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Abstract 

 

Molluscan shells are externally fabricated by specialised epithelial cells on the 

dorsal mantle.  Although a conserved set of regulatory genes appears to underlie 

specification of mantle progenitor cells, the genes that contribute to the 

formation of the mature shell are incredibly diverse. Recent comparative 

analyses of mantle transcriptomes and shell proteomes of gastropods and 

bivalves are consistent with shell diversity being underpinned by a rapidly-

evolving mantle secretome (suite of genes expressed in the mantle that encode 

secreted proteins) that is the product of (i) high rates of gene co-option into and 

loss from the mantle gene regulatory network, and (ii) the rapid evolution of 

coding sequences, particular those encoding repetitive low complexity domains.  

Outside a few conserved genes, such as carbonic anhydrase, a so-called 

‘biomineralisation toolkit’ has yet to be discovered. Despite this, a common suite 

of protein domains, which are often associated with the extracellular matrix and 

immunity, appear to have been independently and often uniquely co-opted into 

the mantle secretomes of different species. The evolvability of the mantle 

secretome provides a molecular explanation for the evolution and diversity of 

molluscan shells. These genomic processes are likely to underlie the evolution of 

other animal biominerals, including coral and echinoderm skeletons.  
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Introduction  

 

Biomineralisation refers to the process by which living organisms produce 

mineralised structures (crystalline or amorphous) from inorganic precursor ions 

via cellular processes 1, 2. Normally, the inorganic formation of analogous 

minerals would require extreme temperatures and/or pressures. 

Biomineralising organisms, however, produce various biomolecules that interact 

with the mineral ions and allow these minerals to be formed under atmospheric 

conditions 3. A distinction is often made between biologically-induced versus 

biologically-controlled biomineralisation. The former generally refers to side-

products of metabolism that are dependent on environmental conditions and 

often not significantly different to the inorganic minerals themselves, whereas 

the latter are products of specialised, genetically-controlled metabolic processes, 

are independent of environmental conditions, and are generally distinct from 

their inorganic counterparts 2, 4.  

 

Identifying the biomolecules involved in biomineralisation and understanding 

how they interact with mineral ions is just one active area of study. 

Biomineralisation research is diverse and includes investigating how the 

biominerals observed today evolved 5, uncovering how the deployment of key 

biomolecules is controlled by the genome 6, evaluating the effects of biomineral 

production on ocean biochemistry 7, and predicting how increasing ocean 

temperatures and acidification will impact biomineralising organisms and entire 

ecosystems such as coral reefs 8.  

 

Molluscs have long been used as models to study biomineralisation as they 

produce an impressive diversity of shell types, are readily accessible, and have a 

rich fossil record allowing for evolutionary inferences (Fig. 1).  Mollusc shells are 

unique in that the ontogeny of the biomaterial is recorded within the structure 

itself, with the oldest part (the larval and juvenile shells) typically being visible at 

the apex (‘spire’ or ‘umbo’) of the shell, and the newest part being at the shell 

edge – a useful feature for developmental biologists. Additionally, the 

predominant mineralising organ (the mantle 9) is easily accessible 1 and is 



 Page 4 

separated into zones that are each responsible for secreting different layers of 

the shell (see below), facilitating investigations into the differences in cell 

biology and gene expression between these zones. From an applied perspective, 

the shells of many molluscs have commercial value, particularly mother-of-pearl 

(nacre), and this has fuelled research into the structure and formation of this 

shell layer. Nacre is also one of the strongest known shell layers and has been 

well-studied from a biomaterials perspective. Finally, molluscs produce the 

highest diversity of biominerals of any animal, both in terms of the mineral type 

deposited and the function of the materials themselves 1, 4.  

 

The evolution and diversity of biomineralised structures  

 

The ability to mineralise is widespread throughout life on Earth and appeared 

very early in evolution 1, 2, 10. The oldest known evidence is from stromatolites 

(blue-green algae that perform biologically-induced biomineralisation), dating 

back to 3,700 million years ago (mya) 11. The first examples of biologically-

controlled mineralisation may be the vase-shaped protist microfossils from the 

Chuar Group, Grand Canyon (iron-based mineralisation, 742 mya) 12, or possibly 

the scale microfossils of the Fifteenmile Group, Yukon (812-717 mya) 13. The 

earliest known metazoan (animal) examples are represented by Cloudina and 

associated forms (550 mya), which may be stem or crown group cnidarians 14. 

Fossil remains of biomineralised structures from this time (the late Proterozoic) 

are scarce, suggesting that biomineralisation, at least of large-scale skeletal 

structures, was not widespread 10. The Cambrian (543-490 mya) saw a large 

diversification of metazoan biomineralisation, with the first appearance of 

mineralised skeletons of most phyla. Further diversification within phyla 

occurred during the Ordovician radiation, at which time crown group members 

of invertebrate phyla arose and grew numerous enough to impact on marine 

carbonate and silica cycles 10. 

 

Various hypotheses have been put forward to explain the rapid diversification of 

biomineralisation during these periods. The Cambrian explosion occurred during 

a period of high Ca2+ levels in seawater, prompting speculation that 
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biomineralisation (biocalcification) evolved as a means of removing toxic levels 

of intracellular calcium 15-17. However, this does not explain the concomitant 

diversification of non-calcium biomineralisation (e.g, silica-based 

biomineralisation) during the same period 10. The increased oceanic Ca2+ is 

reported to be due to enhanced physical and chemical wearing of the continental 

crust during terminal Ediacaran and Cambrian periods, a process that also 

triggered the release of additional ions, including Mg2+, HCO3-, H3SiO4-, K+, and 

Fe3+ 17. Therefore, the observed evolutionary wave of biomineralised structures 

may have been trigged by the increased availability of these minerals, or perhaps 

the overall increase in nutrient availability facilitated an acceleration of 

diversification in general, with expansion of biomineralised forms just one 

component. It is proposed that this was further driven as a defence against 

increased predation pressure 10, 18. 

 

The fossil record contains examples of numerous types of biominerals that are 

also found in extant species. Calcium and silica-based minerals are the most 

common, with aragonite and calcite (polymorphs of calcium carbonate) having 

the broadest distribution across taxonomic groups 1. Other biominerals, 

including iron and magnesium-based forms, are less common and have a more 

restricted distribution 1, 4. The biomineralised structures produced are 

functionally diverse and include skeletons (external and internal), teeth, spines, 

gravity sensing organs, eye lenses and mineral storage units 1. Taking into 

account the structures produced and the phylogenetic relationships of the 

organisms making them, it is likely that many are the result of independent 

evolutionary events, with calcium carbonate and silica biomineralisation 

evolving at least 28 and 8 times in eukaryotes, respectively 10.  

 

What biomineralised structures do molluscs make?  

 

Most molluscs, although not all, produce external calcified shells. The phylum 

Mollusca is composed of eight extant classes that are divided into two major 

lineages (Fig. 2), the Conchifera (shell-bearers, including the gastropods, 

bivalves, scaphopods, cephalopods and monoplacophorans) and the Aculifera 
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(scale-bearers, including the polyplacophorans, solenogastres and 

caudofoveates) 19-21. As the name implies, aculiferan molluscs do not produce a 

single or paired shell, instead, their body is often covered in calcareous sclerites 

(or spicules), scales, or plates. The aculiferans tend to be more difficult to find, 

therefore the majority of research on molluscan biomineralisation has focussed 

on the shells of conchiferan species. 

 

Although the shells and sclerites are the most obvious biomineralised structures 

synthesised by molluscs, members of the phylum also produce other mineralised 

parts including the radula (teeth), statocysts (balance organs), the operculum 

(trap-door for the shell aperture), the epiphragm (temporary shell-aperture 

trap-door for terrestrial hibernators), egg capsules, love darts (reproductive 

structures), gizzard plates (digestive system), and gill supports 4. While the shells 

and sclerites are usually made of calcium carbonate - although, incredibly, there 

is a deep sea hydrothermal vent gastropod that coats its shell with iron sulphide 
22, 23 - many of these additional structures utilise other minerals including 

magnetite, ferrihydrite, calcium phosphate and calcium oxalate 4. The radula, in 

particular, of many species has strongly-bonded layers constructed of iron-based 

minerals 24. In fact, the radula of the limpet Patella vulgata is currently the 

strongest biological material known to exist 25.  

 

Ontogeny of molluscan shells and sclerites 

 

The shells of molluscs form early in development and display significant changes 

in shape, ornamentation and patterning over the life of the organism (Fig. 3) 26. 

In conchiferans, the initial stages of shell formation occur in early embryogenesis 

and appear to be relatively conserved. An initial, and as yet incompletely 

understood, induction event causes specification of an initial cluster of 

biomineralising cells – the ‘shell field’ (reviewed in 27 28, 29). This shell field is 

comprised of cells that are predominately descendants of the 2d micromere, with 

descendants of 2a and 2c (and, very rarely, 2b) also contributing in some species 

(28, 29 and references therein). After the induction event, the shell field 

invaginates and the first organic shell secretions are issued from shell gland cells 
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30;  at this stage, the invagination may be sealed off from the external 

environment 31, 32. The invaginated cells then evaginate, expand, and differentiate 

to eventually form the larval and then juvenile mantle 27, 30. The timing of the 

initial calcification of the shell appears to vary between species, but is generally 

very early in the development of the shell field and may occur during the initial 

invagination itself 27, 31, 32. The larval shell is, in the first instance, amorphous in 

nature, at least in studied bivalves 33. As the shell field expands and forms the 

larval mantle, so too does the shell expand so that the larva can be fully 

accommodated inside. This larval shell is usually unsculptured and is called 

protoconch I in gastropods or prodissoconch I in bivalves. In some species, a 

second type of larval shell, the protoconch II or prodissoconch II, is also 

produced – this is often more sculptured and ornate than the original shell 29. 

The final shell, initiated at metamorphosis, is the teloconch. In most 

conchiferans, the teloconch is maintained through to end of the animal’s life, but 

it may also change a number of times in structure and pattern during juvenile 

growth 26 (Fig. 3). Importantly, each shell is continuous with the one produced 

before it, so that the entire history of an animal’s shell formation is visible. 

 

In polyplacophorans (or chitons), the mantle tissue secretes both shell plates and 

sclerites 34. Seven plate fields form within the dorsal ectoderm simultaneously 

prior to settlement (an eighth plate forms later), however calcified valves are not 

observed until after metamorphosis 27, 35, 36. Sclerite formation occurs towards 

the lateral part of the mantle (=girdle) by secretions from a single cell; in some 

species, additional cells contribute secretions once sclerite formation has been 

initiated 34. In aplacophorans, sclerite formation appears to be very similar to 

that in chitons, with the initial secretion occurring within an invagination of a 

single cell 37-39. Whether or not the cells contributing to the shell field (and, 

consequently, the mantle) and sclerite forming ectoderm can be considered 

homologous across molluscan classes is unclear – cell lineage studies suggest 

involvement of the 2d micromere and its descendants, however additional 

micromeres can contribute to mineralising tissues in some taxa (reviewed in 29). 

As cell lineage studies are sparse, more species need to be investigated in detail 

before general developmental principles can be established for these mollusc 
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classes. Given the apparent ease with which calcified structures can evolve, 

homology of molluscan shells, plates, and sclerites should not be assumed. 

 

Molluscan shell structure 

 

Molluscan shells are diverse in architecture and pattern. In general, though, they 

are composed of multiple layers of calcium carbonate polymorphs (usually 

aragonite or calcite), as well as a proteinaceous outer layer, the periostracum 

(Fig. 4). As well as displaying different polymorphs, the layers can also have 

different microstructures, that is, different arrangements of individual calcium 

carbonate nanometric units. These arrangements are classified based on their 

morphology, and include prismatic, spherulitic, crossed-lamellar, homogenous 

and nacreous forms (see 40 and 41 for descriptions). Nacre, or mother-of-pearl, is 

arguably the best-studied microstructure. It is always aragonitic, is composed of 

flattened polygonal or rounded tablets arranged in layers 40, 41, and is found in 

several molluscan classes including bivalves, gastropods, cephalopods (Nautilus) 

and monoplacophorans 42, 43. Significant differences exist in the nacre produced 

by each class of mollusc. Gastropods possess columnar nacre in which the tablets 

are stacked on top of each other, whereas in bivalves each tablet is offset from 

the one below in a brick-like pattern (sheet nacre)44. Cephalopods produce nacre 

that is an intermediate of the two 45. In addition, the tablets in gastropod, bivalve 

and cephalopod nacre each display different crystallographic axes 46. Based on 

these differences it has been hypothesised that nacre may have originated 

several times independently 45, 47, 48, therefore caution needs to be exercised 

when making generalisations relating to superficially similar shell layer 

microstructures.  

 

Aragonite is the mineral produced most frequently for the sclerites and scales of 

aculiferans 38, 49, 50. In aplacophorans, the sclerites can be either solid or hollow, 

and no layering is obvious within the structure 38. The shell plates of 

polyplacophorans are complex. For instance, the plates of Tonicella marmorea 

consist of six distinct layers, each with a unique microstructure 51.  The structure 

of polyplacophoran sclerites is substantially different, with the aragonite crystals 
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more closely resembling those of the abiologically formed mineral, indicating 

that these skeletal elements may be formed by a very different process to that of 

the shell plates of the same animal 49.  

 

In all the structures described above, the calcium carbonate nanometric units are 

in close association with an organic matrix composed of proteins, 

polysaccharides, and lipids 52. These organic components are secreted from the 

underlying mantle tissue and are responsible for controlling shell formation. 

Recrystallisation studies, whereby demineralised matrix is placed into a solution 

containing saturated calcium carbonate, show that matrix from aragonitic shell 

layers is capable of directing aragonite precipitation in a system that otherwise 

produces calcite, and vice versa 53, 54. Proteomic studies have shown that the 

matrices of shell layers with different polymorphs contain different proteins 55, 

and biochemical analyses have found that polysaccharide (e.g., chitin)52 and lipid 
56 content also differs. These studies indicate that the matrix can determine both 

the polymorph and the microstructure formed in various shell layers. As more 

molluscan species are studied at the ultrastructural level, it is becoming obvious 

that the mantle itself is regionalised, and that unique secreted molecules 

originating from different zones instruct the formation of the shell layer that 

forms adjacent to it 26, 57-60.  

 

The molluscan shell-formation gene regulatory network  

 

The development of an animal is carefully orchestrated by a hierarchy of gene 

expression. Co-ordinating this expression are regulatory genes that act at the 

core of gene regulatory networks (GRNs) to precisely control the timing and 

location of expression of downstream ‘effector’ genes 61. In molluscan 

development the initiation of the shell field is likely under the control of its own 

GRN; as the shell field develops into the mantle, and as shell formation is 

(generally) continuous from the first secretions of the shell field through to the 

final adult shell, the master regulators controlling the development of the shell 

field are thus the core regulators of the entire process of shell formation 28. Sub-

circuits of the shell-formation GRN regulate the specification and maintenance of 
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subsequent specialisations, for example, the different mantle zones responsible 

for the secretion of different shell layers. A number of transcription factors and 

signalling ligands that are involved in specification events during development of 

other animals have demonstrated expression in discrete zones during molluscan 

shell-field development, including engrailed, goosecoid, brachyury, 

decapentaplegic, distal-less, and various Hox genes (reviewed in 28). However, 

these genes are all likely to be under the regulation of those involved in the 

initial induction event – a process that is not yet understood at the molecular 

level. We also currently know nothing about the network architecture – except 

that engrailed expression is not affected by knockdown of decapentaplegic 62. 

 

The terminal branches of the shell formation GRN include genes encoding 

proteins that are secreted from the mantle (the mantle secretome 59) and are 

directly involved in the shell formation process 63, as well as genes that control 

the deposition of polysaccharides and lipids in the shell. In the first models of 

molluscan biomineralisation it was thought that the organic matrix was 

comprised of relatively few components. For nacre, these components were 

thought to be chitin, sulfated glycoproteins, and hydrophobic proteins 4. 

Transcriptomic and proteomic approaches have demonstrated that in fact shell-

building appears to be complex, with at least 40-60 proteins with very different 

characteristics being incorporated into a single shell (likely an underestimate 

due to the limitations of proteomic techniques, see 64), and it is probable that 

many more genes/proteins direct shell formation from within the mantle itself. 

Therefore, there are numerous terminal outputs of the shell formation GRN.  

 

The search for the molluscan biomineralisation toolkit 

 

During the development of most metazoans, the organisation of the overall body 

plan is specified through the action of a core set of highly conserved 

developmental genes, often referred to as the ‘developmental’ or ‘genetic’ toolkit 
65.  Alteration to the expression of these genes can cause differences in 

morphology on many different scales, from the conversion of one body segment 

to another 66, to minute changes in the patterning of butterfly wings 67. The 
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possibility that biomineralisation, given its widespread distribution in animals, 

may also be controlled by a similar suite of conserved genes led Livingston and 

colleagues 68 to introduce the concept of a ‘biomineralisation toolkit’.  It was 

suggested that a common set of genetic and developmental processes may 

underlie skeletogenesis in divergent taxa, regardless of whether the structures 

produced were strictly homologous. The authors found some similarities in the 

early stages of the biomineralisation process in echinoderms and vertebrates, 

including specification of skeletogenic cell types by the transcription factors ETS 

and ALX. However, for the most part, proteins involved late in biomineralisation 

were very different in the two taxa, although there were a few examples of 

overlapping proteins, including members of the SPARC and cyclophilin gene 

families.  

 

To date, there is no evidence for involvement of ETS and ALX homologues in the 

specification of the shell field or of the cells responsible for the secretion of any 

other biomineralised structure in molluscs. However, the developmental 

processes are by no means completely understood, so the existence of a widely 

conserved metazoan biomineralisation toolkit cannot be discounted. Similar to 

the case in deuterostomes, the analysis of transcriptomic and proteomic datasets 

from mantles and shells (representing late biomineralisation events) has found 

very little similarity between molluscan species 69-72, although, interestingly, 

members of SPARC and cyclophilin gene families are expressed in the mantle in 

several species 47.  Only 15% similarity was observed between the nacre-

producing secretomes of an abalone and a pearl oyster 47, whereas only 1.1 to 

7.7% similarity was detected between the proteomes of the gastropod Cepaea 

nemoralis and other sequenced proteomes from two gastropod and three bivalve 

species 69. This dissimilarity has led to the speculation that these shell types may 

have evolved independently or that the secretome is very rapidly evolving 

(reviewed in 73), and suggests that the changes observed in shell architectures 

may be due to the actions of a large and diverse gene set, rather than the actions 

of a core set of conserved developmental genes that are differentially expressed. 
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Recently, Aguilera and colleagues 63 made use of existing mantle transcriptomes 

to perform the most extensive comparative analysis of conchiferan secretomes 

to date. By categorising the secretomes of eight bivalve and three gastropod 

species into orthology groups and mapping them on to a phylogenetic tree, the 

authors were able to establish which gene families were likely components of the 

mantle secretome in the last common ancestor of bivalves and gastropods (i.e., 

having at least one member in a bivalve and a gastropod; 782 families in total, 

Fig. 5). This list includes gene families known to have other conserved functions 

(e.g., many nervous system-related genes), as well as genes known to be involved 

in biomineralisation. While these biomineralisation-related gene families could 

be said to represent the ‘conchiferan biomineralisation toolkit’, dynamic patterns 

of evolutionary gene loss have resulted in very few genes being present in all 

investigated species. Therefore the majority of these gene families do not appear 

to be necessary for biomineralisation.   

 

Aguilera et al.63 found that the protein domain repertoire secreted from the 

mantle was highly dynamic, resulting in each of the 11 species having a unique 

domain profile. Nonetheless, some domains had been repeatedly and 

independently co-opted into mantle secretome, including carbonic anhydrase, 

glycoside hydrolase family 18, and polysaccharide deacetylase (Fig. 5). 

Arivalagan and colleagues 74 performed a comparative proteomic analysis of the 

shells of four bivalve species with different shell architectures. They found four 

protein domains that were represented in each shell proteome, tyrosinase, 

carbonic anhydrase, chitin-binding 2, and Von Willebrand factor-A, which they 

propose were part of the ancestral conchiferan secretome. As mentioned above, 

carbonic anhydrase domains appear to have been co-opted into the mantle 

secretome independently, therefore it is unlikely that they were part of an 

ancestral toolkit; although the molluscan secretome carbonic anhydrases were 

found to form a single, well-supported clade in a previous study 75. For the 

remaining domains, phylogenetic analysis has either not been performed or, in 

the case of tyrosinase, the secretome members fall within a very large expansion 

of the gene family in molluscs 76. As it is unknown whether all members have 

biomineralisation roles, it cannot be determined whether this function is 
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ancestral, and hence whether these could be considered true toolkit genes. 

Regardless, it appears that these four domains represent core requirements for 

molluscan biomineralisation.  

 

As well as a core set of essential domains, molluscan biomineralisation may also 

possess a number of other common principles (reviewed in 39). The most striking 

is the preponderance of sequences containing repetitive, low complexity 

domains (RLCDs) 47, which are generally involved in aggregation or binding 

(reviewed in 73). Many of these RLCDs are glycine-rich, a feature commonly 

observed in structural proteins that are generally involved in the production of 

biological materials 77. Many proteins are also modular in nature, containing 

multiple unrelated domains within the one sequence 78 75. Both of these 

characteristics are likely to increase the evolvability of the secretomes via 

unequal crossover and replication slippage, and are likely contributors towards 

the rapid evolution of these genes 73. 

 

Mechanisms of secretome evolution 

 

The extent of novelty observed in mantle secretomes and shell proteomes has 

been surprising, and raised questions regarding how this novelty was generated. 

In the large scale secretome comparison study mentioned above, Aguilera and 

colleagues estimated the age of gene families using a phylostratigraphic 

approach and mapped these on to a phylogenetic tree. The analysis revealed 

broad patterns of gene gain and loss in each species and lineage. Large 

differences between the secretomes of these species were observed, as seen in 

previous studies based on proteomes of fewer taxa 47, 69-72. It was found that 

these differences were due not only to the gain of novel genes, but also, more 

commonly, the differential co-option of ancient genes into secretomes in 

different lineages. The uniqueness of the secretomes was further reinforced by 

the loss of expression of these genes in a lineage-specific fashion.   

 

Thus, genes that arose prior to bilaterian and molluscan cladogenesis, which 

must have originally performed functions unrelated to the mantle as they pre-
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dated the evolution of this structure, are frequently recruited into the mantle 

gene regulatory network. This indicates that the periphery of this gene network 

is highly evolvable, allowing new genes to fall under and to escape control by the 

core gene regulators that we can assume exist. Of all the genes found to be co-

opted into the secretome of conchiferan molluscs, an over-representation of 

genes encoding a diverse suite of domains involved in processes including 

protein-protein interactions, cell adhesion, recognition, immunity, extracellular 

matrix functions, and carbohydrate metabolism, were found (Fig. 6). Other 

proteomics-based studies have noted the presence of numerous proteins 

containing many of these domains within the shell matrix 74, 79-81, suggesting that 

this enrichment is likely to be found within genes directly involved in shell 

formation, rather than those that are performing non-shell related functions 

within the mantle. Thus, it seems that proteins with particular domains and/or 

functions are favoured for co-option into the shell-formation process. We 

currently do not know how these proteins are functioning within the shell. It is 

possible that the domains have retained their ancestral function, meaning that 

the proteins that contain them are pleiotropic (i.e., shell-forming proteins 

contain immune-related domains that confer an immune function to the shell 

itself). Alternatively, the domains may, either in their ancestral form or perhaps 

via modification, be directly involved in aspects of the biomineralisation process, 

for example, calcium binding or matrix formation. Within the organic matrix of 

the shell, protein-protein interactions are likely to be critically important and to 

directly impact the structure of the shell itself. Perhaps it is the case that the 

precise nature of the interactions are not important, so long as the proteins 

themselves are able to physically associate and to form a framework in which 

biomineralisation can take place. In this case, it may have been relatively easy for 

pre-existing proteins containing interaction domains to be recruited into the 

mantle secretome – any additional characteristics that these particular proteins 

possess can subsequently be acted on by natural selection to produce the variety 

of shells observed today.  

 

The relatedness of metazoan biomineralised structures  
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Determining whether or not two biomineralised structures are homologous is 

difficult, regardless of whether the comparison is being made within or between 

phyla. Different interpretations will likely be made depending on whether the 

assessment is being based on the final structure itself (i.e., in molluscs, the shells 

of different classes, the shells and sclerites of a single animal), the cell lineage of 

the cells that produce the structure, and/or the molecular processes underlying 

its production. Adding to the confusion is the apparent ease by which 

biomineralised structures can arise de novo.  

 

Knoll 10 pointed out that all cells possess the ability to regulate calcium 

metabolism, therefore many eukaryotes that do not possess biomineralising 

ancestors nonetheless possess an underlying capacity to control calcium-based 

mineralisations. This may explain the numerous independent evolutionary 

events leading towards calcium-based biomineralised structures. Understanding 

the evolutionary relatedness of these structures is therefore problematic. For 

instance, although conchiferan shells are likely to be homologous and the 

ontogeny of the shell-fabricating mantle appears to be shared, nacreous layers 

appear to have evolved independently multiple times within this developmental 

background. The questions that therefore arise are 1) what are the minimal 

molecular requirements for the generation of biomineralised structures (i.e., 

which proteins, protein domains, polysaccharides and lipids need to be present 

to promote and direct the biomineralisation process), and 2) of the extant 

biomineralising species, what are the shared molecular hallmarks that reflect a 

single evolutionary event? 

 

This is where a nested set of comparisons may prove useful. Elucidating which 

features are shared between all biomineralised structures (if any), those shared 

between all calcium-based biomineralised structures (most probably co-opted 

from the general cell calcium metabolism machinery), and those shared between 

more closely related animals will reveal the functional requirements for each 

level of organisation. The analysis would also reveal the history of evolutionary 

events, through shared similarities that, given the high level of gene co-option 

and de novo gene gain, should be unique (i.e., a shared derived character, or 
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novelty) 61 75. These core features will be integrated within the GRN governing 

the biomineralisation process. The core genes of this GRN are likely to be broadly 

conserved, should reflect the initial specification of biomineralising cells (and, 

thus, cell lineage), and could be said to represent the biomineralisation 

regulatory toolkit. Although our understanding of the number and types of genes 

and proteins that are involved with biomineralisation is increasing at a rapid 

rate due to the development of high-throughput ‘omic’ techniques, very little is 

known about the non-protein components of shells (i.e., polysaccharides and 

lipids). An additional challenge lies in gathering enough developmental, 

morphological and functional data to be able to make the required comparisons 

and inferences in a wide range of taxa.  

 

Conclusions 

 

Now that transcriptomic, proteomic and genomic data are accessible for non-

model organisms at reasonable cost, we can expect (and have already seen) a 

dramatic increase in the sequence information available for molluscs, 

particularly in relation to the shell and mantle. With this, and the recent 

application of new tools for functional manipulation such as RNAi 62, 

morpholinos 76, and CRISPR 77 to studies of molluscan development, it is likely 

that we will see the elucidation of a molluscan skeletogenic GRN (in line with the 

already established sea urchin GRN). In parallel, functional characterisation of 

shell-building proteins will reveal the underlying mechanisms of shell formation, 

enabling us to determine which proteins (or protein characteristics) are 

required for each type of shell microstructure.  

 

The integration of developmental and functional data from multiple molluscan 

species will enable reconstruction of the evolution of the biomineralisation 

process. Furthermore, the potential to sequence ancient proteomic data from 

fossil shells provides a tantalising opportunity to test these reconstructions 2 78. 

Just how far back these reconstructions can be pushed remains to be seen.  
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Figures and  legends 

 

 
 

Figure 1. “Prosobranchia”, a plate from Ernst Haeckel’s “Kunstformen der Natur” 

(1904), is a beautiful depiction of the geometric beauty and diversity of sea 

shells.  
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Figure 2. Current consensus of the relationships of molluscan classes from recent 

studies 19-21. The position of Monoplacophora is unresolved. Images from 29. 
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Figure 3. The development of the shell of the abalone, Haliotis asinina. A. 

Scanning electron micrograph (SEM) of a trochophore larva. sf., shell field. B. 

SEM of the expanding protoconch (pc) in the larva. C. SEM of the complete larval 

protoconch. D. SEM of early teloconch development in a recently settled juvenile. 

The division between the protoconch and teloconch is indicated by an arrow. E. 

Bright field image of a juvenile of a similar age to that in D. F. Eight week old 

juvenile showing the beginnings of shell patterning. G. Juvenile shell. H. Adult 

shell. Arrow shows the spire, where the juvenile shell is visible. Inset: higher 

magnification of the spire of ‘F’. The location of the larval and early juvenile shell 

is visible indicated by dotted lines. SEM images modified from 26. 
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Figure 4. Shell microstructure. A. Schematic of the organisation of the molluscan 

shell and mantle. Redrawn from 9. B. SEM of a transverse section of the juvenile 

shell of the abalone, Haliotis asinina. The top layer displays prismatic 

microstructure (P), the lower layer is columnar nacre (N). Image by Kathryn 

Green. 
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Figure 5. Evolution of the molluscan secretome. Modified from 63. A. Origin of 

secreted mantle proteins from gastropods (top) and bivalves (middle), with 

phylostrata (PS1-13) depicted below. The three main evolutionary periods are 

indicated in red. The phylostrata indicated in grey are those that pre-date the 

origin of Mollusca, these proteins must therefore have been co-opted into the 

secretome. B. Organismal tree with pie charts showing the proportion of 

secretome genes that have been gained (black), co-opted (red), lost (blue) and 

maintained from the last common ancestor of gastropods and bivalves (BGLCA, 

brown). Examples of enriched domains that are inferred to have existed in 

BGLCA (orange box), ancestral bivalve (green box), and ancestral gastropod 

(blue box), are indicated. Three additional domains, carbonic anhydrase, 

tyrosinase, and chitin-binding domain (white box), also existed in the BGLCA 

secretome, these genes have also been identified in a study by Arivalagan and 

colleagues 74.  
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Figure 6. Enrichment of domains in co-opted gene families. Modified from 63. 

Broad functional categories are shown on the left vertical axis of the heat map, 

and individual domain names are indicated on the right. Domains are 

represented if they are significantly enriched in newly gained secreted gene 

families from at least two lineages. On the horizontal axis of the heat map, 

ancestral lineages are depicted on the left, current species on the right (refer to 

the tree in Fig. 5 for the phylogenetic tree). The colour of the squares indicates 

the level of enrichment, only enrichments with a P-value >0.05 are shown.  
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