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PREFACE

The first comprehensive treatment on the physiology of molluscs was
published in two volumes, edited by K. M. Wilbur and C. M. Yonge in 1964
and 1966. Almost 20 years later, a landmark compendium in multiple edited
volumes on the biology of molluscs was published between 1983 and 1988.
This series dedicated two volumes (volumes 4 and 5) to review papers on
molluscan physiology. K. M. Wilbur was the editor-in-chief of this impor-
tant series. The volumes in 1964 and 1966 and those in the 1980s were all
published by then Academic Press.

The only review series on selected aspects of molluscan physiology
since the 1980s was a special volume of the Canadian Journal of Zoology,
published in 2013, which was edited by Saber Saleuddin. As luck would
have it, we were approached by Apple Academic Press in 2014 to edit
another volume dedicated to molluscan physiology, which we enthusiasti-
cally agreed to undertake.

With the rapid development of cutting-edge proteomic, molecular
biological, and cellular imaging techniques, our understanding of molluscan
physiology, specifically in the areas of neurobiology, reproductive biology,
and shell formation, has increased exponentially over the last several years.
Therefore, we felt that compiling an edited volume of review papers was
warranted, and we hope that this book will serve as an important resource
for researchers, professors, and students.

Editing a review series is a daunting task. The major challenge of such an
endeavor is not what areas we could cover but how to deal with topics where
we were unable to find excellent contributors. Thus, the titles and areas of
research included in this book are our personal choices based on availability
of contributors and their willingness to write within the allotted time frame.
Furthermore, in certain fields of physiology, such as osmoregulation and
defense mechanisms, we felt that the fields have not advanced significantly
enough to warrant reviews. To partially compensate for not covering certain
fields, we have included two papers previously published in the Canadian
Journal of Zoology. The only instructions we gave to contributing authors
is that the coverage be comprehensive, with a brief introduction, present
knowledge highlighting the significant recent findings, and finally, provide
suggestions about future directions in the context of recent developments.
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ABSTRACT

Molluscs (snails, slugs, clams, squid, chitons, etc.) are renowned for their
highly complex and robust shells. Shell formation involves the controlled
deposition of calcium carbonate within a framework of macromolecules that
are secreted by the outer epithelium of a specialized organ called the mantle.
Molluscan shells display remarkable morphological diversity, structure,
and ornamentation; however, the physiological mechanisms underlying the
evolution and formation of the shell are just beginning to be understood.
Examination of genes expressed in the mantle and proteins incorporated into
the shell suggests that the genetic program underlying shell fabrication is
rapidly evolving. This includes lineage-specific integration of conserved,
ancient gene families into the mantle gene regulatory network and the evolu-
tion of genes encoding proteins with novel repetitive motifs and domain
combinations, which results in the expression of markedly different shell
matrix protein repertoires in even closely-related molluscs. Here, we review
the molecular physiology of shell formation with emphasis on the protein
components that are particularly rapidly evolving. Nonprotein components
such as chitin, other polysaccharides, and lipids are also reviewed. The high
degree of novelty in molluscan biomineralized structures is discussed with
emphasis on topics of recent interest including the image-forming aragonitic
eye lenses of chiton shells and shell pigments. Finally, unanswered questions
including some dealing with basic concepts such as the homology of the
nacreous shell layers of gastropods and bivalves are discussed.

1.1 INTRODUCTION

Biomineralization is the process by which living organisms convert ions in
solution into solid minerals (Simkiss & Wilbur, 1989). The great success
of molluscs can be attributed in part to their ability to secrete calcareous
skeletal structures with evidence for molluscan biomineralization extending
back to the late Precambrian (Runnegar, 1996). All eight major lineages
of Mollusca produce calcified exoskeletons, in the form of shells (such as
those produced by bivalves, gastropods, and Nautilus) or sclerites (spines,
scales, etc. produced by chitons and aplacophorans). However, secondary
reduction or loss of the shell has occurred in several lineages (e.g., Kroger
et al., 2011; Wigele & Klussmann-Kolb, 2005). In this chapter, we begin
the discussion of molluscan biomineralization physiology with an emphasis
on recent insights on the molecular biology of shell formation from studies
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using evolutionary developmental, comparative genomic/transcriptomic,
and proteomic approaches. We highlight the importance of comparative
studies in understanding the principles of biomineralization and a need for
more such studies that include representatives from all lineages of Mollusca.

1.1.1 DIVERSITY AND STRUCTURE OF MOLLUSCAN
EXOSKELETONS

With forms as disparate as the familiar garden snail, “headless” filter feeding
bivalves, tiny meiofaunal worms, and giant squid, there is extreme varia-
tion in morphology among the eight major lineages of Mollusca (Hasz-
prunar et al., 2008). Figure 1.1 shows the current consensus of molluscan
phylogeny based on recent studies (Kocot et al., 2011; Smith et al., 2011;
Vinther et al., 2012) with an exemplar of each major lineage. These are
Polyplacophora (chitons), Caudofoveata (=Chaetodermomorpha), Soleno-
gastres (=Neomeniomorpha), Monoplacophora, Gastropoda (snails and
slugs), Bivalvia (clams, scallops, oysters, etc.), Cephalopoda (octopuses,
squids, and Nautilus), and Scaphopoda (tusk shells). Despite the disparity in
morphology among the major lineages of Mollusca, the majority of species
rely on mineralized exoskeletons in the form of a shell and/or sclerites.
Molluscan exoskeletons provide physical defense, support, and, in some
species, desiccation resistance (Carefoot & Donovan, 1995; Fishlyn & Phil-
lips, 1980; reviewed by Furuhashi et al., 2009). Examination of the diversity
of form and structure of molluscan exoskeletons quickly reveals the great
diversity that has evolved (Fig. 1.2).

Exoskeletons of extant molluscs are layered structures that contain
calcium carbonate, proteins, glycoproteins, polysaccharides, and lipids.
In many shelled molluscs, the mineralized layers are often covered by
an entirely organic outer layer (the cuticle or periostracum). Mineralized
layers are composed predominantly of calcium carbonate (as aragonite,
calcite, or rarely vaterite) with a small fraction of protein and polysaccha-
rides (reviewed by Furuhashi et al., 2009; Marin et al., 2013). A number of
different shell microstructures may occur in mineralized layers of molluscan
shells (Chateigner et al., 2000). These are generally classified as (1) pris-
matic microstructures with mutually parallel, adjacent prism-shaped crystals
that do not strongly interdigitate along their mutual boundaries, (2) nacreous
microstructures with laminar polygonal to rounded tablets arranged in broad
sheets, (3) crossed or crossed lamellar microstructures with sheets of thin,
parallel rods, and (4) homogeneous microstructures with aggregations of
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irregularly shaped crystallites with a granular appearance (Chateigner et al.,
2000; see Bandel, 1990; Carter & Clark, 1985 for detailed discussions of
shell microstructure). Of these, the prismatic and nacreous microstructures
are the best studied. The prismatic layer is resistant to crack propagation and
puncture (Eichhorn et al., 2005; Li & Nardi, 2004; Su et al., 2004), whereas
the nacreous layer is best known for being more ductile and fracture resistant
(Chateigner et al., 2000; Li et al., 2006). We refer the reader to Chateigner
et al. (2000) for high-quality scanning electron micrographs of each of these

different microstructure types.
f—GastropodaW

pr—— B\ a|Via

Conchifera |
\—Scaphopoda ‘

Cephalopoda

L %

) ]
1
= = = = m = [\lONOplacophora
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"
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—
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FIGURE 1.1 Current consensus of evolutionary relationships among the major lineages
of Mollusca as inferred by Kocot et al. (2011), Smith et al. (2011), and Vinther et al. (2012).
Photos are not to scale. Photo of Argopecten (Bivalvia) by Dan Speiser. Photo of Chaetoderma
(Caudofoveata) by Christiane Todt. Photo of Laevipilina (Monoplacophora) by Greg Rouse
and Nerida Wilson. (Used with permission.)
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FIGURE 1.2 Diversity of mineralized structures fabricated by extant molluscan lincages.
A. Micro CT scan of a juvenile specimen of Cryptoplax larvaeformis (Polyplacophora)
showing anterior shell valves and sclerites. Specimen is approximately 1-cm wide. Photo
by Jeremy Shaw. B. Scanning electron micrograph (SEM) of sclerites of Macellomenia
schanderi (Solenogastres). C. Micrograph of sclerites of an undescribed species of Falcidens
(Caudofoveata) from New Zealand illuminated with polarized light. Smallest sclerite is
approximately 100 um in length. D. Laterally bisected shell of Nautilus (Cephalopoda). E.
Shell of the pearl oyster Pinctada maxima (Bivalvia). F. Shell of the abalone Haliotis asinina
(Gastropoda).
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Polyplacophora is a clade of slug-like molluscs that are dorsally protected
by eight serially arranged shells (=valves) and a thick, fleshy girdle bearing
calcareous sclerites. The shells of polyplacophorans, or chitons as they are
commonly called, typically consist of four layers (Haas, 1972, 1976, 1981;
summarized by Kaas & Van Belle, 1985; Fig. 1.3). The outermost layer
is the cuticle, which is sometimes called the periostracum or “properio-
stracum,” as it differs from conchiferan periostracum in composition
(reviewed by Haas, 1981; Saleuddin & Petit, 1983). This thin, transparent
layer covers the tegmentum, which is the dorsally visible part of the shell.
The tegmentum of chiton shells is quite different from that of shell layers
observed in conchiferan shells as it contains calcium carbonate as well as
substantial amounts of organic material (mostly polysaccharides). Calcified
layers of conchiferan shells typically have some, but relatively very little
organic material (see below; reviewed by Eernisse & Reynolds, 1994). The
tegmentum is typically sculptured, and may be pigmented (e.g., Sigwart
& Sirenko, 2012). Below the tegmentum is the articulamentum. This shell
layer contains less organic material and is “somewhat nacreous” (Haas,
1981). In most chitons (but not the basal Lepidopleurida), the articula-
mentum forms insertion plates, which project into the surrounding leathery
girdle to anchor the shells in place. The hypostracum, which is also a
predominantly calcareous layer, underlies the articulamentum. This layer
differs from the articulamentum by having significantly less organic mate-
rial and a different microstructure (see below). Finally, the myostracum,
which lies below the hypostracum, is a modified hypostracum that serves
for attachment of muscles. The girdle or mantle, which surrounds the
shells, is covered with the same glycoproteinaceous cuticle material that
covers the shells (Beedham & Trueman, 1968; Kniprath, 1981) and bears
many calcareous sclerites. Chiton sclerites vary in morphology from fine,
scale-like structures to large pronounced spines (Haas, 1981). The calcar-
eous layers of chiton shells and sclerites are composed of aragonite (Carter
& Hall, 1990; Haas, 1981; Treves et al., 2003). The crystalline structure of
chiton shells has been explored in relatively few taxa. In those that have
been studied, the tegmentum is formed by rods of spherulitic sectors. The
hypostracum is composed of crossed lamellaec with bundles of crystals.
Unlike conchiferans (see below), the hypostracum crystallographic c-axis
coincides with the bisectrix of these crossing fibers (Haas, 1981). Because
of the unique microstructure of the hypostracum and unusual composi-
tion and structure of the chiton tegmentum, it has been hypothesized that
chiton shells are not strictly homologous to the shells of other conchiferans
(Eernisse & Reynolds, 1994; Furuhashi et al., 2009; Haas, 1981; Schel-
tema, 1993; reviewed by Kocot, 2013).



Developing Perspectives on Molluscan Shells, Part 1 7

LG
c 7 i
/ A
; %///WWH'! s

il i1 11 //",;';I
) ////;m ///7[57%/'// i
g1l

!
7, y .
2L R

il

FIGURE 1.3 Structure of a chiton-shell valve. Above: Whole shell valve with cut-out
region corresponding to enlargement below. Below: Enlargement showing shell layers.
Abbreviations: a, articulamentum; c, crossed lamellar structure of hypostracum; h,
hypostracum; m, myostracum; pp, properiostracum (cuticle); t, tegmentum. Modified from
Haas (1976).

Caudofoveata (=Chaetodermomorpha) and Solenogastres (=Neome-
niomorpha), collectively called Aplacophora, are worm-shaped, shell-less
molluscs (reviewed by Todt et al., 2008; Todt, 2013). Although tradition-
ally viewed as basal, plesiomorphic molluscs (see Salvini-Plawen & Steiner,
2014 and references therein), recent molecular phylogenetic studies (Kocot
et al., 2011; Smith et al., 2011; Vinther et al., 2012) have grouped Apla-
cophora + Polyplacophora in a clade called Aculifera (Scheltema, 1993;
Fig. 1.1). Examination of fossil paleoloricate “chitons” (Sutton & Sigwart,
2012; Sutton et al., 2012) has led to the interpretation that aplacophorans are
derived from chiton-like ancestors that secondarily lost their shells (Sutton
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& Sigwart, 2012; Sutton et al., 2012; Vinther et al., 2012; Vinther, 2014,
2015). Developmental studies have also been cited as evidence for a chiton-
like ancestor of Aplacophora (Scheltema & Ivanov, 2002). Although extant
aplacophorans lack shells, most of the body surface is covered with a glyco-
proteinaceous cuticle and a dense coat of calcareous sclerites. Although
the sclerites of the burrowing caudofoveates are relatively uniform, there
is great variation in the morphology of solenogaster sclerites. Solenogaster
sclerites may be solid or hollow and can exhibit a variety of shapes, such as
needles, scales, hooks, and paddles, just to name a few (Garcia—Alvarez &
Salvini-Plawen, 2007). Presence of scale-like sclerites in the putatively early
branching solenogaster order Pholidoskepia (Salvini-Plawen, 2003) and
observation of scale-like sclerites in larvae and early juvenile solenogaster
species that later develop hollow needles (Okusu, 2002; Todt & Kocot, 2014)
suggests that scale-like sclerites (as also found in Caudofoveata) are plesio-
morphic for Aplacophora (Salvini-Plawen, 2003). Aplacophoran spicules
are composed of aragonite (Rieger and Sterrer 1975; Scheltema & Ivanov,
2002, 2004), with the long axis of the crystals aligned with the long axis of
the spicules (reviewed by Ehrlich, 2010).

Monoplacophora is a small group of around 30 described species of
single-shelled molluscs that mostly live in the deep sea (reviewed by Hasz-
prunar & Ruthensteiner, 2013; Haszprunar, 2008; Lindberg, 2009). Some
authors prefer the more specific name Tryblidia for the extant Monopla-
cophora because several extinct “monoplacophorans” are of uncertain phylo-
genetic affinity. Most monoplacophorans have a thin outer periostracum, a
prismatic shell layer with large quadrangular or hexagonal prisms, and an
inner nacreous layer (Erben et al., 1968; Hedegaard & Wenk, 1998; Meen-
akshi et al., 1970; Wingstrand, 1985). However, in Veleropilina, Rokopella,
and Micropilina, the prismatic layer is apparently absent (see Haszprunar &
Ruthensteiner, 2013 for discussion) and the outer shell layer is composed
of smooth or granular material with unknown microstructure (presumably
homogeneous; Checa et al., 2009; Cruz et al., 2003; Marshall, 2006; Warén
& Hain, 1992).

Scaphopods are marine burrowing microcarnivores with a conical
shell that is open at both ends. The shell grows from the anterior end and
is removed at the posterior end to allow for increased water flow into the
mantle cavity as the animal grows (de Paula & Silveira, 2009). Some species
produce “tubes” or “pipes” from the posterior mantle margin (Hebert, 1986;
Shimek, 1989). The shell may bear longitudinal or, rarely, annular ribs.
Generally, scaphopods have a trilayered shell organization similar to that
of gastropods and bivalves. The organic periostracum may be thick but
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typically it is very thin or completely eroded in adult animals, probably due
to their sand burrowing activity. An outer, very thin crystalline prismatic
layer with tightly packed crystals is present in the majority of species of the
order Gadilida giving these species a polished appearance. The inner-most
shell layer is a complex, crossed-lamellar layer, which may have a regular
or irregular structure (Steiner, 1995; Reynolds & Okusu, 1999). The shell is
composed of aragonite (Boggild, 1930).

Cephalopoda includes the extant nautiloids, octopods, vampyropods, and
decabrachians (cuttlefish, squid, and Spirula) as well as a rich diversity of
fossil forms (reviewed by Kroger et al., 2011; Young et al., 1998). Among the
living cephalopods, only members of Nautiloidea have retained an external
shell as adults, whereas others have reduced or (more-or-less) completely
lost their shell. Cephalopod shell structure and the general mechanisms of
shell formation in this group were reviewed by Bandel (1990) and Budel-
mann et al. (1991). In Nautiloidea, the most plesiomorphic extant cephalopod
lineage, the thick, external shell is aragonitic with prismatic, spherulitic, and
nacreous configurations. In Nautilus, internal chambers of the shell are used
for buoyancy control; an osmotic gradient is established by active transport
of salts to the space between the mantle tissue and the shell. This allows for
the extraction of liquid from the hollow chamber and inward diffusion of gas
(reviewed in detail by Budelmann et al., 1991). Most of the extant diversity
of Cephalopoda is dominated by taxa with internalized and usually highly
reduced shells (Birchall & Thomas, 1983; Hunt and El Sherief, 1990; Sousa
Reis & Fernandes, 2002). The pelagic cephalopod Spirula has a calcified
internal shell similar to that of Nautilus, which is also used for buoyancy
control. Cuttlefish (e.g., Sepia) also use their internal shell for this function.
Here, the shell is not coiled with relatively few large chambers, but contains
small chambers with many flat, subdivided chambers subdivided by serially
arranged organic membranes. Most other cephalopods (e.g., octopus and
squid) have completely uncalcified, chitinous vestiges of the shell.

The filter- or deposit-feeding bivalves are easily recognized by their char-
acteristic hinged shell. Shell structure and mineralogy within the group are
highly variable (Kobayashi & Samata, 2006). The Lower-Middle Cambrian
protobranch bivalve Pojetaia runnegari is the oldest known bivalve fossil.
It seems to have had a single-layer shell with a prismatic microstructure
that was deposited onto an organic periostracum (Runnegar & Pojeta, 1985).
The pearl oysters (Pterioida) are perhaps the best-studied bivalve molluscs
with respect to biomineralization, due to their economic importance. Pearl
oysters exhibit the condition observed in most bivalves; they have a shell
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with an inner nacreous layer, a middle prismatic layer, and an outer protein-
aceous layer.

Gastropoda is the most species-rich class of Mollusca. There is a great
diversity of shell organization and microstructures within this clade. In
the well-studied vetigastropod Haliotis, the shell consists of three layers:
an outer organic periostracum (that is often eroded in adults), a prismatic
layer made up of needle-shaped crystals enveloped by an organic sheath, and
a nacreous layer consisting of aragonitic tablets surrounded and perfused
by thin organic matrix (summarized by Marie et al., 2010). Adult patello-
gastropods such as Lottia have a shell consisting of five layers (Mann et
al., 2012; Marie et al., 2013; Suzuki et al., 2010). The outer-most layer is
primarily calcite with a mosaic organization whereas the remaining layers
are composed of prismatically arranged crystals of aragonite (Marie et al.,
2013; Suzuki et al., 2010). Crossed lamellar shell microstructure is wide-
spread in other gastropods (Dauphin & Denis, 2000).

1.1.2 MANTLE TISSUE

Mantle tissue (=pallial tissue; Fig. 1.4) is responsible for the secretion of
molluscan shells and sclerites. The mantle forms and isolates a chamber
from the external environment (see Simkiss Chapter 2 of this volume) and
secretes an organic matrix of polysaccharides (e.g., chitin) and protein, which
is presumed to be the site of calcium carbonate crystal nucleation (reviewed
by Addadi et al., 2006; Furuhashi et al., 2009; Wilbur & Saleuddin, 1983;
Wilbur, 1972). Mantle tissue morphology and the process of shell formation
in general are most well-known in bivalves and gastropods. In these taxa,
there are conserved cellular and morphogenetic movements that initiate
larval shell secretion. Larval shell formation begins at the end of gastrula-
tion, with the differentiation and local thickening of a group of ectodermal
cells in the post-trochal dorsal region (the shell gland or shell field). These
cells elongate and then invaginate transitorily to form the shell gland, which
is analogous to the adult mantle and responsible for the secretion of larval
shell. The periphery of the shell gland produces an extracellular lamella—
the organic periostracum—that will serve as the site of calcium carbonate
deposition (Bielefeld & Becker, 1991; Cather, 1967; Hohagen & Jackson,
2013; Kniprath, 1981). Later, the shell gland flattens and grows into the
more recognizable adult mantle epithelium (Jackson et al., 2007; Kniprath,
1977, 1980, 1981).
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FIGURE 1.4 Histological sections of molluscan mantle tissues. A. Sclerite secretion
in Acanthopleura gemmata (Polyplacophora). B. Various stages of sclerite secretion and
lifting through cuticle in Cryptoplax larvaeformis. C. Epidermal papillae, cuticle, and voids
from decalcified sclerites in the thick cuticle of Proneomenia custodiens (Solenogastres).
D. Mantle tissue of Haliotis asinina (Gastropoda). Specimen prepared by Kathryn Green.
Abbreviations: csc, cuticle secreting cells; cu, cuticle; ep, epidermal papillae; inner fold of
mantle; mu, muscle; ofd, distal part of outer fold; ofp, proximal part of outer fold; pgb, base
of the periostracal groove ; pgl, periostracal groove; pgo, outer fold of the periostracal groove;
sc, sclerite; ssc, sclerite secreting cells.

Larval conchiferans (e.g., gastroods, bivalves, scaphopods) typically
have a discreet shell gland that secretes the periostracum at its distal edge.
The mantle tissue and the periostracum form the crystallization chamber
where calcium is deposited adjacent to the periostracum. In contrast to
conchiferans, chiton shells are secreted underneath a thin layer of cuticle
(the same material that covers the entire dorsum; “properiostracum” sensu
Haas, 1981) by a broad “plate field” (Kniprath, 1980; reviewed by Eernisse
& Reynolds, 1994). This dramatic difference in shell formation mode has led
some workers to question the homology of chiton shells to those of conchif-
erans (reviewed by Kocot, 2013; see below).
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A number of studies have examined the anatomy of bivalve (reviewed
by Morse and Zardus, 1997; see also Acosta-Salmén & Southgate, 2006;
Checa, 2000; Fang et al., 2008) and gastropod (e.g., Fleury et al., 2008;
Jackson et al., 2006; Jolly et al., 2004; Kapur & Gibson, 1967; McDou-
gall et al., 2011; Sud et al., 2002; Werner et al., 2013; Zylstra et al., 1978)
mantle tissue. Bivalve mantle differs from that of gastropods in some key
ways. Most notably, the mantle margin, the active site of shell formation,
in bivalves has three folds or grooves whereas gastropods generally only
have two (Kniprath, 1978; Zylstra et al., 1978). However, this may be an
over-generalization as the keyhole limpet Diodora sp. mantle margin has
three folds (Budd et al., 2014). In adult bivalves, a ridge between the outer
and median fold defines the periostracal groove, which secretes the peri-
ostracum. This outer organic shell layer is secreted from basal cells with
a greatly infolded apical cell membrane or, in the case of Crassostrea, a
specialized “periostracum gland” (Morrison, 1993). The outer epithelium
of the mantle (i.e., the surface of the mantle facing the shell) secretes the
calcified layers of the shell. Here, different zones of cells secrete different
types of layers. In bivalves with a typical three-layered shell consisting of
periostracum, prismatic, and nacreous layers, the epithelial cells that secrete
the prismatic shell layer are columnar (Carriker, 1992) and distal to the those
that secrete nacre, which are cuboidal (Fang et al., 2008; Sudo et al., 1997).

The sclerite-bearing epidermis of chitons (Haas, 1976; Kniprath, 1981)
and aplacophorans (Kingsley et al., 2012; Woodland, 1907) contains calcium
carbonate-secreting cells, cuticle-secreting cells, and papillae (reviewed by
Ehrlich, 2010). In most chitons, an epithelium of columnar cells secretes
calcium carbonate portion of the sclerite while marginal cells containing
many vesicles secrete the cuticular covering of the sclerite (Haas, 1981, Fig.
1.4A). Sclerite secretion in the chiton Cryptoplax (Fig. 1.4B) is similar but,
because this species has a relatively thick cuticle, sclerites must be pushed
up through the cuticle. This appears to be achieved by growth of mantle cells
(possibly papillae) that subsequently “retreat.” This process is similar to what
has been observed in proneomeniid (and other) solenogaster aplacophorans
(e.g., Woodland, 1907), which also have a thick cuticle (Fig. 1.4C). Sclerite
secretion in the solenogaster aplacophoran Helicoradomenia is similar to
that of chitons except just one cell secretes the calcareous portion of the
sclerite (as is the case in Proneomenia) and no special cell elongation is
needed to push the sclerite through the relatively thin cuticle of this species
(Kingsley et al., 2012).
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1.2 INSIGHTS FROM GENOMICS, TRANSCRIPTOMICS, AND
PROTEOMICS

At the time of writing this chapter, well-annotated genomes were publicly
available from only three molluscs: Lottia gigantea (Simakov et al., 2013),
Pinctada fucata (Takeuchi et al., 2012), and Crassostrea gigas (Zhang et
al., 2012). However, advances in high-throughput sequencing (reviewed by
Metzker, 2010) have made it possible for researchers to deeply sequence the
transcriptomes of biological samples as small as a single cell (e.g., Hashim-
shony et al., 2012). Studies applying such an approach to the study of
molluscan mantle tissue have provided new insight into the genes expressed
in mantle and their interactions. Recent phylogenomic studies addressing
molluscan evolutionary relationships have also contributed a significant
amount of transcriptome data (Gonzalez et al., 2015; Kocot et al., 2011;
Smith et al., 2011; Zapata et al., 2014). Similarly, proteomic tools make it
possible to identify the proteins and peptides incorporated into mineralized
structures (e.g., Mann & Edsinger-Gonzales, 2014; Mann & Jackson, 2014;
Mann et al., 2012). Here, we summarize recent studies that have employed
such approaches to improve understanding of the molecular physiology of
molluscan biomineralization.

1.2.1 DIFFERENT GENE REPERTOIRES

Several studies have used transcriptomic approaches to identify the biomin-
eralization gene repertoires of bivalves including Pinctada (pearl oysters;
Fang et al., 2011; Gardner et al., 2011; Huang et al., 2013; Jackson et al.,
2010; Jones et al., 2014; Joubert et al., 2010; Kinoshita et al., 2011; McGinty
etal., 2012; Shi et al., 2013; Zhao et al., 2012), Mytilus (mussels; Freer et al.,
2014; Hiining et al., 2013), Pecten (Artigaud et al., 2014), Hyriopsis (Bai et
al., 2010, 2013), and Laternula (Clark et al., 2010; Sleight et al., 2015) and
gastropods including Haliotis (abalone; Jackson et al., 2006, 2007, 2010),
Patella (Werner et al., 2013) Cepaea (Mann & Jackson, 2014). However,
relatively few comparative studies have been performed (Jackson et al.,
2010). By directly comparing the transcriptome of nacre-forming cells in a
bivalve (Pinctada maxima) and gastropod (Haliotis asinina), Jackson et al.
(2010) found tremendous differences in these two mantle transcriptomes,
with less than 10% of the genes expressed in the nacre-secreting cells having
significant similarity. Of these, most could be identified as being involved
in processes other than biomineralization. Notably, P maxima had high
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representation of genes annotated with lyase activity due to the abundant
expression of two alpha carbonic anhydrase (CA) genes. Alpha CAs have
previously been shown to be involved in biomineralization in various meta-
zoan taxa (Horne et al., 2002; Jackson et al., 2007; Miyamoto et al., 1996;
Moya et al., 2008; Wilbur & Saleuddin, 1983).

In order to focus on genes likely involved in the patterning of the nacreous
layer of these animals’ shells, Jackson et al. (2010) identified gene prod-
ucts that possessed a signal peptide (indicating an extracellular [secreted]
protein) from each gene set. From H. asinina they identified 129 sequences
and from P. maxima they identified 125 sequences that bear a signal peptide.
When these “secretomes” were searched against each other and a variety of
databases, the authors found that the majority were unique; 95 (74%) and
71 (57%) of the putative secreted proteins in H. asinina and P. maxima,
respectively, shared no similarity with sequences in GenBank’s nonredun-
dant protein database or EST databases, or the genome of the patellogas-
tropod Lottia gigantea. Of the 54 P. maxima-secreted products that shared
similarity with a previously described sequence, 12 of these were previously
identified as bivalve-specific biomineralization proteins (McDougall et al.,
2013; Yano et al., 2006; Zhang et al., 2006; Aguilera et al., 2014 manuscript
in preparation). Interestingly, only six novel H. asinina proteins and one
novel P. maxima secreted protein shared similarity with proteins encoded by
the Lottia genome, suggesting rapid evolution of lineage-specific biominer-
alization gene repertoires.

Proteomic studies have also shed light on differences among molluscan
lineages in the molecular physiology of biomineralization (e.g., Joubert
et al., 2010; Liao et al., 2015; Mann & Jackson, 2014; Mann et al., 2012;
Marie et al., 2011; Marie et al., 2013; Pavat et al., 2012). Marie et al. (2011)
observed that the shell protein repertoire of the mussel Mytilus edulis is
partly similar to that of other bivalves (i.e., Pinctada), but also shares few
similarities with that of the gastropod Haliotis. Also, Marie et al. (2013)
examined the proteins incorporated into the shell of the patellogastropod
Lottia gigantea. Similar to the results of Jackson et al. (2010), who used a
transcriptomic approach, the shell matrix protein (SMP) repertoire of Lottia
was found to be more similar to that of the bivalve Pinctada than to that of
the vetigastropod Haliotis. Given the fundamental crystallographic differ-
ences between the limpet and abalone shells (e.g., presence/absence of nacre
and crossed lamellae), these results might suggest that the secretome of
the abalone mantle is relatively derived. These works highlight the impor-
tance of comparative studies for elucidating the evolution of the molluscan
biomineralization toolkit.
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To this end, Mann and Jackson (2014) characterized the transcriptome
and shell matrix proteome of another gastropod, the common grove snail
Cepaea nemoralis. Interestingly, the shell proteome was dominated by novel
proteins with no known protein domains. Specifically, 31 out of the 59 iden-
tified shell proteins (52.5%) were completely unknown. Comparison of the
C. nemoralis shell proteome to shell proteomes of five molluscan species
(Crassostrea gigas, L. gigantea, H. asinina, P. maxima, and P. margaritifera)
revealed 28 of 59 C. nemoralis proteins (47.5%) that shared similarity with
one or more proteins in shell proteomes of the other species. Interestingly,
only one C. nemoralis protein had high similarity to one of the 94 proteins in
the shell of H. asinina and only 34 were similar to proteins (631 in total) in
the L. gigantea shell proteome. Taken together, these studies indicate that the
SMPs directing shell formation in bivalves and gastropods (and even among
lineages of gastropods) are markedly different.

1.2.2 COMMON PRINCIPLES

Recent comparative studies have revealed a surprising diversity in the genetic
toolkits used in shell secretion by different molluscs. However, there are
underlying common principles. All shell- and/or sclerite-forming molluscs
use specialized cellular machinery located in the mantle tissue to actively
concentrate and secrete calcium carbonate into a closed-off space formed
by the mantle and an organic matrix. The shell matrix, which consists of
proteins, glycoproteins, chitin, and other polysaccharides, has been shown
to be very important in determining the structure of the resulting shell
(reviewed by Furuhashi et al., 2009; Marin et al., 2008, 2013).

1.2.2.1 STRUCTURAL PROTEINS

Earlier hypotheses of mollusc shell formation focused on the presence of an
extrapallial fluid (e.g., Wilbur & Saleuddin, 1983). However, most contem-
porary views of biomineralization refer to a protein—polysaccharide gel rather
than a fluid (Addadi et al., 2006; Marin et al., 2013) and view certain SMPs in
this gel as the site of nucleation (Evans, 2008). Marin et al. (2008, 2013) and
Evans (2008) reviewed the structure, function, and evolution of molluscan
shell proteins. Structural proteins are by far the best-known component of
the molluscan shell matrix. These proteins appear to function in promoting
(Kim et al., 2004, 2006) or inhibiting (Kim et al., 2006; Mann et al., 2007;
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Michenfelder et al., 2003) crystallization of aragonite or calcite and modu-
lating the morphology of the structures that are produced (Evans, 2008).

1.2.2.1.1 Acidic Shell Proteins

Highly acidic proteins have been implicated in the biomineralization of
many organisms, and molluscs are no exception. The organic matrix of
bivalve, gastropod, and polyplacophoran shells contains a high propor-
tion of acidic amino acids — particularly aspartate, one of two amino acids
that possess a negative charge (the other acidic amino acid, glutamate, is
much less common; Hare, 1963; Piez, 1961; Simkiss, 1965). This amino
acid bias is reflected in a number of notably acidic characterized SMPs,
including MSP1 (pl 3.2; Sarashina & Endo, 2001), Aspein (pI 1.45; Tsuka-
moto et al., 2004), Caspartin (Marin et al., 2005), Calprismin (Marin et al.,
2005), MPP1 (pI 1.21; Samata et al., 2008), Pif (which is cleaved to produce
two acidic peptides with pI’s of 4.99 and 4.65; Suzuki et al., 2013), and
the Asprich family (plI 3.1; Gotliv et al., 2005). Additionally, many other
SMPs contain short acidic domains, such as N16/Pearlin (Samata et al.,
1999), AP7 and AP24 (Michenfelder et al., 2003), some Shematrin proteins
(Yano et al., 2006), and Silkmapin (Liu et al., 2015). Recent transcriptomic
and proteomic studies have confirmed that the presence of acidic proteins
is a common theme in molluscan shells, and have indicated that many more
proteins of this nature await characterization (e.g., Jackson et al., 2010;
Mann & Jackson, 2014; Marie et al., 2013).

That acidic proteins directly interact with positively charged calcium
ions is well-accepted, but their true function within the shell matrix is not
completely understood. In the context of in-vitro assays, acidic peptides
have been demonstrated to trigger crystal nucleation via the concentration of
calcium ions (Hare, 1963), or to control polymorph selection by interacting
with and restricting growing crystal step-edges (Michenfelder et al., 2003).
The first characterized acidic matrix proteins were isolated from calcitic
layers and caused the precipitation of calcite in vitro (Falini et al., 1996;
Marin et al., 2005; Takeuchi et al., 2008), prompting speculation that they
were involved in the selection of this particular crystal polymorph. Subse-
quently, acidic proteins were also identified from aragonitic shell layers (Fu
et al., 2005; Suzuki et al., 2009) indicating that the role of these proteins
is not restricted to a particular CaCO, polymorph. Recent research has
found that acidic proteins (or mimics thereof) can trigger the formation and
stabilization of amorphous calcium carbonate (Politi et al., 2007; Smeets
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et al., 2015), which is thought to be the initial phase of biomineralization
in molluscan and other systems (reviewed by Marin et al., 2008; Weiner &
Addadi, 2011).

Marie et al. (2007) examined the physical properties of the SMP reper-
toire of the (freshwater) unionid bivalve Unio pictorum using trifluoro-
methanesulfonic acid-induced deglycosylation. Two-dimensional (2D)
gel electrophoresis analysis of the SMPs before and after deglycosylation
showed that the SMPs are heavily glycosylated. Glycosylation imparts an
acidic pH to SMPs. The sulfated sugar moiety bound to these proteins (Cren-
shaw & Ristedt, 1976; Marxen & Becker, 1997; Simkiss, 1965) appears to
impart a calcium-binding activity, which is weakened by deglycosylation
(Marie et al., 2007). A similar calcium-binding activity has been observed
in a vertebrate calcified tissue-associated glycoprotein (Ganss & Hoffman,
1993). Calcium-binding activity imparted by saccharides is also known in
echinoderms (Farach-Carson et al., 1989) and has been suspected among
mollusc shell components (Samata, 1990) previously.

1.2.2.1.2 Basic Shell Proteins

While the acidic protein fraction has been included in models of biomin-
eralization as a major element (e.g., Addadi et al., 2006), the role of basic
proteins has generally been overlooked. Basic proteins (or proteins with
basic domains) have the potential to interact either directly with carbonate
ions, or with other acidic macromolecules within the organic matrix. The
existence of basic proteins has been revealed via 2D gel electrophoresis of
SMPs from a number of taxa (Furuhashi et al., 2010; Marie et al., 2007,
Marie et al., 2009; Pavat et al., 2012), and a growing number of proteins with
a predicted basic pl have been characterized, including Lustrin A (Shen et
al., 1997), Prisilkin (Kong et al., 2009), PFMG3 (Wang et al., 2011), Perio-
stracin (Waite et al., 1979), Perlucin (Weiss et al., 2000), Perlustrin (Weiss
et al., 2000), Perlwapin (Treccani et al., 2006), and Perlinhibin (Mann et
al., 2007). In pearl oysters, two gene families encoding basic proteins, the
lysine (K)-rich mantle proteins (KRMPs; McDougall et al., 2013; Zhang et
al., 2006) and Shematrins (McDougall et al., 2013; Yano et al., 2006), are
among the most highly expressed genes in the mantle (Jackson et al., 2010;
Kinoshita et al., 2011) and are major components of the shell matrix, particu-
larly within the prismatic layer (Marie et al., 2012). The level of expression
of these proteins indicates that they may function in providing the frame-
work of the organic matrix via interactions mediated by basic domains.
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1.2.2.1.3 Silk Proteins and Other Repetitive Low-complexity
Domain-containing Proteins

A particularly striking feature of SMPs is the preponderance of repetitive,
low-complexity domains found within them. For example, of 39 proteins
identified in the Lottia shell matrix identified by Marie et al. (2013), 13
were repetitive low complexity domain-containing (RLCD) proteins; like-
wise, 4 out of 14 and 23 out of 83 proteins from abalone shells (Marie et al.,
2010) and pearl oyster shells (Marie et al., 2012), respectively, were found
to possess RLCDs.

In many cases these RLCD domains contain a high proportion of glycine
and alanine residues (e.g., McDougall et al., 2013), explaining why these
amino acids were found to be highly abundant in amino acid analyses of
shell matrices (Hare, 1963; Piez, 1961; Simkiss, 1965). This particular
amino acid composition and the detection of an X-ray diffraction pattern
suggestive of a beta-sheet structure drew researchers to liken this component
of SMPs to spider silk fibroins, which have similar characteristics (Weiner &
Hood, 1975; Weiner & Traub, 1980), and silk-like proteins became a central
tenet of the model proposed for molluscan biomineralization (Weiner and
Traub, 1984). Subsequent research demonstrated that the beta-sheet diffrac-
tion pattern probably originated from chitin within the matrix rather than
the silk-like proteins themselves, which are likely to exist in a disordered
state and form a hydrogel-like structure (Addadi et al., 2006; Falini et al.,
2003; Levi-Kalisman et al., 2001). Interestingly, spider silk fibroins exist in
a disordered state within silk glands prior to being extruded in a fibrous form
(Hijirida et al., 1996).

Structural disorder of matrix proteins is rapidly becoming a widely recog-
nized feature of biomineralized structures in many taxa and, interestingly, is
associated with biased amino acid compositions and protein repetitiveness
(Kalmar et al., 2012). Therefore, the presence of RLCDs in biomineraliza-
tion-associated proteins may reflect their tendency to adopt an intrinsically
disordered conformation. A survey of 39 molluscan aragonite-associated
proteins revealed that all possessed a disordered region and that many were
associated with aggregation motifs (Evans, 2012). Proteins of this type are
likely responsible for assembling the framework of shell organic matrices.

Interestingly, RLCD-containing protein-encoding genes seem to be fast-
evolving. For example, the pearl oyster shematrin gene family includes at
least eight orthology groups that differ by the gain, loss, and shuffling of
motifs (McDougall et al., 2013; Fig. 1.5). This high rate of evolution is likely
due to the instability of repetitive sequences (Sezutsu & Yukuhiro, 2000).
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FIGURE 1.5 Schematic representation of sequence motifs in shematrin genes from pearl
oysters. Modified from McDougall et al. (2013).

1.2.2.1.4 Modularity

Many SMPs exhibit a modular architecture with each module (i.e., protein
domain) having distinct functionality. The most well documented examples
of modular SMPs correspond to nacrein and Lustrin A. Nacrein contains a
CA domain that is interrupted by the insertion of a RLCD rich in Gly and
Asn. CAs have previously been shown to be involved in biomineralization
in various metazoans (Horne et al., 2002; Jackson et al., 2007; Miyamoto et
al., 1996; Moya et al., 2008). This RLCD region has been proposed to regu-
late the activity of the CA domain, acting as an inhibitor of the precipitation
of calcium carbonate (Miyamoto et al., 2005). Lustrin A is the most complex
multimodular SMP discovered so far and is characterized by numerous
proline-, cysteine-, and GS-domains. The C-terminus domain of lustrin A
exhibits high similarity with several protease inhibitors (Shen et al., 1997,
Gaume et al., 2014). Although most SMPs do not exhibit sequence similarity
with known proteins, many proteins contain, in addition to RLCDs, enzy-
matic domains such as peroxidase, CA, tyrosinase, or glycosidase domains.
For example, Lottia gigantea CA-2 contains Asp- and Glu-rich domains in
its C-terminus (Marie et al., 2013).

1.2.2.2 CHITIN AND OTHER POLYSACCHARIDES

Currently, understanding of chitin and other polysaccharides and their func-
tion in molluscan shells lag behind that of proteins. Proteins have been found
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in every type of molluscan shell analyzed so far, but whether chitin and/or
other polysaccharides are present in all molluscan shells/sclerites is unclear.
Furuhashi et al. (2009) provided a detailed review on the understanding of
chitin and its role in molluscan shells. The few analyses of the polysac-
charides in molluscan shells performed so far suggest that molluscs exhibit
different sugar signatures (Marie et al., 2007 2009; Pavat et al., 2012).
Chitin has been reliably identified in the shells of at least some bivalves,
gastropods, and cephalopods but details on the structure and polymorphism
(a- vs. B-chitin) are wanting. A number of different approaches have been
used to detect chitin in molluscan shells, but these tests may also produce
false positives or provide inaccurate pictures of chitin structure in the pres-
ence of other molecules. For example, Calcofluor White binds to chitin as
well as certain acidic proteins (Albani et al., 1999, 2000). Inferences with
respect to chitin network structure may be inaccurate due to nonspecific
binding of such stains to molecules other than chitin. Infrared spectroscopy
has also been used to test for chitin presence but insoluble proteins may
confound results from this approach. Furuhashi et al. (2009) advocate the
use of fluorescence probes with chitin-binding proteins (e.g., GFP-tagged
chitin binding protein) and infrared spectroscopy before and after treatment
with chitinase more specific tools for detection of chitin than stains such as
Calcofluor White. Using the latter approach, they demonstrated the pres-
ence of both neutral polysaccharides and chitin in the cuticle of an unidenti-
fied solenogaster, the shell plates and sclerites of the chiton Acanthopleura
Japonica, the shells of the bivalves Pinctada fucata and Atrina japonica, the
gastropod Haliotis discus, and the cephalopod Nautilus sp.

Much of our knowledge on chitin in mollusc shells is thanks to transcrip-
tomic and proteomic approaches. In an attempt to understand the molecular
basis underlying shell formation, Aguilera (2014) analyzed the mantle tran-
scriptome of eight bivalve and three gastropod species. This study found
over-representation of proteins with polysaccharide-binding domains within
the mantle transcriptomes. These include chitin-binding Periotrophin-A,
chitin-binding domain, chitinases II, chitinase-insertion domain, polysaccha-
ride deacetylase, and galactose-binding domain-like, among others. In addi-
tion, Mann and Jackson (2014) described several C. nemoralis shell proteins
that have high similarity with other molluscan shell-forming proteins. These
include two chitin-binding domain-containing proteins. Further, they also
found a protein with a chitin-binding Periotrophin-A domain and a chitinase
in most of the sampled gastropods and bivalves. This emphasizes the impor-
tance of chitin in shell formation in at least these taxa (Falini and Fermani,
2004; Weiss et al., 2006).
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1.2.2.3 LIPIDS

Lipids have long been known to be a minor constituent of the or