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The field of biomineralization is an inspiration for human design across disciplines, e.g.
biomimetic materials, environmental and biomedical treatments, etc. Having a coherent
understanding of the basic science sets the pillars for these fields that will impact human
welfare. Intensive studies lead to great progress in unraveling the molecular mechanism
underlying molluscan shell formation, especially in the past three decades. However,
some problems remain, and discrepancy exists in varied studies. In this review, we pay
attention to some issues which have been overlooked and warranted more in-depth
studies, and pointed out that considerations should be seriously taken when looking into
the cellular and molecular events in shell formation. We first consider the evolution of shell
mineralogy and organic matrix by emphasizing the great impact of sea water chemistry.
Secondly, we discussed the recent progress on the shell matrix protein (SMP)
characterization and pointed out environmental and physiological conditions should be
taken into account when studying the SMP functions. Finally, we highlighted some
ambiguous issues in the less studied mineralizing tissues and cells, and the underlying
cellular control on shell formation. New researchers in this field should keep in mind that
early geochemistry in vitro research has mostly failed to address the in vivo context of
biomineralization in cells and tissues. Therefore, the more biologically relevant experiments
are still needed for future research.

Keywords: mollusk, mineralogy, organic matrix, shell matrix protein (SMPs), evolution

INTRODUCTION

In nature, biominerals are synthesized by myriads of living organisms for body support, protection,
feeding and perception (Addadi and Weiner, 2014; Clark, 2020). Molluscs are among the most
exceptional for their ability to fabricate tremendous shells, leading molluscs to be the second largest
phylum in invertebrates with more than 70, 000 living species (Rosenberg, 2014). The field of
biomineralization is an inspiration for human design across disciplines, e.g. biomimetic materials,
tissue engineering in medicine, energy production, environmental treatments, etc. Having a
coherent understanding of the basic science sets the pillars for these fields that will impact
human welfare.

Frontiers in Marine Science

www.frontiersin.org 1

June 2022 | Volume 9 | Article 874534


https://www.frontiersin.org/articles/10.3389/fmars.2022.874534/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874534/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874534/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:huangjliang3@mail.sysu.edu.cn
mailto:rqzhang@mail.tsinghua.edu.cn
https://doi.org/10.3389/fmars.2022.874534
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.874534
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.874534&domain=pdf&date_stamp=2022-06-27

Huang and Zhang

Review of Molluscan Shell Biomineralization

The primary role of the shell is to protect the soft tissues, and
in particular cases, the shell may serve as a buoyancy regulator in
squids (Yang et al., 2020) or burrowing tool in shipworms (Distel
etal., 2017). Some classes and genera completely lost their shells,
such as slugs and sea hares in Gastropoda and octopus in
Cephalopoda. The shells are composed of more than 95%
inorganic minerals and a small amount of organic matrix
(Marin et al., 2012; Checa, 2018). CaCOj3 in shells is
commonly found as calcite and aragonite in adult individuals
and often amorphous calcium carbonate (ACC) in juvenile
animals (Lowenstam and Weiner, 1989; Weiss et al., 2002;
McDougall and Degnan, 2018). In contrast to the limited
forms of inorganic constituents, the organic matrix exhibits
vast diversity and contains polysaccharides, lipids and proteins.
Shell proteins play a central role in regulating CaCO;
precipitation, including nucleation, polymorph selection, and
morphology modification by self-assembly and bind to the
polysaccharide framework (Marin et al, 2008; Marin et al,
2012). Since the pioneering work of identifying Lustrin A,
MSI60 and MSI30 in the 1990s (Shen et al.,, 1997; Sudo et al.,
1997), hundreds of shell matrix proteins (SMPs) have been
characterized. Recombinant SMPs expressed and purified in
Escherichia coli further shed light on their vital role and
location in the shell layers (Pan et al., 2014; Bahn et al., 2017;
Kong et al,, 2018), although they may not fully reveal the exact
role of the corresponding natural matrix proteins due to their
lack of post-translational modifications and the absence of
other SMPs.

Both inorganic constituents and organic matrix are secreted by
the mineralizing cells lining the outer surface of the mantle which is
a compartmentalized membrane-shape tissue. Typically, the mantle
edge has three folds (Figure 1): inner fold for muscular movement,
middle fold for sensing, and outer fold for shell secreting (Taylor

and Kennedy, 1969). The groove between the middle and outer
folds is responsible for synthesizing periostracum which is a tanned
organic membrane covering the inner calcified shell layers (Checa,
2000; Yue et al., 2019). The mineralized shells usually have several
layers with dramatically different morphologies and textures. The
multilayers may be ascribed to the compartmentalization of the
mantle tissue (Figure 1). For example, in the pearl oyster Pterioida,
the mantle edge and submarginal zone are responsible for the
prismatic layer secretion, while the pallial zone and central zone
secrete the nacreous layer (Marie et al., 2012; Liu et al., 2015). In
addition, hemocytes in bivalves have been found to participate in
shell formation (Mount et al., 2004; Li et al., 2016).

More and more evidence shows that the shell biomineralization
is a complex process involving exquisite regulation on cellular and
molecular levels. And there are some overlooked aspects in recent
studies. In vitro CaCOj crystallization experiment on SMPs could
lead to misleading conclusions as these reactions were not properly
set under physiologically relevant conditions. In this comment, we
summarize some unsolved issues which warrant more in-depth
research in the future, and make the community aware that there
are some problems which should be carefully appreciated.

SHELL MICROSTRUCTURE AND
TEXTURE

Mineralogy Determined by

Mg/Ca Ratio

Calcite and aragonite are the two most used calcium carbonate
polymorphs in mollusk shells. In natural environment and
inorganic chemical reaction under abiotic conditions, the
formation of calcite or aragonite is mainly controlled by Mg/Ca

submarginal zone |

pallial zone

>

|
I
D
y

=

FIGURE 1 | Hematoxylin-eosin staining of the mantle tissue and decalcified shell in the pearl oyster Pinctada fucata. (A) holistic view of the mantle and the
underlying shell layers. (B-E) magnifications of the black frames. (B) the mantle edge and shell edge. Note that the periostracum membrane (pe) secreted in the
periostracum groove is visible. (C) submarginal zone of the mantle and prismatic layer. (D) transition zone of the prismatic layer and nacreous layer. (E) pallial zone of
the mantle and nacreous layer. pe, periostracum; pg, periostracum groove; of, outer fold; mf, middle fold; if, inner fold; EPS, extrapallial space; PL, prismatic layer;
NL, nacreous layer. The blue arrowhead indicates the growth front of the nacreous layer.
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ratio of the solution and the reaction temperature (Balthasar and
Cusack, 2015). As shown in Figure 2, relatively higher content of
magnesium ions can strongly promote the formation of aragonite.
The current seawater has a high Mg/Ca ratio (~ 5.2), so the naturally
formed calcium carbonate at mild temperature would have been
100% aragonite. In addition, modern seawater contains a large
amount of SO;~ which can also promote aragonite precipitation
(Vavouraki et al., 2008). Therefore, the modern ocean belongs to the
aragonite sea. In this case, the deposition of aragonite such as
nacreous shell layer in mollusks or exoskeleton in scleractinian
corals is thermodynamically favored.

However, most CaCO; produced by living organisms is
definitely under biologically controlled. It has been found that
organic matrices extracted from aragonite shells promote
aragonite formation, while those extracted from calcite shells
promote the precipitation of calcite (Falini et al., 1996; Takeuchi
et al., 2008; Ponce and Evans, 2011; Fang et al., 2012; Rivera-
Perez and Hernandez-Saavedra, 2021). It should be noted that
most of the studies were based on results from in vitro CaCOs3
crystallization experiments, and these results do not necessarily
reflect the exact physiological functions of SMPs in vivo. For
example, PIN44 localized in both prismatic and nacreous layers,
and could promote deposition of high Mg calcite at high Mg/Ca
ratio (Pan et al,, 2014). Clearly, this is unlikely the role PfN44
plays in the aragonitic nacre. Moreover, many SMPs were found
to promote aragonite deposition in vitro (Suzuki et al., 2009;
Ponce and Evans, 2011; Fang et al, 2012), but synthesizing
proteins to facilitate aragonite deposition in modern aragonite
sea is energetically costly and evolutionarily unfavorable.
Therefore, the function of some SMPs should be carefully
reconsidered. Moreover, relatively high level of Ca** solutions
(mostly 10 mM) are used indiscriminatingly in most
crystallization experiments, but that is quite different from the

T(°C)
—30°

—25°
—20°

—15°

Mg/Ca Ratio

FIGURE 2 | Influence of temperature and Mg/Ca ratio on aragonite
deposition [Taken from Balthasar & Cusack (Balthasar and Cusack, 2015),
with permission of GSA]. The Mg/Ca ratio and temperature in the reaction
system affect the content of aragonite in CaCQOg crystals. The number in the
white circle indicates the proportion of aragonite in the total CaCOg sediment,
and the black circle indicates that more than 99% of the formed CaCOj3 is
aragonite. Note that the Mg/Ca ratio of current sea water is around 5.2
(corresponding to the right of the graph).

physiological context of freshwater molluscs, which may alter the
experimental output.

Study of the mollusk exoskeleton evolution has shown that
calcite and aragonite seas do have a strong influence on
carbonate skeletal mineralogy at the time mineralized skeletons
first evolve (Porter, 2010). In that case, the carbonate skeletons
evolved in the aragonite seas were primarily aragonite, while
those evolved in the calcite seas were primarily calcite (Figure 3).
Interestingly, the mineralogy of most calcified shell layers
appeared to remain unchanged once determined evolutionarily,
even in the face of dramatic seawater chemistry changes (Porter,
2010). This may be due to the high energy cost of changing the
shell mineralogy, so maintaining the original mineralogy was
energetically more favorable.

We speculate that the aragonite-promoting or calcite-promoting
SMPs evolved as the mineralized skeletons first appeared, and their
primary functions remain unchanged across Phanerozoic times. For
example, when a mollusk species evolved a calcified skeleton in a
calcite sea, calcite rather than aragonite would stochastically
precipitate due to thermodynamics. Simultaneously, those calcite-
promoting extracellular organic matrices rapidly evolved under
evolutionary pressure. Very likely, these calcite-promoting
extracellular organic matrices could specifically bind and interact
with calcite, and ultimately be integrated into the calcite crystals
(Addadi et al., 1987). In this situation, the mineralogy may serve as
the main effector that determined the evolution of organic matrices.
In turn, the matrices, such as Asp-rich matrix proteins further
promote calcite deposition (Politi et al., 2007; Takeuchi et al., 2008).
When the seawater chemistry changed (into an aragonite sea), the
cost might have been too high to evolve an aragonite formation
secretome. Instead, the species retained the calcite formation
secretome, although it cost much energy to overcome the
inhibitory effect of high Mg/Ca ratio. Occasionally, some species
have lost their original shell layers during the long history of
evolution (Hautmann, 2001).

In addition to the regulation of shell matrices, molluscs may
determine the CaCOj; mineralogy by regulating the ion
concentrations in vivo (Robert and Lorens, 1980). This strategy
has been found to be used by foraminifera to deposit calcite (de
Nooijer et al., 2009). In addition to actively removing Mg from
vacuolized seawater, some foraminifera are able to elevate the pH
at the calcification site, thus overcoming inhibitory effect of
ambient Mg concentrations (de Nooijer et al., 2009). However,
the cellular and molecular mechanisms by which they operate is
not fully understood, nor it is clear that the molluscs use a similar
mechanism. New techniques such as cryo-SEM-EDS and in situ
atomic force microscopy are helpful for us to further understand
the regulation mechanism. These techniques can be used to
elucidate the cellular processes involved in biomineralization and
examine the sample in situ (Hendley et al., 2015; Sviben et al,,
2016; Choudhary et al., 2020).

Evolution of the Prismatic Layers in
Bivalve Molluscs

Prismatic layers are frequently found in Palaeoheterodonta and
Pteriomorphia. They are the outer most mineral layers and
composed of polygonal prisms. Although the morphologies are

Frontiers in Marine Science | www.frontiersin.org

June 2022 | Volume 9 | Article 874534


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Huang and Zhang Review of Molluscan Shell Biomineralization

[l Tabulate corals
[l Rugose corals
[l Ostracodes

Il Stenolaémate bryozoans
OKilbuchophyllids

M Tentaculitoids

B Machaeridians |
FA——M Hederelloids

M Alcyonacean and pennatulacean octocorals
.dirripede ¢rustaceans
Decapod crustacéans
W Heterocorals ;

Prot Phanerozoic
Ediac. |Cambrian| Ordovic.|Silur.[Devonian| Carboniferous| Permian | Triassic | Jurassic | Cretaceous | Pg. [Ng.]
542 488 444 416 359 299 251 200 146 66 23 0Ma
W Cloudinids ; P : :
'V Namacalathus
O Namapoikia ! ' '
see | Lo 5
Box 1 | i :

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

[ ) Scléractinian corals
@ Serpulid worms
@ Spongiomorphids
@ Milleporid hydrozoans
@@ Didemnid ascidians
'O sabellid worms
B Cheilostome bryozoans
@ Helioporacean octocorals
E‘Stylaéterid hydrozoans
V(?irratulid worms

'
'

' '
' '
' '
' '
' '
' '
' ' '
' ' '
' ' '
' ' '
' ' '
. ' |

Aragl| 2 Calcite sea | Aragonite sea Il ? Calcite sealll ? |Aragll

o Iu EE N oo 00 HE EE o @
\Fluid
inclusion

data
Box 1 Key
Cambrian Skeletal mineralogy
Early Cambrian Middle Late V¥ =unknown
Nemakit-Daldynian | T [ A| Bot/Toy | Cambrian | Cambrian O = likely

542 Ma 525 521 519 510 501 488 | @ = highly |ike|y]aragonlte

O Anabaritids .Archaeocyaths

" @ Coeloscleritophorans Ml Calcareous brachiopods ! 0 = likely o

: . - B-Mcalcarea ' i . . calcite (high or low Mg)

. @ Hyoliths o ; : H = highly likely

! @ Coleolids . [ Hydroconozoans 1

O Cribricyaths:

: 8Molluscs : :=:Tri|obnes ; Seawater chemistry

. Q) Cambroclaves . 8 Echinoderms : ;

' i oy : i = aragonite sea (Mg/Ca > 2.0

: O Paracarinachitids ++  [MAgmatans ' ® 9 (Mg/Ca >2.0)
() i—Jl—H— Fuid inclusion data B = calcite sea (Mg/Ca < 2.0)

FIGURE 3 | Effect of seawater chemistry on calcium carbonate mineralogy in calcified skeleton evolution [Taken from S. Porter (2010), with permission of Wiley]. The
first emergence time and predicted primary biomineral of the carbonate-mineralizing clades. Calcite seas and aragonite seas reconstructed from Mg/Ca ratios in non-
skeletal carbonates and fluid inclusions. T, Tommotian Stage; A, Atdabanian Stage; Bot / Toy, Botomian and Toyonian stages.

quite similar, prismatic layers in Palaeoheterodonta (freshwater ~ considering the high Mg/Ca ratio in the seawater and low Mg/
bivalves) are all composed of aragonite, whereas those in Ca ratio in the freshwater (Table 1). Such contradictory results
Pteriomorphia (seawater bivalves) are exclusive calcite may be ascribed to the different ambient environments where
(Lowenstam and Weiner, 1989; Dauphin, 2003; Marie et al.,  freshwater bivalves and marine bivalves first evolved prismatic
2007; Okumura et al., 2010). This scenario is puzzling, layers. It is likely that freshwater bivalve ancestors evolved the
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TABLE 1 | Comparison of the shell layers in freshwater bivalve Hyriopsis
Cumingii and marine bivalve Pinctada fucata and the corresponding ambient
environment.

Parameters H. Cumingii P. fucata
Prismatic layer aragonite calcite

Nacreous layer aragonite aragonite
Ambient calcium 1.33 £ 0.23 mM 9.25 + 040 mM
Ambient magnesium 0.61 £ 0.07 mM 53.00 = 2.50 mM
Mg/Ca ratio ~0.46 ~5.2

Osmotic pressure < 10 osm ~ 1100 osm

outer prismatic layer in the aragonite sea before they moved into
freshwater systems. Indeed, in the ‘living fossil’ bivalve
Neotrigonia, which belongs to marine palaeoheterodont, the
shell contained prismatic layer and nacreous layer of aragonite
(Checa et al., 2014), suggesting that the ancestor of Neotrigonia
and Unionoida have already evolved the aragonite prismatic
layer. And the evolution of prismatic layers in marine bivalves
should have occurred in calcite sea. In that case, the prismatic
layers were independently evolved in the ancestors of current
freshwater and marine bivalves.

The exact time when bivalve prismatic layers evolved is not
clear. Until now, the earliest known freshwater bivalve is
Archanodon catskillensis, presumed to be Unionoida genus of
Devonian age, according to the fossil record found in New York

(Friedman and Chamberlain, 1995). However, there is no
evidence showing the fine microstructure of the shell layer of
this species, leading to the uncertainty of the existence of its
prismatic layer. Because the prismatic layers of modern
Unionidae are all aragonite, their ancestor might have evolved
prismatic layer in aragonite sea before entering the freshwater
habitats. Moreover, within the Unionidae, Hyriopsis cumingii F
and Anodonta woodiana F split in early Permian (Figure 4), and
both of them have aragonitic prisms (Liu and Li, 2015; Zhang
et al., 2021). Therefore, the acquisition of prismatic layer in the
Unionidae likely occurred during the early Mississippian to the
early Permian, corresponding to the aragonite sea II period
(Figure 3). As for the marine bivalves, typical columnar
prismatic layers are present in the Ostreoida and Pteriida of
Pteriomorphia (Checa et al., 2009; Okumura et al., 2010), but not
in Pectinoidea and Mytilidae (Grefsrud et al., 2008; Gao et al.,
2015). Therefore, the time when the Ostreoida and Pteriida
evolved prismatic layer might be between the late Cambrian
and early Devonian, right after the radiation of the
Pteriomorphia (Figure 4). Alternatively, the prismatic
microstructure might represent a convergent evolution during
the Jurassic and Cretaceous, which is less likely. Comprehensive
studies on the mantle transcriptome and shell protein proteome
may provide insight into the evolution of the prismatic layers,
both in the freshwater Unionidae and marine Pteriomorphia.
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ORGANIC MATRICES

Shell Matrix Proteins Versus

Shell Proteins

Molluscan shells are composed of more than 95% CaCOj; and 1-
5% organic matrices (Marin et al., 2008; Checa et al., 2016). The
organic matrices contain polysaccharides, lipids and proteins
and play a crucial role in regulating shell formation. The
functions of polysaccharides and lipids are not understood at
all. Most studies focused on the protein components which have
been shown to control CaCOj; precipitation, including
nucleation, morphological modification, mineralogy selection,
crystal growth and inhibition (Weiner and Dove, 2003; Marin
etal., 2012; Checa, 2018). Hundreds of shell matrix proteins have
been identified in the past three decades, especially after the
application of high through-put omics methods (Liu and Zhang,
2021). However, attention should be taken to the contamination
of residual proteins from soft tissues, as suggested by Marie et al.
(Marie et al., 2013). Moreover, the extrapallial fluids contain
large amounts of cellular proteins and immune components
(Hattan et al., 2001) which may be adsorbed to the inner shell
surface and lead to false detection if the samples were not
carefully prepared.

Although most cellular proteins in shell matrix proteomic
studies are regarded as contamination of residual proteins from
attached tissues, their presence in the shell layers has been shown
by some robust evidence. Drake et al. (Drake et al., 2013) show
that the cell-free skeleton of the hermatypic coral Stylophora
pistillata has some cellular components such as Actin and
Glyceraldehyde 3-phosphatase dehydrogenase. In our recent
work, prismatic layers from pearl oyster P. fucata were
completely digested with HCIO (Liu et al., 2021), resulting in
removal of cellular components and extraction of mineral-
occluded organic matrix. Although cellular proteins commonly
found in other studies such as Actin and Paramyosin were
absent, certain cellular proteins were found in the intra-
mineral matrix (such Isocitrate lyase and Toll-like receptor 6)
(Liu et al,, 2021). In this case, we speculate that some cellular
proteins are indeed incorporated into the mineral phase of the
shell, but this does not necessarily lead to their indispensable
function in shell formation. Take it a step further, some proteins
previously identified in the shell may not be true shell matrix
proteins even though they have been characterized to some
certain extent. We suggest that these proteins should be
regarded as shell proteins which integrate into the shell
minerals but actually do not participate in shell mineralization,
such as the immune components and some commonly found
cellular proteins.

Nevertheless, it should be noted that there are some
biomineralization-related proteins which are not incorporated
into the shell layers. Amorphous calcium carbonate binding
protein (ACCBP) was identified by our group from the
extrapallial fluids of P. fucata (Ma et al., 2007). ACCBP is
secreted by mantle epithelial cells and can stabilize ACC in
vitro, suggesting its important role in shell formation. Strikingly,
ACCBP has never been found in any shell layers. The way by

which it participates in biomineralization remains unclear.
Similarly, EP28, the most abundant EPF protein (account for
half of the total EPF proteins) in Mytilus edulis is absent in the
mussel shell, although it has calcium binding affinity and is
supposed to participate in shell mineralization (Hattan et al.,
2001). Very likely, these components, together with other
biomineralization-related proteins such as Calmodulin (Li
et al., 2005), Calcineurin (Buddawong et al., 2021) and ferritin
(Varney et al,, 2021) are involved in the metabolism of calcium
and/or other ions. Alternatively, EPF proteins ACCBP and EP28
may inhibit undesired mineralization in the hemolymph and
other body fluids considering their broad tissue distributions
(Hattan et al., 2001; Ma et al., 2007).

Functional Studies of the SMPs

Although hundreds of SMPs have been identified in molluscan
shells, only a small part of them are characterized with full-length
amino acid sequence and known function. Because the genomes
of most molluscs have not been sequenced, except several species
including the pearl oyster P. fucata (Takeuchi et al., 2012), Pacific
oyster Crassostrea gigas (Zhang et al., 2012), blue mussel Mytilus
spp (Murgarella et al., 2016; Yang et al,, 2021)., and scallops
(Wang et al., 2017; Li et al,, 2018). For those without available
genome information, the full-length amino acid sequence of an
SMP is deduced from its coding cDNA obtained by routine
RACE (rapid-amplification of cDNA ends) (Fang et al., 2012; Jia
et al., 2015). Their involvement in shell formation can be
speculated from the tissue distribution of the gene expression
and localization of the mature protein. In this case, if the coding
gene of a protein is specifically expressed in the mantle epithelia
and/or the mature protein is detected in the shell layer, for
example by gold particle labeling (Suzuki et al., 2009), this
protein would be considered to participate in shell formation.
Moreover, the potential function of the protein can be speculated
from its amino acid sequence via homologous blast search
against public database (Finn et al., 2014). But a large number
of SMPs are unique in molluscs and have no homologs in other
animals. In some cases, the predicted SMPs are heterogeneously
expressed in E. coli, and the recombinant SMPs are purified and
studied via in vitro CaCOj; crystallization. Until now, dozens of
recombinant SMPs have been published and found to fulfill
important roles in shell formation (Rivera-Perez and Hernandez-
Saavedra, 2021).

However, due to the lack of cell lines, traditional and
advanced techniques in cell biology are seldom used in
studying the exact physiological function of the SMPs.
Moreover, in situ observation of shell mineralization is rather
difficult, especially in adult animals. These situations greatly
hinder the unraveling of cellular and molecular processes in
shell mineralization and lead to some principle perspectives
largely uncertain and under debate. Moreover, the functions of
SMPs are usually not explored under physiological conditions.
For example, some SMPs from marine molluscs are found to
promote aragonite precipitation in the absence of magnesium
(calcite-promoting condition) (Suzuki et al., 2009; Fang et al,
2012). Because the ion composition in marine molluscs is similar
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to the ambient sea water, aragonite deposition would be favored
under physiological conditions (Crenshaw, 1972; Nair and
Robinson, 1998; Balthasar and Cusack, 2015). In this scenario,
aragonite-promoting would be redundant for marine molluscs.
We surmise that the results of in vitro CaCOj; crystallization do
not necessarily link to the exact physiological role of the SMPs.

Another problem of the in vitro CaCO; crystallization
experiment is the effects of impurity. Most of the characterized
SMPs are found to inhibit CaCO; growth in vitro (Miyamoto
et al., 2005; Samata et al., 2008; Pan et al., 2014; Liang et al., 2015;
Rivera-Perez and Hernandez-Saavedra, 2021), regardless of their
chemical properties. Even the carbonic anhydrase domain-
containing Nacrein was found to be a negative regulator in
CaCOj; crystallization according to the in vitro experiments
(Miyamoto et al.,, 2005). Considering the hypersaturation in
CaCOj; crystallization system, the effect of impurity may
greatly influence the results, and lead to the observed
inhibitory effect of SMPs. Therefore, new criteria are urgently
needed in assessing SMPs functions.

The Evolution of SMPs

As aforementioned, seawater chemistry had a great impact on
the evolved marine shells when they first emerged (Porter, 2010).
But the evolution of SMPs and their relations to shell evolution

remain elusive. We propose that the SMPs evolution coordinate
with the shell evolution: the mineralogy of the evolved shell may
serve as the main effector that determines the corresponding
SMPs, rather than the specific SMPs determining the shell
mineralogy (Figure 5). For example, when the calcified shell
evolved in an aragonite sea, aragonite-promoting SMPs would
rapidly evolve and further accelerate aragonite precipitation in
the shell. These aragonite-promoting SMPs (such nacre proteins
Pif, N16 and PfN23) have strong binding ability to aragonite and
may have special domains or motifs (e.g. Gln-Gly-Gln tandem
repeats) which can be inserted into the lattice of aragonite crystal
(Ponce and Evans, 2011; Fang et al., 2012; Bahn et al., 2017), thus
facilitating aragonite nucleation. When the sea water chemistry
changes, the aragonite-promoting SMPs (together with other
organic matrices) are conserved under unknown evolutionary
pressure, and in turn determine the unchanged shell mineralogy
(Figure 5, lower panel). It is the same case for calcite-promoting

proteins (Figure 5, upper panel).

Extrapallial Fluids

Extrapallial fluids (EPF) are the body fluids in the extrapallial
space enclosed by the mantle tissue and the forming shell. The
chemical composition of the EPF is similar to the hemolymph
(Crenshaw, 1972), indicating the close relationship between

Calcite-sea

S A
Biomolecule g\‘éc agﬁ

/,—__~\\ \)Q AT
7 N -
/ \

‘ S N\ bt
(6‘/&5\
FS Ny
/N ,/,

1
1
1
1

~_———

b 6%’/5 Aragonite-sea
/Ifé’/

G

Y
~ 7

9
54
4

1540

)
S40065006550465658665649

55449
55549

1555964494459

G55555556049
S804 9554506585559

2555954

f4444d
§44E4ELEINEINEgideiid

6545655606566456
SV

oy

5954469455640
$4905055460G0
4850455640000y

4

56449
$6455
G6449.
54456541
.s>%\
{455

associated shell matrices promote calcite deposition in the aragonite sea.

Calcite-skeleton

Evolve

=)

Aragonite-skeleton

Evolve

—

-

Aragonite-sea

D
P i S A e i ]
[ T im S T podwien
PR bt vl
[ Pty s
a0 S N ]
o ,J! Tre i TSR T T
v o e o]
[ i e e ]
[ A A A e v ]
[ A A A A A T A TA A T
[ e T i e o o]
[ o T crn e cr ]
D o i e n S i ]
R A AR A A A A A A T
Ittt prote
e Stk
CRmARARS 2
[ A IR R pooSvob
PV Sty ]
AT il A e
o A A A T A ]
(A n A TAIA T AT
P Tatvatvatvas praoen
[ ny B b e

[ o A A e
-2 AR AT
o S B o A A T
[k e -
L e e s -
[ A AT A A AT -
[ T in hin T o o
[ A i ) e
o m T m wie]

Calcite-sea

=
[ i T T T e e
[ R A A T e ]
e S Swaier)
[ S0 Sl htn oo
v pratvitvites

[~ e

[~ TAATAATA R

[ I cn T S
[~ cn T T Cre e
[ o n A T e e ]
[ A A A A A A A
[ S v e s arsn oy
[ i A T T
R A
[~ 2 m SR TAA A
[ A S U e T A
T AT A UNvasvAbvasrt
[ rn e e ]
[on S T T m e T e ]
AR AN v
B AL A At
[ n T e e e
[ A A A AT A A
[ A T A T A T e
ivavitvitritvitvibrivibyiivt e
ey S s S Sy
R e AR A
[ S T <
v B A
A-ﬁﬁ R e e et
T A et ther S lhet)
[ A et i i i o]
B v v v vt
fon S T S D n S

FIGURE 5 | Schematic illustration of proposed shell matrix evolution in molluscs. The progenitor of the shell matrix evolved in accordance with the seawater
chemistry when the calcified skeleton first emerged. When the seawater chemistry changed, for example from calcite sea to aragonite sea, the evolved calcite-
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them. In marine molluscs, the concentration of inorganic ions in
EPF is consistent with those in the ambient environment, while
in freshwater molluscs, calcium and carbonates of the EPF have
higher content (>110 ppm) than the ambient environment
(around 30 ppm) (Pietrzak et al., 1976), suggesting that an
active uptake and retention of calcium in the EPF in
these animals.

The primary role of the EPF is supposed to maintain the
microenvironment for shell mineralization. Any disturbance in
the EPF might lead to abnormal CaCO; deposition. Xie ef al. (Xie
et al., 2016) found that when the protein content of the EPF was
reduced, the nacreous layers were disordered, and calcite was
randomly deposited. Moreover, some pathogenic microbes may
invade the extrapallial space and cause serious infection. Indeed,
the EPF was found to exert immune reaction to clear the
pathogens, thus ensuring the biomineralization process (Allam
et al., 2000; Huang et al., 2018). In addition, EPF is believed to
contain the precursor of shell matrices. Liu et al. (Liu et al., 2018)
used pearl nucleus (same as those in pearl aquaculture) as a
template and found that EPF of P. fucata could promote the
growth of nacre-like multilayer structures, suggesting that EPF
might directly participate in shell formation. However, in-depth
analysis of the EPF composition turned out to be quite confusing.
Only a few SMPs were identified by LC/MS-MS, and when the
EPF were incubated with aragonite crystals, the eluate did not
contain aragonite-binding SMPs such as Pif and N16 (Xie, 2016).
These puzzling results made us revisit the exact role of EPF.

More than a decade ago, Steve Werner and his colleagues
(Addadi et al., 2006) questioned the role of EPF and proposed
that epithelial cells deposit calcium carbonate directly on the
shell surface and that EPF plays a very limited role in shell
formation. Although ACCBP and another calcium-binding
protein have been identified in mollusk EPF, these proteins
were not SMPs (see discussion in Shell Matrix Proteins Versus
Shell Proteins). Considering that the majority of EPF proteins
were cellular components and immune factors, the primary
function of EPF may be exerting immune reaction, together
with the hemocytes in the extrapallial space (Huang et al., 2018).

Nevertheless, it is important to note that the role of EPF may
be different for various molluscs. For example, in freshwater
mussels, the extrapallial space is filled with a large amount of EPF
(personal observation), so the mantle (central region) is unlikely
to contact the nacreous layer for direct mineralization. Therefore,
the nacre of freshwater mussels should be directed by EPF.
Unfortunately, information about the EPF composition in the
freshwater molluscs is scarce, which warrants more studies in
the future.

Self-Assembly of the Shell Matrices

Because the mineral assembly and growth appear to occur
extracellularly, the shell matrices secreted by the mantle cells
should undergo self-assembly and guide the CaCO; precipitation
independently. However, up to now, how these events happen
remains largely unknown. Levi-Kalisman et al. (Levi-Kalisman
et al., 2001) proposed that the shell matrix forms a hydrogel
where the chitin fibers are arranged as the main framework
which is bound by silk-like matrix proteins. More and more

evidence supports the principle idea of this model. Indeed, many
SMPs have modular arrangement in their amino acid sequences.
For example, the nacre protein Pif of P. fucata, which plays a vital
role in nacreous layer deposition, has a typical arrangement of a
chitin binding domain and an acidic domain which can bind
calcium ion (Suzuki et al.,, 2009). Other shell matrix proteins may
have VWA domain mediating protein-protein interaction with
each other (McDougall and Degnan, 2018; Liu and Zhang, 2021).

One of the most impressive features of SMPs is the presence
of low complexity regions (LCR) in their sequence (Marin et al.,
2008). LCR usually forms random coil and does not have
secondary structure, which makes it difficult to predict their
functions. Moreover, the LCRs in SMPs are unique in that they
have hardly any homologies with known proteins and are clade-
specific (McDougall et al., 2013). It should be noted that SMPs
from similar shell microstructures (such as nacre tablets in the
pearl oyster and Mytilus spp.) may vary dramatically in their
LCRs (Liu et al., 2015; Gao et al.,, 2015). Stephen Weiner and
Leroy Hood’s pioneering work revealed that the soluble proteins
in the mollusk shell matrix were enriched in Asp, Gly and Ser
(Weiner and Hood, 1975). However, the insoluble fractions of
the shell matrix from many genera contained proteins enriched
in Gly and basic amino acids such as Lys and Arg (Zhang et al,,
2006), indicating that the shell matrices undergo self-assembly
through intermolecular interactions. Indeed, our group recently
found that electrostatic interaction and hydrophobicity play a
key role in the shell matrix organization of the prismatic layers in
pearl oyster P. fucata (Figure 6) (Huang et al., 2021).
Furthermore, the lipids (very likely derived from secreted
vesicles) fused with the hydrophobic fraction of the matrix and
in return increase the hydrophobicity of the organic mixture.

Liquid-liquid phase separation (LLPS) of the shell matrix may
add to another driving force of self-assembly. LLPS of proteins is
crucial for the formation of membrane-less organelles, as well as
some pathological progresses (Brangwynne et al., 2015;
Boeynaems et al., 2017; Kanaan et al., 2020). The proteins
undergo LLPS via intra-chain interaction (such as charge-
charge and hydrogen bonding), hydrophobic effect (especially
via aromatic groups), and multivalent interaction via folded
domains (Alberti et al., 2019; Dzuricky et al., 2020).
Interestingly, many SMPs share similar features in amino acid
sequences. Indeed, Pif80 and Pif97 from nacreous layers of P.
fucata formed liquid droplets under high concentration of salt
(Bahn et al., 2015; Bahn et al,, 2017). We proposed that many
SMPs would undergo LLPS, and SMPs with LCRs comprising
similar amino acid compositions or interactive domains may
fuse via LLPS.

MINERALIZING CELLS

Transportation of Shell Constituents

As seawater is rich in Ca®*, and CaCOj is in a supersaturated
state, calcium transportation may not be a limiting factor for
shell deposition in marine molluscs (Sillanpaa et al., 1891).
Moreover, seawater bivalves balance calcium ions between
hemolymph and EPF through channels in the mantle cells
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FIGURE 6 | Schematic model of the prismatic column formation controlled by shell matrix (Huang et al., 2021). I. Shell matrices secreted by the mantle cells contain
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Eosinophilic matrix which contains more acidic amino acids and sulfonate serves as nucleation sites and crystallizes with calcium carbonate, while the basophilic
matrix which contains numerous hydrophobic amino acids is excluded outside the mineral. lll. As the crystals grow, the excluded basophilic matrix is squeezed and

hardened, thus forming the polygonal framework.

(Bleher and Machado, 2004). Given that CaCOj is continuously
deposited on the shell surface, calcium from the hemolymph can
reach the EPF by simple diffusion or passive transport (Figure 7).
It should be noted that, in the cultured mantle cells, Xiang Liang
et al. (Xiang et al., 2014) found that the mantle cells could de
novo synthesize ACC in the cytosol. ACC has been proposed to
be the precursor of shell minerals and has been found in the
larval and adult shells (Weiss et al., 2002; Gal et al., 2014). Is the
ACC precursor synthesized by the mantle cells and then secreted
to the shell growth front? Moreover, hemocytes bearing CaCO;
crystals have been reported in several bivalves (Li et al., 2016),
and particularly in the eastern oyster C. virginica, CaCOj3 crystals
were secreted onto the shell surface by the hemocytes (Silverman.
et al, 1988; Mount et al., 2004). However, how crystalline
calcium carbonate is transported across the cell membrane
is unclear.

Despite the intensive studies on the characterization of the
shell matrix, especially the SMPs, there is limited information on
the way shell matrices are secreted (Figure 7). Most of the
identified SMPs have signal peptides, suggesting their secretion
via classical endoplasmic reticulum-Golgi complex pathway
(Davis and Tai, 1980). However, as we mentioned in Section
3.3, SMPs were not the main components in the EPF and could
hardly be detected in the EPF, making their secreting pathway a
mystery. Moreover, some shell proteins (not classical matrix
proteins) have no signal peptides, indicating that non-classical
secretion pathways are involved (Huang et al., 2022). In fact,
Xiaotong Wang et al. (Wang et al, 2013) proposed diverse

origins of shell proteins from mantle cells, hemocytes and
other organs.

Control on the Shell Microstructure
The microstructures of the molluscan shells display dramatic
diversity, including cross-lamella, polygonal prisms, sheets,
granules, etc (Marin et al., 2012). Although the shell
microstructures in various genera have been explored and
characterized for decades, the mechanism by which these
microstructures are determined is still under debate. Take the
prismatic layer in bivalves as an example. Both cellular control
and physical control were thought to serve as the determinant for
the polygonal arrangement. Bayerlein et al. (Bayerlein et al,
2014) used synchrotron-radiation-based micro-CT to reveal the
evolution process of polygon domains in Pinna nobilis, and
found that the domain evolution can be well predicted by
using grain growth theory, indicating a passive adaptation of
the organic matrix to the mineral domains. On the other hand,
Checa et al. (Checa et al., 2016) reported in some bivalves, the
prism domain pattern could not be explained by the grain
growth theory, but was rather controlled, as the authors
argued, by the membranes (organic matrix). How to reconcile
these contradictory mechanisms is tough and challenging.
SMPs are believed to play central roles in regulating CaCO3
precipitation, including crystal morphology. Indeed, dozens of
extracted or recombinant SMPs could modify the appearance of
calcite or aragonite in vitro, which may be due to the specific
binding of the SMPs to the lattice plane or crystal axis
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dotted arrow indicates potential pathway which warrant more evidence.

FIGURE 7 | Schematic model showing the possible secretary pathways of the organic materials and inorganic constituents by the mantle cell. Calcium and CO,/
CO3~ may be secreted directly or via ACC formed in the cytosol. Organic materials are shown as blue dots and maybe secreted via diverse pathways, namely (1)
ACC binding matrix, (2) exocytosis; (3) multivesicular body; (4) shedding microvesicle. The solid arrow indicates pathway which is supported by published work, and

(Rivera-Perez and Hernandez-Saavedra, 2021). Furthermore,
inhibition of these SMPs by neutralizing antibodies or RNAi
knock-down showed disturbance on the shell microstructures
(Suzuki et al., 2009). These results pointed to the important role
of SMPs in regulating microstructure. However, due to the lack
of direct in vivo evidence, seldom did any study come to an
unequivocal conclusion that a certain SMP plays a designated
role in shell deposition. For example, until now, no SMP has been
found to be responsible for the formation of hexagonal tablets in
nacre. Moreover, helical arrangements of nacre tablets have been
found in some genera and ascribed to helical dislocations in
crystallography (Yao et al., 2006). It is worth paying more
attention to applying classical theories of thermodynamics and
crystallography in shell biomineralization.

Nevertheless, the mineralizing cells themselves have been
proposed to control shell microstructure directly. M.B.
Johnstone et al. (Johnstone et al., 2015) examined the metal
alloy surfaces implanted under the outer mantle epithelial cells
(OME) of Crassostrea virginica and found the extracellular
matrix walls appeared to be originated from the OME surface,
indicating direct orchestration of the shell microstructure by the
OME. Furthermore, Checa et al. suggested that direct subcellular
activity in the formation of the helical fibrous microstructure in
cavolinioidean gastropods (Checa et al., 2016), where the mantle
cells dynamically recognize the positions of the fiber tips and
secrete shell constituents. However, in this scenario, the mantle
cells have to displace the fiber tips along circular routes to

achieve a spiral path. Direct observation of the matrix
secretion across the outer cell membrane would underpin this
innovative idea, although it may be technically difficult.

Special Roles of Hemocytes
After the pioneering work published by Andrew Mount’ group
showing that hemocytes (granulocytes in particular) might mediate
a special mineralization pathway in the eastern oyster C. virginica
(Figures 8A, B) (Mount et al,, 2004), the exact role of types of
hemocytes in shell formation is still poorly studied. In the previous
study, granulocytes were found to deliver calcium, in CaCOs;
crystalline form, to the shell growth front during shell repair
(Mount et al., 2004). Later, two hemocyte-secreted matrix
proteins (48kDa and 55kDa phosphoproteins) were identified and
localized in the circulatory system using immuno-fluorescent probe
(Johnstone et al., 2008). Moreover, hemocytes’ participation in shell
formation (especially in calcium supply) has been reported in
several bivalves (Figure 8) (Silverman. et al., 1988; Kadar, 2008;
Trinkler et al., 2011; Li et al., 2016). However, there is no robust
evidence showing that the hemocytes are indispensable for shell
formation. Meanwhile, it is difficult to rule out the participation of
hemocytes, because hemocytes are commonly present in the shell
growth front, and we could not block the migration of hemocytes
into the mantle tissue.

The presence of hemocytes in the EPF has been reported in
many bivalves. Considering their large numbers, the exact way
they get into the extrapallial space is not fully understood. In a
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FIGURE 8 | Hemocytes in bivalve molluscs may participate in shell calcification. (A, B) comparison of agranulocytes, granulocytes and REF granulocytes in the
eastern oyster C. virginica [Taken from Mount et al. (Mount et al., 2004), with permission of Science]. Note that the REF granulocytes were highly refractive under DIC
microscopy. (C, D) hemocytes colored with Von Kossa stain in the clam Venerupis philippinarum during shell repair [Taken from Trinkler et al. (Trinkler et al., 2011),
©Inter-Research 2011, with permission of Inter-Research]. Hemocytes in (C) were collected from hemolymph, and hemocytes in (D) were collected from central

previous study, we found that there were many pore structures
on the outer surface of mantle tissue, and some hemocytes were
observed nearby (Li et al., 2016). However, when using a milder
fixation method, we could not observe these pore structures,
which was further supported by histochemical staining and
transmission electron microscopy of the mantle tissues.
Moreover, P. S. Nair and W. E. Robinson (Nair and Robinson,
1998) examined the material interchange between the EPF and
hemolymph in Mercenaria mercenaria. It was found that small
molecules, such as tyrosine, can quickly reach equilibrium
between the two body fluids, while macromolecules, such as
proteins (bovine serum albumin) can never reach equilibrium,
but are confined in EPF. Therefore, it is unlikely that the
hemocytes migrate into the EPF via holes on the mantle
epithelium, and the exact way remains to be further explored.
Nevertheless, the presence of calcium carbonate crystals
inside the hemocytes is fascinating. Although most molluscs
appeared to assemble and grow calcified shells extracellularly,

many other non molluscan species have been shown to produce
intracellular compartment for crystals nucleation to overcome
the thermodynamic barrier of Ca supersaturation states required
(Hayes and Goreau, 1977; Sorrosa et al., 2005). In bivalves,
intracellular calcium carbonate is often supposed to serve as a
temporary storage for calcium (Silverman et al., 1983), but its
formation remains a great mystery. Our group found that in P.
fucata, crystal-bearing hemocytes have numerous calcium-rich
particles (Li et al., 2016; Huang et al., 2018), consistent with the
granulocytes reported in the eastern oyster and clam (Mount
et al., 2004; Trinkler et al., 2011). Moreover, many genes related
to calcium metabolism and carbonic anhydrase gene were highly
expressed in the hemocytes, indicating that some hemocytes may
accumulate calcium in the form of calcium carbonate and
ultimately produce CaCOj crystals (Huang et al., 2018). If
these hemocytes are responsible for calcium storage and
transportation, there should be a reverse process for the release
of calcium (or calcium carbonate), which is largely unknown.
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FINAL REMARKS

Great progress has been made to elucidate cellular and molecular
events which lead to the final delicate shells. In this review, we
underscored some specific considerations that should be taken
seriously when studying shell biomineralization. Due to the lack of
proper research models for in situ observation, a large part of the
knowledge was obtained from indirect evidence. In vitro CaCO;
crystallization experiments facilitate elucidation of SMP functions,
which, however, would lead to misleading conclusions if the
reaction conditions were not properly set. Moreover, studies
resolving biomineralization mechanism are limited within only a
few model species. More representative species should be included
to fulfill the whole map of shell formation and evolution.
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