by Mann and Jackson (2014) (K. Mann & 

Jackson, 2014). The ML tree was inferred from 12 domain sequences of 7 proteins, including one domain 

sequence from one protein of the brachiopod, Lingula anatina as an outgroup, using the JTT + G + I 

model based on 35 amino acids. Polychotomy results if the bootstrap value of the node is lower than 50%. 

Bootstrap values are indicated for nodes with a value greater >50%. Molluscan WAP domain sequences 

were retrieved from NCBI GenBank after BLAST searches using the WAP domain sequence of Ls-SMP-

149 of L. stagnalis as a query. Sequence names in red indicate SMP sequences from L. stagnalis (Ls-

SMP-149), and the land snail, C. nemoralis (isotig_7807). Ana: Aplysia californica, Bgr: Biomphalaria 

grabrata, Cne: Cepaea nemoralis, Lan: Lingula anatina. When more than one WAP domain exists in a 

protein, they are given in order from the N-terminus, and named p1, p2, etc.  
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Figure 2.25. 

Maximum likelihood tree of the EGF domains in molluscan proteins, including SMPs identified from 

Lymnaea stagnalis in this study, Crassostrea gigas by Marie et al. (2011), Zhang et al. (2012). and 

Iwamoto et al. (2020), Pinctada margaritifera and Pinctada maxima by Marie et al. (2012), and Pinctada 

fucata by Zhao et al. (2018). The ML tree was inferred from 16 proteins, including one protein of the 

brachiopod, Lingula anatina as an outgroup, using the WAG+ G model based on 138 amino acids. 

Polychotomy results if the bootstrap value of the node is lower than 50%. Bootstrap values are indicated 

for nodes with a value greater than 50%. Molluscan EGF domain sequences were retrieved from NCBI 

GenBank, EMBL EnsemblMetazoa, or OIST genome browser after BLAST searches using both Ls-SMP-

58 and Ls-SMP-149 of L. stagnalis as a query. Sequence names in red indicate SMP sequences from L. 

stagnalis. Bgr: Biomphalaria grabrata, Cgi: Crassostrea gigas, Pfu: Pinctada fucata, Pmarg: Pinctada 

margaritifera, Pmax: Pinctada maxima, Lst: Lymnaea stagnalis, Lan: Lingula anatina. 

  



46 
 

2.3.6. Comparison of previous shell proteome study of L. stagnalis 

In a previous shell proteome study of L. stagnalis, Herlitze et al. (2018) identified 46 

shell-forming protein candidates and analysed their expression patterns in trochophore 

larvae and in the outer mantle lip of juveniles (Herlitze et al., 2018). Of those 46 

sequences, 30 have homologs (corresponding to 24 SMPs) in our SMP data, but we could 

not find an SMP in our data homologous to the remaining 16 sequences (Supplementary 

Table S2.10). Those 16 sequences comprise 9 that were found in our transcriptome data, 

but were not found in our proteome data (Case I), and 7 sequences that were not found 

in our data at all (Case II). Case I may have arisen due to the more stringent conditions, 

under which our proteome analyses were conducted. We analyzed only protein sequences 

that were identified by more than one unique peptide, while Herlitze et al. (2018) 

accepted those identified by only one peptide fragment. Case II can be explained by (1) 

the incompleteness of the transcriptomic data, (2) differences in methods of sequence 

assembly, and (3) genetic differences of the strains used. Between the homologous 

sequences of their 30 candidates and our 24 SMPs, only one SMP [Ls-SMP-61: Lstag-sfc-
16 of Herlitze et al. (2018)] displayed an asymmetric gene expression pattern in the 

mantle in our transcriptome analysis. This SMP has two EFh domains, and it is more 

highly expressed on the left side of the mantle. However, this SMP gene did not show 

detectable signals in the expression analysis of Herlitze et al. (2018). Of their remaining 

29 candidate sequences found among our sequences, 17 sequences are more highly 

expressed on the right side of the outer lip of juvenile mantle. However, corresponding 

SMP genes in our data did not show significant differences between left and right 

(Supplementary Table S2.10). These differences may be explained by the fact that the 

“left-right” direction of Herlitze et al. (2018) corresponds to the anterior-posterior 

direction in our study, as evidenced by the illustration for the ventral view of a juvenile 

in Figure 2.3 of Herlitze et al. (2018). On the other hand, four sequences [Lstag-sfc-1, 

Lstag-sfc-2a, Lstag-sfc-2b, and Lstag-sfc-3 of Herlitze et al. (2018)], which were not 

identified as SMPs in our study, showed a similar expression pattern in that are 

expressed more strongly on the right side of the mantle in our study, and are expressed 

on the right side of the asymmetric border of the shell field in trochophore larvae in 

Herlitze et al. (2018) (Supplementary Table S2.10). This commonality may reflect the 

fact that the left-right direction in trochophore larvae in Herlitze et al. (2018) 

corresponds to the left-right direction in our study. 
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2.4. Conclusions 
In this study, we performed a comprehensive study of SMPs by combining 

transcriptomic analyses using NGS and proteomic analyses using mass spectrometry to 

identify 207 SMPs from the pond snail, Lymnaea stagnalis. We focused on the fact that 

rates of shell formation differ between the helical axis and the outer edges of snail shells, 

and we compared levels of gene expression, including those of 207 SMPs between the left 

and right sides of the mantle tissues. As a result, 32 SMPs that indicated significant 

differences between left and right have been identified. Quantitative PCR performed on 

those 32 SMP genes revealed that four SMPs were consistently asymmetric. Although 

expression levels are low, those four and the 28 other SMPs identified in this study are 

clearly first candidates for further functional characterizations for the following reasons. 

In addition to their left-right gene expression asymmetry, they showed (1) sequence 

similarities to known and likely important SMPs, such as Pif, (2) possession of potentially 

important functional domains, such as EFh, CLECT, and to chitin binding, and (3) 

mantle-specific expression of the genes when they showed a large change of gene 

expression between left and right (see Supplementary Material for detailed discussion). 

Snails are well suited to the study of not only biomineralization, but also development 

of asymmetric morphologies due to the intrinsic nature exploited in this study. L. 
stagnalis will be a good model organism with a relevance to a wide range of research 

fields, such as neurophysiology, embryology, environmental toxicology, and 

biomineralization (Davies & Henrissat, 1995; Rittschof & McClellan-Green, 2005; 

Shimizu et al., 2011; Munley et al., 2013; Herlitze et al., 2018). In the future, it will be 

necessary to perform more detailed spatial and temporal gene expression analyses, and 

in vivo functional analysis of SMPs using a genome editing method such as CRISPR/Cas9, 

for the candidates identified in this study (Perry & Henry, 2015). 
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3. Proteomic analysis of chiral shells: comparisons between the dextral and 
sinistral shells 

 

3.1. Background 
Three major types of coiling, namely, dextral, sinistral, and planispiral types, exist 

among the spiral shell morphologies of gastropods, with respect to lateral asymmetry. 

Out of about 6,000 extant gastropod species, the proportion of the species with a dextral 

shell is reported to be about 80% (Robertson, 1993). Are there any selective reasons why 

dextral species have dominated in snail evolution? Does the production of dextral or 

sinistral shells have something to do with biomineralization? Those are only a few 

questions, among many others, remained to be addressed concerning lateral asymmetry 

in gastropods.  

It has long been known that the direction of shell coiling is determined by a single 

gene with delayed maternal inheritance (Sturtevant, 1923; Hierck et al., 2005; Asami et 

al., 2008). In early embryos of the pond snail Lymnaea stagnalis, Asami et al. (2008) 

reported that the blastomeres are twisted 45 degrees to the right in the dextral strain of 

L. stagnalis at the time of the third cleavage, but the split occurs in the sinistral strain 

without twisting. Subsequently, Kuroda et al. (2009) found that when the 8-cell stage 

micromeres of a sinistral embryo were artificially placed so as to twist clockwise, the 

individual grew normally as a dextral embryo. Then, Davison et al. (2016) revealed that 

Formin, which is a protein involved in polymerization of actin, and is encoded by the 

Lsdia1 gene, is likely the long-sought maternal factor that determine the coiling direction 

in L. stagnalis, a discovery which was confirmed by gene knockout experiments of Abe & 

Kuroda (2019).  

Concerning shell coiling mechanisms, it has been revealed that the signal 

transduction factor Dpp is likely one of the controlling factors (Shimizu et al., 2011, 2013). 

It shows laterally asymmetric expression patterns in the embryonic shell gland, 

embryonic mantle, and adult mantle, with high levels of expression in the right and left 

sides of the body in those shell forming tissues in the dextral and sinistral snails, 

respectively, while it shows symmetric expression patterns in both the embryonic shell 

gland and adult mantle in the limpet Nipponacmea fuscoviridis, which has a non-coiled 

shell. When embryos of L. stagnalis were subjected to a chemical that inhibits the signal 

transduction by Dpp, they produced a shell of a cone-like shape without coiling, 

confirming that Dpp is responsible for shell coiling in those snails. 

The dextral and sinistral shells produced by the same species, such as those of L. 
stagnalis, are usually believed to be mirror images to each other. However, it has been 

reported that they do not show exact mirror images, even when the shells of dextral and 

sinistral embryos with minimal genotypic differences are compared (Utsuno et al., 2011). 
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Since the genotypic differences are minimal, and the maternal effect, which represents 

among the few differences between the dextral and sinistral individuals, does not have 

effect after the 16-cell stage, it appears possible that the expression patterns of the genes 

responsible for shell formation are altered between dextral and sinistral snails, after 

determination of lateral asymmetry at the 8-cell stage.  

In order to address the possibility of lateral asymmetry, a comparative analysis of the 

expression profiles of the factors involved in shell formation (both the SMPs and the 

transcripts theirof) in the dextral and sinistral snails was performed in this chapter. The 

results of the proteome analysis of dextral snails in Chapter 2 of this thesis revealed a 

left-right asymmetric expression profile of SMP genes in the mantle. If a mirror image of 

this profile is observed also in the sinistral snails, it would give support to the underlying 

premise that was employed to identify functionally important SMPs in Chapter 2. On 

the other hand, if the observed profile in the sinistral snails does not mirror the profile 

in the dextral snails, then it would provide some clues to understand the reasons why 

the sinistral shell shape does not mirror dextral one, and also to have deeper insight into 

the mechanisms of shell morphogenesis and biomineralization. The tentative results 

indicate that the latter is the case. But, since some aspects of the experiments carried 

out in this study are problematic, discussion shall be given as to how the experimental 

designs can be improved in the future study, in addition to the discussion  concerning 

the implications of the results obtained in this study.  

 

3.2. Results & Discussion 
 

3.2.1. Analysis of SMP-encoding transcripts of sinistral snail L. stagnalis 
The mantle tissue from each of three individuals of the sinistral strain was divided 

into left and right halves, and transcriptome analysis was performed using Illumina 

MiSeq (Illumina, California, USA). As a result of the assemblage of the obtained data 

using Trinity under the same conditions as in the dextral strain (cf. Chapter 2), a total 

of 222,444 contigs were obtained, with a total contig size of 183,290,765 bp, a maximum 

contig size of 29,507 bp, a minimum contig size of 201 bp, and an N50 length of 1,750 bp. 

In the dextral transcriptome data, which was obtained using the Illumina HiSeq, the 

total number of contigs was 37,809, with a total contig size of 384,388,773 bp, and an 

N50 length of 2,828 bp. Although the total contig size obtained for the sinistral 

individuals was about the half of that obtained for the dextral individuals, the N50 value, 

which is commonly used as a measure of data quality, is comparable between the two, 

indicating that the assembled contigs are reasonably long for both dextral and sinistral 

data. These transcriptomic data from the dextral and sinistral strains were integrated 

to form a single dataset, which was used as a reference to identify the protein sequences 
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contained in the matrix of the sinistral shells. After searching for the longest ORFs by 

TransDecoder and clustering together the sequences of more than 90% similarities in 

amino acid sequences  by CD-HIT, the integrated reference FASTA file included 37,394 

sequences; with a total length of 14,721,755 amino acids (AAs), the maximum length of 

10,731 AAs, the minimum length of 86 AAs, an average length of 394 AAs. In order to 

make a more accurate reference file, it is desirable to integrate the original transcript 

reads from both the dextral and sinistral strains, and to perform de novo assembling, 

however, even if the 256GB memory is used in the supercomputer system of the National 

Institute of Genetics, Mishima, it will exceed the memory limit. We need to wait for 

future developments in both hardware and software to process such large-scale 

transcriptome data. 

 

3.2.2. Proteomic analysis and comparison of protein profiles and abundances between 

the dextral and sinistral shells of L. stagnalis 

In the proteomic analysis, about 100 individuals each of dextral and sinistral shells 

were collected and subjected to the comparative proteomic analysis. As a result, a total 

of 443 SMPs were identified. The 443 SMPs include all the 207 SMPs identified in the 

dextral strain in Chapter 2. Comparisons of the repertoires of the SMPs contained in the 

dextral shells and the sinistral shells indicated that shells of both strains have the same 

set of SMPs, but the relative abundance of each SMP was considerably different between 

the two. The most abundant SMP in the dextral shells (comp88734_c0_seq1) is 3.13 times 

more abundant than that in the sinistral shells, while the most abundant SMP in the 

sinistral shells (comp88616_c0_seq1) is 2.88 times more abundant than that in the 

dextral shells. Furthermore, the SMP that indicated the largest difference of protein 

abundance between the dextral and sinistral shells was TRINITY_DN114176_c0_g1_il, 

which is 138 times more abundant in the dextral shells than in the sinistral shells. On 

the other hand, comp123694_c0_seq1 is 415 times more abundant in the sinistral shells 

than in the dextral shells (Supplementary Table 3.1). Among the SMPs that were 

annotated by BLAST, the following 9 SMPs indicated 10 times or more difference in the 

abundance between the dextral and sinistral shells : CD109 antigen-like protein 

(TRINITY_DN114176_c0_g1_il: 138 times; TRINITY_DN_552224_c0_g1_i1: 22.9 times), 

Slit-like protein (TRINITY_DN11292_c0_g1_i1: 27.2 times), myosin heavy chain 

(comp134017_c0_seq3: 26.3 times), and glutamate receptor 3-like (comp147489_c9_seq3: 

17.7 times) (those 5 are more abundant in the dextral shells), and cytochrome b5 

(comp123694_c0_seq1: 415 times), ferritin (comp131604_c0_seq1: 34.1 times), 

hemocyanin 2 (TRINITY_DN58078_c0_g1: 26.6 times), perlucin-like 

(comp1046506_c0_seq1: 22.2 times), and calmodulin-A-like

（TRINITY_DN113838_c0_g1_i1: 17.6 times）(those 4 are more abundant in the sinistral 
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shells). The CD109 antigen has serine-type endopeptidase inhibitor activity and 

negatively regulates signaling by transforming growth factor beta in keratinocytes and 

in human (Finnson et al., 2006). The Slit protein is an extracellular matrix protein which 

has signaling role in the neural development in bilaterians, and has four leucine-rich 

repeat domains and a beta-sandwich domain similar to Laminin_G domain (Brose et al., 

1999). The myosin heavy chain is a motor protein of muscle thick filaments and conserved 

in vertebrates and invertebrates. The calcium ion binding activity exists not in the 

myosin heavy chain but in the myosin light chain (Craig & Woodhead, 2006). The 

glutamate receptor 3 is a receptor for guanine nucleotide-binding proteins and has a 

calcium channel regulator activity in cell membrane (Makoff et al., 1996). The ferritin 

stores iron in a soluble, non-toxic, readily available form in extracellular region. In L. 
stagnalis, two groups of ferritin were found in soma and oocyte yolk (Bottke & Sinha, 

1979; Andrews et al., 1992). A protein of with a sequence similar to soma ferritin was 

found as an SMP from the pearl oyster Pinctada fucata. The pearl oyster ferritin mRNA 

are expressed at the highest level at the mantle fold, which is an essential region for 

metal accumulation and contribution to metal incorporation (Y. Zhang et al., 2003). The 

hemocyanin is a copper-containing oxygen carrier occurring freely dissolved in the 

hemolymph of many molluscs and arthropods. The hemocyanin 2 is an isoform of 

hemocyanin, which is found from the keyhole limpet Megathura crenulate (Swerdlow et 

al., 1996). In this study, hemocyanin was found as an SMP of L. stagnalis (Chapter 2). 

The perlucin has C-type lectin domain, binding to D-galactose, D-mannose, and D-

glucose, and was found from molluscan shells as an SMP. The perlucin was reported to 

have a potential to promote nucleation and/or growth of shell calcium carbonate crystals 

(K. Mann et al., 2000; Weiss et al., 2000; Wang et al., 2008). The calmodulin mediates the 

control of a large number of enzymes, ion channels and other proteins by calcium ions, 

and is known as an intracellular receptor. There are four EFh domains which are widely 

conserved in eukaryotes (Kaetzel & Dedman, 2003). The CD109 antigen, the Slit protein, 

and the myosin heavy chain are “room-keeping” proteins, the glutamate receptor 3 and 

the calmodulin are house-keeping proteins, and the ferritin, the hemocyanin 2, and the 

perlucin are known SMPs. It has been shown that the SMPs which are more abundant 

in the dextral than in the sinistral shells include three “room-keeping” proteins and one 

house-keeping protein. Concerning those “room-keeping” proteins, which are used for the 

maintenance of specific tissues or cells responsible for other functions than shell 

formation, their importance in shell formation needs to be verified by future studies. On 

the other hand, the SMPs which are more abundant in the sinistral than in the dextral 

shells include three known and one house-keeping proteins. Although a similar amount 

of the dextral and the sinistral shells (100 individuals each) was subjected to proteomic 

analysis, abundances of those known SMPs were higher in the sinistral shells than the 
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dextral shells. It appears possible that the protein concentration in the shell is higher in 

the sinistral shells than in the dextral shells in L. stagnalis. It is necessary to compare 

the shell thickness between the sinistral and dextral shells and to observe the 

arrangements of SMPs in the shell microstructure in both sinistral and dextral shells. 

Among those SMPs, perlucin-like, hemocyanin 2, and ferritin appear to be particularly 

important, because they indicated similar expression profiles in the dextral strain in 

Chapter 2. These SMPs were not identified as SMPs in Chapter 2, probably due to the 

differences in the sensitivity of the mass spectrometer used for the proteome analysis. 

Since the conditions for the transcriptome analysis differed between the coiling types 

(sinistral or dextral), direct comparisons of the expression levels are not possible. It is 

desired to perform the transcriptome analysis of sinistral and dextral individuals once 

again under the same conditions. 

 

Figure 3.1. 

Volcano plot showing differential expression of SMP-coding genes between right and left sides of mantle 

tissues of the sinistral strain. The X axis represents the logarithm of the change in expression levels of 

the right side vs. the left side. The Y axis represents the logarithm of the significance level for each 

comparison of the gene. The level of significance to reject the null hypothesis (q = 0.05) is shown as a 

red line.   
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3.2.3. Comparison of the expression levels of SMP genes between the right and left sides 

of mantle tissues in the sinistral snail 

Next, data from the dextral and sinistral strains were used to compare the expression 

profiles of the SMP genes in the left and right sides of the mantle between the dextral 

and sinistral strains. Transcriptome data were compared using edgeR as in Chapter 2, 

and q value of 0.05 or less was judged as having a statistically significant difference. As 

a result, among the 37,395 transcripts, a total of 14 transcripts indicated a statistically 

significant difference in the levels of expression between the left and right sides of the 

mantle (Fig. 3.1). All those transcripts indicated a higher expression in the left side (outer 

side of the helix), and only one of which 1 represented an SMP. No transcripts, including 

those for SMPs, indicated statistically higher expression in the right side of the mantle 

(helical axis side) (Fig. 3.1).  

Out of the 442 SMPs that indicated no statistically significant difference in gene 

expression levels between left and right sides of the mantle, a total of 177 SMP genes 

indicated higher expression (albeit without statistical significance) in the right than in 

the left, and 239 SMP genes indicated higher expression in the left than in the right. It 

seems that the expression levels of SMP genes are higher in the outer side of the helix 

than in the inner side in the sinistral strain. But the high levels of variations in gene 

expression between individuals appear to have hindered detection of statistically 

significant differences for many SMPs. The problem is how we can reduce the variations 

between individuals, and I will discuss in detail on this in Chapter 4. The remaining 27 

SMP genes indicated zero logFC, having no expression in the sinistral strain or very low 

expression in the dextral strain. Those 27 SMPs are not found in the 207 SMPs identified 

in Chapter 2. It is suggested that even the SMPs with a very low abundance can be 

detected by using a reference database of enhanced quality. By combining whole genome 

analysis and transcriptome analysis, more accurate identification of SMP and analysis 

of its expression profile should be possible. 

Thus, the expression patterns of the SMP genes in the left and right sides of the 

mantle does not mirror the patterns observed in the dextral strain in Chapter 2, but 

indicated a marked difference between the sinistral and dextral strains. The only SMP 

with a statistically significant difference is comp153562_c0_seq1, which was found to be 

a novel protein by BLAST. Although it is not included in the SMP identified in Chapter 

2 in the dextral strain, it has two EFh (EF-hand) domains, thus has the same domain 

configuration as Ls-SMP-61 (comp137504_c0_seq2) and Ls-SMP-62 

(comp137504_c0_seq3), which were identified as SMPs showing significantly higher gene 

expression in the right side than in the left side of the mantle in the dextral strain. EFh 

is a domain that has a function in cation-binding. Calmodulin, which has conserved EFh 

domains, is known as an intracellular protein, with a role to store calcium ions, and is 
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widely conserved among vertebrate and invertebrate animals (Friedberg & Rhoads, 

2001). In molluscs, calmodulin was reported to be expressed in the mantle and in the gill 

of P. fucata (S. Li et al., 2004). Although a typical calmodulin has four EFh domains and 

no signal peptide, the three SMPs (Ls-SMP-61, Ls-SMP-62, and comp153562_c0_seq1) 

identified in this study have two EFh domains and signal peptides. Huang et al. (2007) 

reported that an EF-hand calcium-binding protein (EFCBP), which is an SMP with two 

EFh domains and a signal peptide, possibly has a role in promotion of shell formation 

because EFCBP is up-regulated during shell regeneration process (Huang et al., 2007). 

The other EFh domain containing protein named Sarcoplasmic Ca-binding Protein (SCP) 

from P. fucata is reported to control precipitation of calcium carbonate in vitro (Matsuura 

et al., 2018). Phylogenetic analysis among EFh containing SMPs, EFCBP, SCP, and 

calmodulin suggested that these three SMPs have a similar sequence with that of EFCBP 

distinct from SCP and calmodulin (Fig. 3.2, Fig. 3.3). Thus, comp153562_c0_seq1 in the 

sinistral strain and Ls-SMP-61 and Ls-SMP-62 in the dextral strain may have an 

important function, by virtue of possession of two EFh domains, possibly in promoting 

shell precipitation in the outer side of the helix (left side in the sinistral shells and right 

side in the dextral shells). 

In the dextral strain, three times more SMPs genes indicated statistically higher 

expression levels in the left (spiral axis) side than in the right (outer side of the helix) 

side of the mantle, whereas in the sinistral strain, the only SMP gene that indicated a 

significant difference in the expression levels between left and right is expressed more 

strongly in the left (outer side of the helix) side of the mantle. This observation suggests, 

as a general role of SMPs in shell formation, that in the dextral shells, suppression of 

shell precipitation is more important than promotion of shell precipitation, whereas in 

the sinistral shells, promotion of shell precipitation is much more important than 

suppression of shell precipitation. The reasons for this discrepancy are unknown, 

awaiting further studies.  
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Figure 3.2. 

Schematic representations of the conserved domain configuration of Ls-SMP-61, Ls-SMP-62, 

comp153562_c0_seq1, EFCBP of Pinctada fucata, and Calmodulin of Pinctada fucata (results from 

SMART domain searches). 

Figure 3.3. 
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Figure 3.3 (legend). 

Maximum likelihood tree of the EFh containing proteins in molluscan proteins, including SMPs 

identified from Lymnaea stagnalis in this study, Crassostrea gigas by Marie et al. (2011) and Zhang 

et al. (2012), Lottia gigantea by Mann et al. (2012; 2014), and Pinctada fucata by Zhao et al. (2018). 

The ML tree was inferred from 15 proteins, including one protein of the brachiopod, Lingula anatina 

as an outgroup, using the WAG model based on 22 amino acids. Polychotomy results if the bootstrap 

value of the node is lower than 50%. Bootstrap values are indicated for nodes with a value greater 

than 50%. Molluscan EFh containing proteins were retrieved from NCBI GenBank, EMBL 

EnsemblMetazoa, or OIST genome browser after BLAST searches using Ls-SMP-60, Ls-SMP-61, Ls-

SMP-62, and comp153562_c0_seq1 of L. stagnalis as a query. Sequence names in red indicate SMP 

sequences from L. stagnalis. Cgi: Crassostrea gigas, Pfu: Pinctada fucata, Lgi: Lottia gigantea, Lst: 

Lymnaea stagnalis, Lan: Lingula anatina. 

 

 

 

 
Table 3.1. 

The list of gene expression levels (FPKMs) of four SMPs (Ls-SMP-2, Ls-SMP-19, Ls-SMP-88, and Ls-

SMP-149) in each the dextral and sinistral individuals. 
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Four SMPs (Ls-SMP-2, Ls-SMP-19, Ls-SMP-88, Ls-SMP-149) indicated a statistically 

significant difference in gene expression levels between right and left sides of the mantle 

in both transcriptome and qPCR analyses in the dextral snails (Chapter 2), and the 

expression patterns of them have been examined in the transcriptome data of the 

sinistral snails. The expression patterns of three SMPs (Ls-SMP-2, Ls-SMP-19, Ls-SMP-

88), which showed higher expression in the left (spiral axis) side in the dextral strain, 

indicated the same patterns of higher expression in the spiral axis (right) side in the 

sinisral strain, although the differences are not statistically significant. However, the 

remaining SMP (Ls-SMP-149), which indicated higher expression in the right (outer side 

of helix) in the dextral strain, indicated higher expression in the spiral axis (right) side 

in the sinistral strain. As regard to Ls-SMP-2, Ls-SMP-19, and Ls-SMP-88, they may 

share the same function of suppressing shell formation in both dextral and sinistral 

strains. However, the expression patterns of Ls-SMP-149 relative to coiling direction are 

reversed in sinistral and dextral strains. This observation suggest that the Ls-SMP-149 

gene could be a gene that is differentially expressed in the right side of the body axis 

regardless of the coiling direction. It is also possible that it has functions other than shell 

formation, such as maintaining the lateral asymmetry of the mantle (Table 3.1). 

The results obtained in this study suggest that the expression profiles of SMPs in 

dextral and sinistral strains are not simple mirror images. Previous studies on the early 

development of L. stagnalis have shown that the coiling direction is practically 

determined at the 2-cell stage and that the physical position of blastomeres is important 

for the determination of the coiling direction (Asami et al., 2008; Kuroda et al., 2009; 

Davison et al., 2016). It has also been shown that Dpp, which is involved in the control 

of subsequent coiling direction of the shell, is expressed in a mirror symmetric way 

between the dextral and sinistral snails (Shimizu et al., 2013). From these facts, it was 

assumed that, in later developmental stages, the genes downstream of Dpp are expressed 

keeping a certain pattern of left-right asymmetry in the mantle, leading to mirror image 

expression profiles of SMP genes between dextral and sinistral snails. But, the observed 

profiles are clearly different between the dextral and sinistral strains. As Utsuno et al. 

(2011) showed, the shells of L. stagnalis are not mirror images between the dextral and 

the sinistral shells: the dextral shells are rather elongated and the sinistral shells have 

a wider and rounder aperture (Utsuno et al., 2011). It is considered that this is due to the 

differences in gene expression after the 16-cell stage, when the maternal effect becomes 

no longer effective.  

Although detailed processes and mechanisms that brought about the different right-

left asymmetric expression profiles of SMP genes between the dextral and sinistral 

strains, it appears possible that SMPs are responsible for the slight morphological 

differences between the dextral and sinistral shells. Since many more SMPs have been 
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shown to have statistically different expression levels between left and right sides of the 

mantle in the dextral strain than in the sinistral strain, dextral shells could require more 

control (inhibition, activation) of the growth of calcium carbonate crystals that constitute 

the shells than the sinistral shells to construct the final spiral structure of the shell. In 

addition, compared with the dextral shells, the sinistral shells show shorter shell length 

relative to the shell width, and can be considered as somewhat closer to a flat-coiled 

shells. In this regard, it would be interesting to see the SMP gene expression profiles in 

the planorbid Biomphalaria glabrata, a closely related species of L. stagnalis, because it 

has a flat-coiled shell, and is confirmed to be a sinistral species (Strong et al., 2008; 

Bouchet et al., 2017). If the SMPs of L. stagnalis are involved in the “fine-tuning” of the 

shell coiling direction, SMP genes in B. glabrata would show a similar expression profile 

to that of the sinistral strain of L. stagnalis, or even more symmetric profile in the right 

side and left side of the mantle. Transcriptome analysis of B. glabrata was performed by 

Lockyer et al. (2008) (Lockyer et al., 2008), but SMP genes are yet to be identified. 

The results presented in this study provide a first step toward more accurate analyses, 

and some problems need to be fixed in future. First of all, there is a problem of 

intraspecific variations. More than 100 generations have passed since each of the dextral 

and sinistral strains was established as a pure strain, and thus it is possible that the 

genetic background has differentiated between the two strains by genetic drift. In this 

study, the dextral and the sinistral individuals were crossed, and each pure line re-

established to minimize the differences in genetic background between the dextral and 

sinistral individuals. However, the experimental results showed that the transcriptome 

data tended to be affected by the differences in the condition of the individuals. To make 

a more accurate comparison of the dextral and sinistral strains, the heterozygous F1 

generation born from each parent, which is obtained by crossing the dextral pure line 

and the sinistral pure line, should be used by utilizing the property of the delayed 

inheritance of the L. stagnalis coiling direction. By doing so, it is possible to obtain 

samples in which only the cytoplasmic transcripts and proteins responsible for the 

determination of the coiling direction are different. The dextral and sinistral mRNAs 

used in this study were extracted on different dates. They should be prepared on the 

same day and time, by growing the above F1 generation under the same conditions and 

perform RNA extractions at the same growth stage.  

A second problem with the current study is that the transcriptome analyses of the 

dextral and sinistral strains were performed by using the Illumina Hiseq and Miseq, 

respectively. It has been considered that the data qualities of those analyses are 

comparable, but, the same analytical methods should be used in order to make more 

precise comparisons. 
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3.3. Conclusion 
The comparative transcriptomic and proteomic analysis of the sinistral strain of L. 

stagnalis indicated somewhat unexpected results, showing contradictory profiles to those 

expected from the assumptions in Chapter 2. The estimation of the functionally 

important SMP appears more difficult. On the other hand, it opened up a drastically 

novel possibility that SMPs could be responsible for the morphological difference between 

the dextral and sinistral shells in L. stagnalis. Further analyses are obviously needed, 

but studies in this direction would be fruitful not only in deciphering the mechanisms of 

biomineralization, but also in gaining insights into the nature of left-right asymmetry in 

snails and in animals at large. 
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4. General Discussion 
 

4.1. Quality of the transcriptomic and proteomic data 

In order to understand the evolutionary diversity of molluscs, it would be essential to 

understand the molecular and genetic control mechanisms of shell biomineralization. In 

other words, it is necessary to have a perspective from both genes and proteins. By 

combining the transcriptome analysis of the mantle tissue and the proteome analysis of 

shells used in this study, more accurate primary structure analysis of SMP can be 

performed than by doing one of those analyses alone. Transcriptome analysis can 

comprehensively identify mRNAs in specific tissues, but it is difficult to narrow down 

those involved in shell formation, while shell proteomic analysis comprehensively 

identifies proteins contained in shells directly, but only fragmentary sequences can be 

obtained by mass spectrometry. However, by combining these two kinds of analyses, 

complete, or nearly complete nucleotide sequences encoding SMPs incorporated in the 

shell can be obtained.  

There has been a proteome analysis using expressed sequence tag (EST) data, instead 

of transcriptome data, as a reference, but according to Lowe et al. (2017), EST can allow 

us to obtain only short sequences due to technical restrictions (Lowe et al., 2017). It has 

been reported, for example, that the average length of about 270,000 EST sequences of 

Pinctada margaritifera used by Joubert et al. (2010) and that of about 220,000 EST 

sequences of Crassostrea gigas used by Marie et al. (2011) were 214 bp and 413 bp, 

respectively (Joubert et al., 2010; Marie, Zanella-Cléon, et al., 2011) (Table 1.1).  

On the other hand, the number of transcript sequences used as a reference for the 

proteomic analysis of the dextral shell in this study was 337,195, with an average length 

of 1,140 bp, and an N50 length of 2,828 bp. The number of sequences in the transcriptome 

data of the sinistral snails was 222,444, with an average length of 824 bp, and an N50 

length of 1,750 bp. Thus, the sequences of the transcriptome data used in this study are 

much longer than those of EST data. The N50 value represents a weighted median length 

of contigs such that 50% of the entire assembly is contained in contigs larger than or 

equal to this value, and is often used as a statistic to evaluate the quality of assembly of 

-omics data, such as transcriptome data. Recent studies combining transcriptome and 

proteome analyses reported a total of 676,358 transcripts and 59 SMPs for Cepaea 
nemoralis (K. Mann & Jackson, 2014), 106,452 transcripts and 63 SMPs for Mytilus 
coruscus (Liao et al., 2015), 20,106 transcripts and 71 SMPs for Mya truncate 

(Arivalagan et al., 2016), and 74,293 transcripts and 54 SMPs for Euhadra quaesita 

(Shimizu et al., 2019). These studies did not report the N50 scores. It seems that the 

number of identified SMPs has no correlation with the transcriptome reference size. 

However, previous studies using a genome database as the reference reported a total of 
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259 SMPs for Crassostrea gigas (G. Zhang et al., 2012), 569 SMPs for Lottia gigantea (K. 

Mann et al., 2012), and 144 SMPs for Pinctada fucata (Liu et al., 2015) (Table 1.1). In 

this study, a total of 443 SMPs has been identified from a total of 337,195 + 222,444 

transcripts. Although it is clear that use of genomic data for reference gives the most 

comprehensive results, a deep transcriptome analysis combined with proteome analysis 

performed in this study yielded comprehensive SMP data comparable to those of previous 

studies using genome databases. Moreover, the transcriptome analysis has a great 

advantage in that it allows us to obtain data of some in vivo conditions such as the gene 

expression levels. Therefore, combination of the whole genome and transcriptome 

analyses is a more effective approach. 

Although Herlitze et al. (2018) analyzed the shell proteome of the same species as in 

the present study (L. stagnalis) using methods similar to the present study (Herlitze et 

al., 2018), the number of SMPs identified in their study (40) is much smaller than that 

in the present study (443). This difference may be explained by a number of reasons, 

including the differences in the analytical equipments used for mass spectrometry and 

DNA sequencing, as well as protocols for mRNA/protein extractions, transcriptome 

analysis, and proteome analysis. Comparing the results of MASCOT searches, the 

number of peptides detected in the proteomic analysis in their study (1,230) is smaller 

than that in the present study (8,061). Since the instruments used are different with 

each other [Q-Star XL nanospray quadrupole/time-of-flight tandem mass spectrometer, 

nanospray-Qq-TOF-MS/MS (Applied Biosystems, Villebon-sur-Yvette, France) coupled to 

an online nanoLC system (Ultimate Famos Switchos from Dionex, Amsterdam, 

Netherlands) in Herlitze et al. (2018); Q Exactive Orbitrap mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA, USA) coupled to a UltiMate 3000 RSLCnano (Thermo 

Fisher Scientific, Waltham, MA, USA) in this study], detailed analytical conditions of 

peptide mass spectrometry cannot be compared, but it can be concluded that the analysis 

performed in this study has been much more sensitive, resulting in identification of many 

more SMPs from the same species. 

In addition, because the LC-MS/MS analysis of proteins entails fragmentation of the 

proteins, typically by trypsin treatment, prior to the analysis, proteins that have no 

trypsin cleavage site (the basic amino acid residues of lysine and arginine) cannot be 

analyzed by this method. Thus, it should be noted that super-acidic proteins such as 

those found in bivalve shells and assumed to have important functions as SMP 

(Tsukamoto et al., 2004; Takeuchi et al., 2008; Isowa et al., 2012) can be overlooked by 

this method. Indeed, no SMPs like Aspein, which contains 60% of Asp, has been identified 

in this study. Comp132732_c0_seq1 is the most acidic SMP identified in this study. It is 

129 AAs in length, with a molecular weight of 14,233, and a theoretical pI of 3.65. This 

protein is composed of 18.0% Asp and 10.9% Glu. 
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Another potential problem with SMP characterization concerns de novo assembling, 

which is used in de novo sequencing. In de novo assembling, sequence reads are 

computationally linked together, rather than aligned onto known sequences, and thus it 

is vulnerable to repeated sequences, which are often found in SMP genes. In order to 

solve this problem, acquisition of long reads using such platforms as those developed by 

Pacific Biosciences and Oxford Nanopore Technology, as well as elucidation of the whole 

genome sequences of L. stagnalis would be a useful approach.  

Despite the above problems inherent to the proteomic study of SMPs, the qualities of 

the sequence data for both transcripts and proteins obtained in this study are arguably 

better than those of hitherto reported datasets of molluscan SMPs, providing a reliable 

basis for the current study and for any future studies.  

 

 

 

 

 
Figure 4.1. 

Graph showing comparisons of gene expression levels (FPKM) and protein abundance for identified 207 

SMPs from the dextral strains. The correlation coefficient between gene expression levels and protein 

abundance is 0.143. 
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4.2. General features of the SMPs identified in this study 

The results of Chapter 2 in this study showed that, compared with the composition of 

the protein functions in the whole transcriptome of the mantle, the gene ontology of the 

identified 207 SMPs show more proportions of proteins with such molecular functions as 

ion binding, protein binding, carbohydrate derivative binding, oxidoreductase activity, 

and hydrolase activity. Ion binding is assumed to be responsible for the recruitment of 

calcium ions and interactions with calcium carbonate crystals, while protein binding, 

carbohydrate derivative binding is likely involved in the formation of supramolecular 

structures of shell organic matrices made of proteins and carbohydrates. On the other 

hand, oxidoreductase activity and hydrolase activity could be involved in the regulation 

of functionalities of SMPs, suggesting importance of the interactions between SMPs, 

although the details are unknown. 

A closer look at the 207 SMPs revealed that not only known SMPs and novel proteins 

but also house-keeping proteins and room-keeping proteins which are found in other 

tissues than the mantle are contained. These house-keeping and room-keeping proteins 

tend to be very abundant at the transcript expression level but scarce at the shell protein 

level, that is, they are abundantly expressed in the mantle tissues but are not 

incorporated into the shells (correlation coefficient: 0.143, Fig. 4.1, Supplementary Table 

S2.4). It cannot be denied that all the SMPs identified in this study are involved, actively 

or passively, in shell formation, but the fact that the transcript sequences for SMPs 

annotated as house-keeping proteins, such as ribosomal proteins, do not have a signal 

peptide suggests that they do not contribute to shell formation as they are not secreted 

proteins. One of the initial motivations to carry out the current study (this thesis) was to 

develop a way to discriminate such apparently unfunctional SMPs from those potentially 

functional in shell formation. This goal has been achieved in Chapter 2 of this thesis, but 

further studies, including direct functional analyses of SMPs, are required to verify the 

results obtained in this study. 

 

4.3. Asymmetry of snail shells as a mean to narrow down potentially functional SMPs 

In this study, it was predicted that the morphological laterality of snail shells results 

in asymmetric gene expression patterns in the mantle responsible for shell formation, 

and the asymmetric gene expression patterns were indeed detected in 32 SMPs in the 

comparative transcriptome data for the left and right sides of the mantles. These 32 

SMPs do not contain house-keeping proteins, but contain proteins with apparently 

important domains found in other SMPs identified in previous studies, such as ChtBD2, 

CLECT, and EFh (Suzuki et al., 2009; G. Zhang et al., 2012; K. Mann et al., 2012; R. 

Zhao et al., 2018). These observations strengthen the validity of the approach taken in 

this study, indicating that focusing on the asymmetry of the snail shells is appropriate 
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for narrowing down functionally important SMPs out of the numerous SMPs identified 

by a proteomic approach.  

The 32 SMPs also include novel sequences that could not be annotated by BLAST or 

conserved domain searches, such as Ls-SMP-2 and Ls-SMP-19, and their left-right 

asymmetric expression was confirmed by qPCR. Proteins without specific motifs are 

usually difficult to pick up as an important SMP in conventional sequence-based studies, 

but I was able to pick them up by the approach developed in this study. Functions of 

these proteins cannot be estimated by their sequences alone, therefore future functional 

analysis is essential. 

   Comprehensive proteomic studies of SMPs have been made in gastropod molluscs (K. 

Mann et al., 2012, 2018; K. Mann & Jackson, 2014; Di et al., 2017; Herlitze et al., 2018; 

Shimizu et al., 2019), but no study focused on the morphological asymmetry of the shell. 

Herlitze et al. (2018) reported uneven gene expression patterns in the outer lip of the 

mantle of L. stagnalis, dividing the outer edge of the mantle tissue into left and right 

(Herlitze et al., 2018), but this superficial left-right axis actually corresponds to the 

anterior-posterior axis of the body. 

Westbroek (1991) argued that polysaccharides control the formation of the complex 

structures made of calcite in the coccolith of the calcareous algae Emiliania huxleyi by 

inhibiting crystal growth. In molluscs, Wheeler et al. (1981) reported that the soluble 

matrix protein from the oyster Crassostrea virginica has the potential to regulate CaCO3 

deposition, where acidic proteins and peptides generally inhibit crystal nucleation and/or 

growth. Recent in vitro SMP functional analyses revealed that some SMPs have 

promotive effects, while others have inhibitory effects on CaCO3 crystallization. For 

instance, the acetic acid-soluble matrix Caspartin inhibits calcium carbonate 

precipitation (Marin et al., 2005). Prismalin-14 also inhibits calcium carbonate 

precipitation (Suzuki & Nagasawa, 2007). Perlucin promotes the calcium carbonate 

precipitation and modification of crystal morphology at ambient conditions (Wang et al., 

2008). The acidic SMP Pif is a key molecule in the induction of aragonite crystal 

formation (Suzuki et al., 2009). The basic SMP PfN23 accelerates the deposition of 

calcium carbonates and induces the formation of aragonite crystals (Fang et al., 2012). 

Lysine-rich SMP KRMP7 inhibits CaCO3 precipitaion, changes the morphology of calcite, 

and inhibits the growth of aragonite (Liang et al., 2016).  

These previous studies of in vitro functional analysis indicate that SMPs have roles 

in promotion/inhibition of crystallization and control at the molecular levels of 

biomineralization. Yonezawa et al. (2016) reported that chitinases might regulate the 

formation of the organic shell layer in L. stagnalis by in vivo functional suppression 

experiments (Yonezawa et al., 2016). In some of these previous studies, the relationships 

between SMPs and the microstructures such as the nacreous layer and the prismatic 
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layer have been discussed, but the relationships between SMPs and shell morphogenesis 

have not been discussed. The results shown in Chapter 2 confirmed the presence of 

asymmetrically expressed SMPs in both transcriptomic and qPCR analyses of gene 

expression between the right side (outer side of the shell helix) and the left side (axis side 

of the shell helix) of mantle tissues, showing that three times more SMPs are more highly 

expressed in the left than in the right in dextral shells (Fig. 2.17). On the other hand, in 

the sinistral strain studied in Chapter 3, only one SMP is expressed asymmetrically, with 

a higher expression in the left side of mantle (outer side of the shell helix). Whether 

promotion or inhibition of shell precipitation is generally more important, and exactly 

how shell precipitation is controlled in snail shell morphogenesis will be a next question 

to be answered. To this end, in vivo functional analysis would be useful.  

 

4.4. Molecular evolution of the conserved domains in some SMPs 

From the results of molecular phylogenetic analyses of the conserved domain 

sequences, Ls-SMP-88, which is more highly expressed in the axial than the outer side 

of the spiral of the shell, is considered to have lost the VWA domain. The VWA domain is 

a conserved domain integral to the SMP Pif. Suzuki et al. (2009) reported that Pif plays 

a role in promoting shell nacre formation (Suzuki et al., 2009), while the fact that the 

Pif-like Ls-SMP-88 is more highly expressed in the axial side suggests that it is involved 

in the inhibition of shell formation. One possibility is that Pif promotes shell formation, 

but if the VWA domain of Pif is lost, this Pif-like protein act as an inhibitor of shell 

formation. The VWA domain is known to be involved in multiprotein complexes. Probably, 

when Pif exists as multiprotein complexes and is anchored to the shell matrix framework, 

its acidic region can act as nucleation sites of calcium carbonate crystals, but when it is 

released from the framework and exists freely in the fluid, then it could act as an 

inhibitor of shell formation (cf. Wheeler et al. 1981). 

Molecular phylogenetic analyses were also attempted for the Tyrosinase and WAP 

domain sequences contained in Ls-SMP-43 and Ls-SMP-149, respectively, and in other 

molluscan SMPs. However, the results were not very robust, with the best bootstrap 

branch support rate of around 60%. This may be because the domain sequences subjected 

to analysis were too short (82 aa for Tyrosinase and 35 aa for WAP domains). 

 In some SMPs, “conserved” domains have been shown to be recruited in SMPs 

independently in different lineages. For example, the carbonic anhydrase family of SMPs 

found in the bivalves Crassostrea gigas and Pinctada fucata and the gastropod Lottia 
gigantea has been reported to have experienced gene duplication in each species 

independently (R. Zhao et al., 2018). Therefore, caution must be exercised in linking the 

“conservation” of a domain across species with a single origin of the evolutionary 

acquisition of SMPs. 
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4.5. Differences in SMP gene expression profiles between the dextral and sinistral snails 

It is clear from previous studies that the laterality of shell coiling direction in L. 
stagnalis is determined at the early developmental stage (Asami et al., 2008; Kuroda et 

al., 2009; Shimizu et al., 2011, 2013; Davison et al., 2016). But, since Utsuno et al. (2011) 

suggested that the dextral and sinistral shells do not have perfect mirror symmetry 

(Utsuno et al., 2011), it appears possible that biomineralization in late developmental 

stages controls shell coiling direction and morphogenesis. The results of Chapter 3 in this 

study revealed that the expression profiles of SMPs are significantly different between 

right and left strains having almost the same genetic background. This observation 

suggests that, the expression profile of SMPs in the mantle in later developmental stages 

is not directly induced by the genes that were expressed asymmetrically in the early 

developmental stages. The factors controlling the gene expression in the pathway of SMP 

induction need for further analysis. 

Furthermore, by comparing the shell proteomes between the dextral and sinistral 

strains, it was suggested that some SMPs could be responsible for the differences in the 

shell morphologies between dextral and sinistral shells. In other words, the factor 

supporting the “F molecule” hypothesis (Brown & Wolpert, 1990) could be hidden in the 

SMPs. F molecules produce left-right asymmetry at the molecular level, which leads to 

the left-right asymmetry at the tissue/morphological level. 

In this study, the only sinistral strain SMP gene that indicated a statistically 

significant difference (with a higher expression in the left) in the expression levels 

between left and right sides of the mantle encode a protein (comp153562_c0_seq1) with 

two EFh domains that can interact with cations. The same SMP was identified in the 

dextral strain, but it indicated no statistically significant difference in gene expression 

between left and right sides of the mantle. But other SMPs, namely, Ls-SMP-61 and Ls-

SMP-62, show a conserved domain structure similar to ID（comp153562_c0_seq1）with 

double EFh domains, and indicate a statistically higher expression in the left side of the 

mantle in the dextral strain. These results indicate that those proteins with two EFh 

domains are highly expressed in the left side of the body axis regardless of the coiling 

types, suggesting that the factor acting as the F molecule is involved in the induction of 

these SMPs. 

Answering to the question of how those SMPs are involved in shell formation and 

shell morphogenesis requires in vivo functional analysis and expression analysis using 

in situ hybridization. Gene knockout experiments in molluscs have been reported by 

Perry & Henry (2014) (on Crepidula fornicata) and by Abe & Kuroda (2019) (on L. 
stagnalis), and are considered applicable to SMP functional analysis (Perry & Henry, 

2015; Abe & Kuroda, 2019). 

Recent comprehensive identification revealed that many SMPs may complementarily 
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act in the formation. Therefore, in order to analyze the functions of SMPs and elucidate 

the molecular mechanisms of shell formation, the next step would be to investigate not 

only the expression levels but also the arrangements of SMPs in the dextral and sinistral 

shells and their relationships with the shell fine structures. 

In the context of evolutionary developmental biology, the asymmetry of shell 

morphology provides not only a foothold for elucidating the molecular mechanisms of 

shell formation and evolution but also clues to understand evolution and development of 

lateral asymmetry in nature. 
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5. Material and Methods 
 

5.1. Animals and protocol for extracting RNA 

Pond snails, Lymnaea stagnalis (strain GSS7-1), originally collected in Neustadt, 

Donau, Germany, were reared in deionized and calcium carbonate-saturated tap water 

at about 23±1 °C (Fig. 1a). Mantle tissues were excised from three individuals, each 

having been separated into left and right portions using scissors (Fig. 1b). Foot tissues 

were excised from another individual using scissors. Total RNA was extracted from each 

sample using ISOGEN (Nippon Gene, Tokyo, Japan), following the protocol of Isowa et 

al. (2015) (Isowa et al., 2015). 

   In Chapter 3, the sinistral strain of Lymnaea stagnalis established and provided by 

Asami Laboratory in Shinshu University have been reared in the laboratory at 23±1 ºC. 

In order to “homogenize” the genetic background between the two, an individual from 

each strain was crossed with each other, and then the sinistral strain was re-established 

before subjected to transcriptome and proteome analyses. 

 

5.2. Transcriptome analyses 

Transcriptomic analyses of mantle and foot RNA were carried out using HiSeq 2500 

(Illumina, California, USA) and MiSeq (Illumina, California, USA) sequencers, 

respectively. Twelve mantle libraries were prepared from left and right mantle tissues 

for each of three biological replicates from each the dextral and sinistral strains. The 

library for foot tissues was prepared from one individual each for the dextral and sinistral 

strains. Low-quality regions were removed from the FASTQ files before assembling the 

nucleotide sequences in FASTA format using Trinity (v2.5.1) (Grabherr et al., 2011; Haas 

et al., 2013) and the DDBJ Read Annotation Pipeline (http://p.ddbj.nig.ac.jp/pipeline/; 

last accessed April 5, 2018) (Kaminuma et al., 2009; Nagasaki et al., 2013) with the 

default setting of k-mer (= 25). Gene models were predicted using TransDecoder (v4.1.0) 

(Haas et al., 2013), and redundant sequences were removed with CD-HIT (v4.6.1) (W. Li 

& Godzik, 2006; Fu et al., 2012). Sequence assembly, gene set, and transcriptome 

completeness of the FASTA file were verified with BUSCO (v3.3) (Simão et al., 2015; 

Waterhouse et al., 2018) using the metazoan data set. 

 

5.3. Protocol for extracting shell proteins 

Shell proteins were extracted from 20 g of shells from about 60 individuals in Chapter 

2, and from 30 g each of shells from about 100 individuals each of the dextral and sinistral 

strains in Chapter 3. First, shells were treated with sodium hypochlorite to remove any 

surface contaminants and then washed with ultrapure water to remove sodium 

hypochlorite. Second, washed shells were dissolved in an aqueous solution of 460 mL of 
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0.5 M ethylenediaminetetraacetic acid (EDTA), the pH adjusted to 8.0 using NaOH. After 

48 h of incubation at 4°C, the supernatant was decanted, and EDTA was removed with 

Amicon ultra-15 centrifugal filter units (Merck Millipore, Burlington, USA). This EDTA-

soluble protein mixture is denominated the soluble fraction. The precipitate was 

dissolved in an aqueous solution containing 7M urea, 2M thiourea, 3% 3-[(3-

cholamidopropyl)dimetilaminio] propanesulfonate (CHAPS), and 1% Triton X-100), and 

after 24 h of incubation at 4°C, the preparation was centrifuged at 20,000g, at 4°C for 1 

h. The supernatant was decanted, and urea and other salts were removed with Amicon 

ultra-15 centrifugal filter units (Merck Millipore, Burlington, USA). Th protein mixture 

solubilized by this procedure is referred to as the insoluble fraction. The amounts of 

soluble and insoluble fractions, in aqueous and CHAPS solutions, respectively, were 

quantified using a Qubit Fluorometer (Thermo Fisher Scientific, Massachusetts, USA). 

 

5.4. Proteomic analysis 

In Chapter 2, each of the protein samples extracted using the above protocol was 

dissolved in 200 µL of 0.1 M Tris-HCl buffer (pH 8.5). After adding 600 µL of methanol 

and 150 µL of chloroform, the sample was centrifuged (13,000 g, 4°C, 10 min.). After 

removing the supernatant, 500 µL of methanol was added to the sample and centrifuged 

again (20,400 g, 4°C, 10 min.). The supernatant was then removed, and the sample was 

dried by Speed Vac (EYELA, Tokyo, Japan). The dried pellet was dissolved in an aqueous 

solution containing 8M urea, 0.1 M Tris-HCl (pH 8.5) and 0.1 M DTT, and was incubated 

for 1 h at 37°C. A volume of 0.5 µL 208 mM iodoacetamide was added to the sample, 

which was incubated for 1 h at room temperature in the dark. After adding 0.1 M Tris-

HCl and ultrapure water, it was treated with trypsin (Promega, Wisconsin, USA) in a 20-

fold excess over sample protein and incubated overnight at 37°C. Tryptic peptides were 

analyzed with an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, 

MA, USA) coupled with a DiNa nanoLC system (KYA Technologies, Tokyo, Japan). 

Precursor ions were detected over a range of 400–1,500 m/z, and the top four high-

intensity ions were selected for MS/MS analyses in data-dependent mode. Acquired 

MS/MS spectra were subjected to a database search against the protein sequence 

database translated from transcriptome data from the mantle tissues of L. stagnalis with 

the SEQUEST program using Proteome Discoverer software version 1.2 (Thermo Fisher 

Scientific, Waltham, MA, USA). Parameters were set as follows: the charge state of the 

precursor ions: automatically recognized; the mass range of tryptic peptides: 800 - 4,500; 

mass tolerances for precursor ions: 10 ppm; mass tolerances for fragment ions: 1 Da. Up 

to two missed cleavages and modifications of carbamidomethylation (+57.021) of cysteine 

and oxidation (+15.995) of methionine were considered for calculation of theoretical 

masses. False discovery rates (FDRs) were calculated based on a decoy database using 
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Proteome Discoverer software. A list of identified peptides that include a false discovery 

rate <1% was obtained after filtering low-confidence identification. Protein sequences 

identified by more than one unique peptide were retained. 

   In Chapter 3, proteomic analysis was performed by Medical ProteoScope Co., Ltd. 

using the following protocol. Each of the protein samples extracted using the above 

protocol was dissolved in 200 µL of 0.1 M Tris-HCl buffer (pH 8.5). After adding 600 µL 

of methanol and 150 µL of chloroform, the sample was centrifuged (13,000 g, 4°C, 10 

min.). After removing the supernatant, 500 µL of methanol was added to the sample and 

centrifuged again (20,400 g, 4°C, 10 min.). The supernatant was then removed, and the 

sample was dried by a vacuum dryer. The dried pellet was dissolved in an aqueous 

solution containing 8M urea, 0.1 M Tris-HCl (pH 8.5) and 0.1 M DTT, and was incubated 

for 1 h at 37°C. An iodoacetamide was added to the sample, which was incubated for 1 h 

at room temperature in the dark. After adding 0.1 M Tris-HCl (pH 8.0) and ultrapure 

water, it was treated with trypsin in a 20-fold excess over sample protein and incubated 

16 h at 37°C. Tryptic peptides were analyzed with an Q Exactive Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with a UltiMate 

3000 RSLCnano (Thermo Fisher Scientific, Waltham, MA, USA). Precursor ions were 

detected over a range of 300–1,500 m/z, and the top 10 high-intensity ions were selected 

for MS/MS analyses in data-dependent mode (Top 10 method). Mass resolutions were set 

70,000 in MS, and 17,500 in MS/MS. Progenesis QI for proteomics (v2.0) (Waters 

Corporation, Milford, MA, USA) was used for spectra peak alignment and integration of 

each LC-MS/MS data and normalization of peak intensity. Acquired MS/MS spectra were 

subjected to a database search against the protein sequence database translated from 

transcriptome data from the mantle tissues of L. stagnalis with the MASCOT (v2.5) 

(Matrix Science Inc, Boston, MA, USA). Parameters were set as follows: peptide 

tolerance: ±5 ppm; MS/MS tolerance: ±0.02 Da. Up to two missed cleavages and 

modifications of carbamidomethylation (+57.021) of cysteine and oxidation (+15.099) of 

methionine were considered for calculation of theoretical masses. A list of identified 

peptides that include a false discovery rate (FDR) <1% was obtained after filtering low-

confidence identification. Protein sequences identified by more than one unique peptide 

were retained. 

 

5.5. Sequence annotation 

I performed BLAST searches against GenBank at NCBI (National Center for 

Biotechnology Information; http://blast.ncbi.nlm.nih.gov; last accessed April 10, 2019) 

(Altschul et al., 1990; Boratyn et al., 2012) using the non-redundant database (all 

organisms) with an e-value cutoff of 10-10. Conserved domains were searched using 

Simple Modular Architecture Research Tool (SMART; v8.0; http://smart.embl-
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heidelberg.de; last accessed April 10, 2019) (Schultz et al., 1998; Letunic & Bork, 2018) 

provided by EMBL (European Molecular Biology Laboratory), including optional 

searches for outlier homologs and homologs of known structure, Pfam domains, and 

signal peptides. Gene Ontology (GO) terms were assigned using Blast2GO software 

(version 4.1; https://www.blast2go.com) (Conesa et al., 2005) for the categories cellular 

component, biological process, and molecular function. For each category, GO terms are 

assigned at 4 hierarchical levels, and term frequencies at three levels (levels 2 - 4) are 

visualized and considered in this study. Theoretical isoelectric points (pI) and theoretical 

molecular masses of identified proteins were estimated using UniProt 

(http://www.uniprot.org/; last accessed August 20, 2018) (Bateman, 2019). Potential O-

glycosylation, N-glycosylation, and phosphorylation sites were predicted using the 

servers of DTU Bioinformatics (http://www.cbs.dtu.dk/services/; last accessed September 

10, 2018). 

 

5.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Soluble and insoluble fractions were separated by SDS-PAGE, in a 10% 

polyacrylamide slab gel. After electrophoresis, the gel was stained with Coomassie 

Brilliant Blue (CBB) to visualize proteins. 

 

5.7. Phylogenetic analyses of some conserved domains 

Molecular phylogenetic analyses have been conducted on conserved domains in Pif-

like and tyrosinase-domain-containing SMPs (TDC-SMPs) identified in this study. The 

Pif-like SMP was analyzed because it contains ChtBD2 and Laminin_G domains, as in 

typical Pifs (Suzuki et al., 2009), but it lacks the VWA domain, unlike typical Pifs. Thus, 

the ChtBD2 and Laminin_G domain sequences of L. stagnalis have been compared with 

those of typical Pifs in other species, so as to infer how the Pif-like SMP of L. stagnalis 

originated. The TDC-SMPs were analyzed because two types of TDC-SMPs, namely those 

also containing Hemocyanin_bet_s domains and those without, were identified, and their 

relationships remain uncertain. 

Conserved domains were identified by searches with the Simple Modular 

Architecture Research Tool (SMART; v8.0; http://smart.embl-heidelberg.de; last accessed 

April 10, 2019) (Schultz et al., 1998; Letunic & Bork, 2018) provided by EMBL (European 

Molecular Biology Laboratory), including optional searches for outlier homologs and 

homologs of known structure, Pfam domains, and signal peptides. Conserved domain 

sequences were aligned using ClustalW (Thompson et al., 1994) embedded in the 

phylogenetic analysis tool MEGA X (v10.1.7) (Kumar et al., 2018) with default settings. 

Resulting alignments were submitted to the trimAl (v1.2) (Capella-Gutiérrez et al., 2009) 

to remove poorly aligned regions and divergent regions of protein alignment while 
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allowing smaller final blocks, gap positions within the final blocks, and less strict 

flanking positions. The best-fit amino acid substitution model was inferred using the 

“find best protein models” function fitted in MEGA X, and phylogenetic analysis was 

performed using the maximum-likelihood (ML) method with bootstrap iterations of 1,000 

replicates on MEGA X. Polychotomies were generated by collapsing nodes with a 

bootstrap value <50%. 

 

5.8. Gene expression analysis 

Analyses of gene expression levels were performed with Bowtie2 (v2.3.4.3; 

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml; last accessed November 21, 2018)  

(Langmead & Salzberg, 2012) and eXpress (v1.5.0; https://pachterlab.github.io/eXpress/; 

last accessed November 21, 2018) (Roberts & Pachter, 2013) using the DDBJ Read 

Annotation Pipeline. Differential gene expression was evaluated using edgeR (v3.18.1; 

https://bioconductor.org/packages/release/bioc/html/edgeR.html; last accessed November 

25, 2018) in the Bioconductor package of the R project (https://www.r-project.org/; last 

accessed November 25, 2018) (Robinson et al., 2009; Ramos et al., 2017). Statistical 

analysis of differential expression between right and left mantle tissues was performed 

based on the nonparametric Fisher’s exact test, using edgeR. Statistical significance 

levels were calculated and corrected using the FDR (false discovery rate) to avoid false 

positives arising from multiple tests. The q value was set at 0.05. 

 

5.9. Quantitative PCR (qPCR) 

Total RNA was extracted from left and right mantle tissues of 5 biological replicates 

of L. stagnalis using ISOGEN (Nippon Gene, Tokyo, Japan) following the protocol of 

Isowa et al. (2015) (Isowa et al., 2015). Total RNA was also extracted from the foot tissue 

of one specimen of L. stagnalis using the method above. Total RNA samples were treated 

with DNase I using RQ1 RNase-Free DNase (Promega, Madison, USA). To confirm the 

effectiveness of the DNase I treatment, PCR was performed with primer sets for EF1ɑ of 

L. stagnalis with total RNA samples as a template following the protocol of Young et al. (2019) (Young 

et al., 2019). 

Complementary DNA was prepared from 1 μg of each total RNA sample using iScript 

RT Supermix for RT-qPCR (Bio-Rad, Hercules, USA), which contained a mixture of 

oligo(dT) and random primers. Reverse Transcription PCR was performed using a 

GeneAmp PCR system 9700 (Applied Biosystems, Foster City, USA) following the 

protocol of Young et al. (2019) (Young et al., 2019). 

Quantitative PCR was performed using a StepOne Real-time PCR system (Applied Biosystems, 

Foster City, USA). Amplification of SMP genes was detected with SyBR Green dye. Reactions 

contained 2 μL of cDNA sample (25 ng/μL) with 5 μL of SsoAdvanced Universal SyBR Green 
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Mix (Bio-Rad, Hercules, USA), 250 nM forward and reverse primer concentrations, and were 

brought to 10 μL with DNase- and RNase-free water. Two technical replicates were performed 

for each of the 5 biological replicates. The custom qPCR method consisted of 95°C for 30s; 40 cycles 

of 95°C for 15s, 60°C for 30s. Gene expression was analysed with the comparative CT 

method. Foot tissues were selected as references and Lst-EF1ɑ (EF1ɑ gene of L. stagnalis) 

designed by Young et al. (2019) (Young et al., 2019) was selected as an endogenous control. 

Primers for the 32 “asymmetric” SMP genes were designed using Primer3Plus 

(https://primer3plus.com/cgi-bin/dev/primer3plus.cgi; last accessed November 11, 2019) 

to have a length of 19-23 nucleotides, a melting temperature between 57-62°C, a GC 

content from 40-60%, and a product size range of 70-150 bp (Supplementary Table S2.11). 

As a comparison, we also analysed three “symmetric” SMP genes, which indicated the 

highest FPKM values in the transcriptome data, by qPCR. Primers for those three SMP 

genes were also designed using the same method. 

 

5.10. Data Availability 

Transcriptome data from this study are available in the DDBJ Sequence Read Archive 

(DRA) under accession numbers DRA005517 and DRA006373.  
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