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Abstract

The capacity to biomineralize is closely linked to the rapid expansion of animal life during the early Cambrian, with many
skeletonized phyla first appearing in the fossil record at this time. The appearance of disparate molluscan forms during this
period leaves open the possibility that shells evolved independently and in parallel in at least some groups. To test this
proposition and gain insight into the evolution of structural genes that contribute to shell fabrication, we compared genes
expressed in nacre (mother-of-pearl) forming cells in the mantle of the bivalve Pinctada maxima and the gastropod
Haliotis asinina. Despite both species having highly lustrous nacre, we find extensive differences in these expressed gene
sets. Following the removal of housekeeping genes, less than 10% of all gene clusters are shared between these molluscs,
with some being conserved biomineralization genes that are also found in deuterostomes. These differences extend to
secreted proteins that may localize to the organic shell matrix, with less than 15% of this secretome being shared. Despite
these differences, H. asinina and P. maxima both secrete proteins with repetitive low-complexity domains (RLCDs).
Pinctada maxima RLCD proteins—for example, the shematrins—are predominated by silk/fibroin-like domains, which are
absent from the H. asinina data set. Comparisons of shematrin genes across three species of Pinctada indicate that this
gene family has undergone extensive divergent evolution within pearl oysters. We also detect fundamental bivalve—
gastropod differences in extracellular matrix proteins involved in mollusc-shell formation. Pinctada maxima expresses
a chitin synthase at high levels and several chitin deacetylation genes, whereas only one protein involved in chitin
interactions is present in the H. asinina data set, suggesting that the organic matrix on which calcification proceeds differs
fundamentally between these species. Large-scale differences in genes expressed in nacre-forming cells of Pinctada and
Haliotis are compatible with the hypothesis that gastropod and bivalve nacre is the result of convergent evolution. The
expression of novel biomineralizing RLCD proteins in each of these two molluscs and, interestingly, sea urchins suggests
that the evolution of such structural proteins has occurred independently multiple times in the Metazoa.
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The organically derived component of the shell controls
the initiation, expansion, and termination of crystal growth
in a cell autonomous fashion and can even control the
polymorph of calcium carbonate that is precipitated, most
often aragonite or calcite (Belcher et al. 1996). Analysis of

Introduction

The Mollusca is a highly successful group of metazoans in
terms of species abundance, range of morphotypes, and
diversity of habitats occupied. This success can in part
be attributed to a mechanism of shell construction adop-

ted early in the history of the clade during the late pre-
Cambrian (545+ Ma). The diversity of gastropod and
bivalve shell types observed among extinct and modern
species is evidence of the evolutionary success of this struc-
ture. Formed by secretions of the underlying tissue (the
mantle), molluscan shells are a biocomposite material con-
sisting primarily of CaCOj;, polysaccharides, and proteins.

the molecular (Bedouet et al. 2006; Jackson et al. 2006;
Jackson, Worheide, et al. 2007; Ma et al. 2007, Gong
et al. 2008) and mineralogical (Metzler et al. 2007; Gilbert
et al. 2008) processes that generate the shell is providing
some insight into how this is achieved at biological pH,
temperature, and pressure, a feat of great interest to ma-
terials scientists.
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Although deep-level relationships between major mol-
luscan clades remain the topic of long-standing debates
and current research, monophyly for the major extant
groups (Monoplacophora, Polyplacophora, Gastropoda,
Bivalvia, Cephalopoda, and Scaphopoda) is generally ac-
cepted and supported by morphological and molecular
data (Sigwart and Sutton 2007; Wilson et al. 2009). The
Gastropoda (60,000+ species) and Bivalvia (30,000+ spe-
cies) constitute the most diverse and abundant molluscan
assemblages and are both members of the Conchifera
(shelled molluscs). Divergence estimates for these two lin-
eages range between 570 and 536 Ma (Colgan et al. 2000).
Members of both clades are known to produce a “nacreous”
(mother-of-pearl) material that is comprised of tablets of
aragonite embedded in and perfused by an organic matrix.
However, there are significant differences in the arrange-
ment of the CaCOj; crystals, the axes along which these crys-
tals are arranged, and the way in which the crystals are
deposited between the two clades (Chateigner et al
2000; Cusack and Freer 2008; Meldrum and Colfen 2008).
Although it is known that the shells of bivalves and gastro-
pods possess highly acidic proteins in the ethylenediamine-
tetraacetic acid (EDTA)-insoluble organic matrix (EIOM)
(Gotliv et al. 2003; Fu et al. 2005) and that chitin is a com-
ponent of the EIOM in both classes of molluscs (Weiner and
Traub 1980; Keith et al. 1993; Weiss et al. 2006), deeper level
homologies in the molecular processes that guide nacre for-
mation are unknown.

A previous genomewide investigation of sea urchin
(Strongylocentrotus purpuratus) biomineralization genes
perhaps represents the most comprehensive molecular
study of biomineralization to date (Livingston et al. 2006).
That study found many of the proteins involved late in
the biomineralization process differ between vertebrates
and echinoderms, although similarities were detected in some
of the proteins involved in the specification of skeleton-
producing cells, including collagen-based proteins and
transcription factors belonging to the ETS and ALX families
that control the differentiation of matrix-secreting cells.
Although those observations suggest that homologies exist
in the skeletogenic program within deuterostomes, limited
gene-expression data from other metazoan clades impede
broader comparisons of the process of biomineralization.

To understand the origin and evolution of bilaterian and
molluscan biomineralization, we have sequenced >12,000
expressed sequence tags (ESTs) from the biomineralizing
tissues of the tropical abalone Haliotis asinina and the silver
lipped pearl oyster Pinctada maxima. More specifically,
these ESTs are derived from cells responsible for secreting
the aragonitic polymorph of CaCOj; that yields the mother-
of-pearl nacreous layer. We expanded this comparison with
ESTs derived from mantle-specific cDNA libraries of the
limpet Lottia gigantea (Eogastropoda) and a subset of se-
quences derived from the mantle tissue of another oyster,
Pinctada margaritifera. In the search for novel biomineral-
ization proteins, an EST approach is unbiased by the diffi-
culties of extracting proteins from calcified materials
(Gotliv et al. 2003) and uncovers gene products that are
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secreted into the pallial space but not incorporated into
the shell, proteins responsible for ion trafficking, gene tran-
scription, and other upstream regulatory steps.

By directly comparing the transcriptomes of nacre-
forming cells in a bivalve and a gastropod, we show that
there are dramatic differences in the gene sets used to bio-
fabricate the nacreous layer of the shell. This is particularly
pronounced in the genes encoding secreted proteins, many
of which are likely to contribute directly to shell formation
(Jackson et al. 2006). These differences extend to compar-
isons within the Gastropoda (Haliotis vs. Lottia) and to
comparisons within a single biomineralizing gene family
(shematrin) across three species of Pinctada, lending sup-
port to our previous supposition that the molluscan shell-
forming secretome is rapidly evolving (Jackson et al. 2006),
and additionally that the parallel evolution of secreted pro-
teins with repetitive low-complexity domains (RLCDs) is an
important feature of conchiferan evolution.

Materials and Methods

RNA Isolation and Library Construction

Pinctada maxima mantle tissue was collected from a single
healthy individual maintained at the Clipper Pearls/Autore
Pearling farm lease, near Quondong Point, Broome, Western
Australia, Australia. The anterior edge of the mantle (the
mantle skirt) was removed, and the zone used as grafting
tissue (donor tissue for pearling operations and responsible
for nacre secretion) was dissected by an experienced pearl
seeding technician, preserved in RNA later and frozen for
transport to the University of Queensland. RNA was ex-
tracted with TriReagent. Tissue from H. asinina was derived
from a single reproductively mature individual maintained at
the Bribie Island Aquaculture Centre, Queensland, Australia.
Based on previous studies (Jolly et al. 2004; Jackson et al. 2006;
Jackson, Worheide, et al. 2007) the region responsible for na-
cre deposition as recognized by a population of cells with
a morphology distinct from cells that express a gene respon-
sible for pigmenting the outer periostracum (Jackson et al.
2006), was dissected, and RNA extracted using TriReagent.

PolyA mRNA was isolated from both P. maxima and
H. asinina samples using Dynabeads (according to the man-
ufacturer’s instructions) and shipped to the Max Planck
Institute for Molecular Genetics, Berlin, Germany for EST
sequencing. cDNA libraries were generated using the
Cloneminer kit (Invitrogen) and were cloned into the
pDONR222 vector.

ESTs from P. margaritifera were acquired from a cDNA
library constructed from the mantle tissues of several P.
margaritifera oysters. EST sequences were obtained accord-
ing to the Genome Sequencer FLX’s protocol (454/Roche
manufacturer). A de novo assembly using the CAP3 assem-
bly program from TGl Clustering tools was used to assem-
ble 454 reads with overlapping identity percentage and
minimum overlapping length parameters set to >90%
and 60 bp, respectively. The shematrin-related EST sequences
were obtained using a local BlastN and BlastP algorithm
against the P. margaritifera EST data set.
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Sequence Analysis and Bioinformatics

A total of 6,122 H. asinina and 6,737 P. maxima reads were
acquired using standard Sanger sequencing chemistry
(v3.1). Reads were vector and quality trimmed and clus-
tered using TGCIL with cap3 (Huang and Madan 1999).
EST data sets were annotated using annot8r (Schmid
and Blaxter 2008). This pipeline takes a query collection
of nucleotide sequences and uses the BlastX algorithm
to search a UniProt database with gene ontology (GO) En-
zyme Commission, and Kyoto Encyclopedia of Genes and
Genomes annotations. We used an expect value of 10E—06
for these BlastX searches, and excluded inferred electronic
annotations (IEA) in order to maintain confidence in these
results. Where multiple annotations were returned the an-
notation with the best score and the highest proportion of
hits was taken. GO-Diff (Chen et al. 2006) was then used
to search for relative differences in the representation of
GO-Slim terms as measured by EST abundance. The gdf.
conf file was modified to run in execution mode 3, with
a ratio cutoff of 2 and a false discovery rate of 0.1. Excluded
evidence codes were IEA, ISS, NAS, ND, and NR.

In order to remove clusters derived from gene products
not specifically involved in biocalcification we con-
structed a database of ribosomal RNAs and proteins from
a range of metazoans. The database was initially estab-
lished using ribosomal protein sequences as described
for the poriferan Suberites domuncula (Perina et al
2006). This set of reference sequences was then used to
extract sequences from GenBank and the L. gigantea
(Eogastropoda) genome in order to broaden taxonomic
representation. rRNA sequences from a variety of meta-
zoan taxa were collected from GenBank. The complete
mitochondrial genomes of several lophotrochozoan, ec-
dysozoan, and vertebrate taxa were similarly used to iden-
tify mitochondrial encoded gene products in our data
sets. These searches were conducted using cutoff values
of 10E—12.

In order to identify commonalties in the molecular pro-
cesses occurring in the mantle tissues of both animals, an
all-against-all search of H. asinina EST query sequences ver-
sus a P. maxima EST database and vice versa was conducted
using the TBlastN algorithm under a local installation of
Blast (v2.2.18). Low complexity filtering was turned on,
and the expect value was set at T0E—06.

We next focused our search for gene products involved
in calcification in both animals by searching for secreted
gene products. To do this, we conceptually translated all
contigs in all six possible reading frames and selected the
longest reading frame beginning with a methionine residue.
Open reading frames (ORFs) shorter than 50 amino acid res-
idues and that did not possess a stop codon (in order to
avoid missannotation of transmembrane proteins) were
discarded. These potential full-length ORFs were searched
for signal peptides using a local installation of SignalP v3
(Emanuelsson et al. 2007). Signal peptide—positive contigs
were filtered for transmembrane domains using the TMHMM
Server (v. 2.0). Glycosyl phosphatidyl inositol (GPI)-anchored

proteins were detected using the GPl modification predictor
(Eisenhaber et al. 1999). Proteins targeted for organelles
such as mitochondria, the Golgi, or lysosomes were iden-
tified and removed by submitting the data set to TargetP
(Emanuelsson et al. 2007). Abalone and oyster full-length
secreted sequences were then searched against each other
(TBlastX) and the following databases: L. gigantea )Gl fil-
tered protein models (BlastX); L. gigantea assembled
whole-genome scaffolds (TBlastX); GenBank’s nonredun-
dant protein-sequence database (BlastX); GenBank’s EST
database (TBlastX).

In order to detect gene products with repetitive low-
complexity features in our data sets, we employed
XSTREAM (Newman and Cooper 2007). For the set of ESTs
examined for tandem repeats (TRs), we included sequences
coding for ORFs larger than 50 amino acids, predicted to be
secreted by TargetP, but not necessarily full length. C-
terminal lipid anchors and transmembrane regions in these
non—full-length cases will not be detected. Although such
membrane-associated gene products will not be located
within the final calcified structure, we reason that they
may still play a role in shell formation as they would be
available to interact with and influence the biochemistry
of the pallial fluid and the shell. We only investigated novel,
or apparently mollusc-specific ESTs (i.e., removed sequen-
ces with broad taxonomic distributions unlikely to be in-
volved in shell-forming processes). These criteria provided
124 H. asinina XSTREAM queries and 144 P. maxima
queries. We also included in this analysis all available L. gi-
gantea mantle ESTs (2,107 unigenes), which filtered down
to 132 XSTREAM queries.

We also used XSTREAM to search for TRs in a pooled
collection of shematrins from the P. maxima and P. mar-
garitifera data sets and from previously published P. fucata
shematrin sequences (Yano et al. 2006). The settings used
in this analysis were degeneracy = 0, TR significance = high,
and min consensus match = 0.8.

Phylogenetic Analyses

Alpha Carbonic Anhydrase (2-CA). We collected repre-
sentatives of the major a-CA classes and compared these
with the molluscan nacrein proteins and the two P. max-
ima sequences detected in the current data set. Because
the nacreins contain a low-complexity Gly-Aln insertion
within the «-CA domain that is not present in any other
metazoan o-CA, we removed this domain from the na-
creins and selected highly conserved regions of the align-
ment using Gblocks (Castresana 2000). o-CAs from
a green alga and proteobacteria were set as outgroups.
A Bayesian analysis (MrBayes v 3.1.2) of the resulting align-
ment was run for 2,500,000 generations with four chains
each with eight runs heated to 0.2, by which time statio-
narity was achieved. The sampling frequency was 1,000,
a proportion of sites were invariable with the remaining
sampled from a gamma distribution, and the amino acid
model was set to Whelan and Goldman (WAG) according
to Protest results and our previous analyses (Jackson,
Macis, et al. 2007).
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Inference of Pinctada Relationships Using Cytochrome
Oxidase | (COI) and 16S rRNA Genes. We selected several
Pinctada species for which the commonly used phyloge-
netic markers COl and 16S rRNA genes were available, com-
bined these with available P. maxima, P. fucata, and P.
margaritifera sequences and also included two outgroup
bivalve species, Crassostrea gigas and Pteria hirundo. A pro-
tein-based alignment of the COI-coding sequence was per-
formed and the resulting nucleotide alignment retrieved
for a codon based Bayesian analysis (MrBayes v 3.1.2) using
the metazoan mitochondrial genetic code. 16S rRNA gene
was included as a separate partition with a proportion of
sites from both partitions set as invariable with the remain-
ing sampled from a gamma distribution. The analysis was
run for 1,000,000 generations with four chains each with
two runs heated to 0.1 with a sampling frequency of
1,000, by which time stationarity was achieved.

Cyclophillin. A range of metazoan Cyclophilin protein se-
quences were retrieved from GenBank using the standard
BlastP algorithm. Active sites as indicated by the conserved
domain database (Marchler-Bauer et al. 2009) were map-
ped to an alignment against a human-reference sequence
(Zhao and Ke 1996).

Secreted Protein Acidic Cysteine-Rich (SPARC). A broad
representation of SPARC gene products based initially on
the collection described by Livingston et al. (2006) were
aligned using MUSCLE (Edgar 2004). Additional sequences
retrieved from GenBank dbEST were included to increase
the representation of lophotrochozoan taxa. A Bayesian
analysis (MrBayes v 3.1.2) was run for 4,000,000 generations
with eight chains each with four runs heated to 0.2 with
a sampling frequency of 1,000, by which time stationarity
was achieved. The resulting consensus tree was midpoint
rooted due to the lack of an appropriate outgroup.

Results

Library Features

Employing an EST-sequencing approach, we have acquired
6,122 reads from the nacre-secreting mantle tissue of the
tropical abalone H. asinina and 6,737 reads from the pearl
oyster P. maxima (GenBank accessions: GT271630-GT284488,
supplementary table 1, Supplementary Material online).
Following quality trimming and clustering, these single pass
5’ reads produced 3,043 H. asinina contigs, which assem-
bled into 3,005 unique clusters and 2,919 P. maxima con-
tigs, which assembled into 2,850 unique clusters. Contigs
with >1 EST member have been submitted to GenBank
as a Transcriptome Shotgun Assembly (abalone GenBank
accessions EZ420605-EZ421271, supplementary table 2,
Supplementary Material online; pearl oyster GenBank ac-
cessions EZ420070-EZ420604, supplementary table 3, Sup-
plementary Material online). Over 38% of the H. asinina
reads were singletons with an overall library redundancy
of 50%, and over 35% of the P. maxima reads were single-
tons with an overall library redundancy of 43% (fig. 1). The
average contig length for H. asinina was 536 bp (min. 101
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bp, max. 1,790 bp) and for P. maxima was 659 bp (min. 158
bp, max. 3,805 bp). We have also taken advantage of the
information in the number of individual reads that consti-
tute a contig, with the assumption that this is a reflection of
the level of gene expression, as has been used elsewhere
(Ewing et al. 1999; Nishikata et al. 2001; Satoh et al.
2003; Chao et al. 2006). The distribution of contig abundan-
ces between the two libraries indicates that P. maxima ex-
presses a family of biomineralization genes (the shematrins)
at levels about twice that of the most abundantly expressed
H. asinina gene product, which is a novel, putative secreted
gene product (fig. 1B).

Functional Categorization of Gene Products

An initial round of EST annotation using annot8r (Schmid
and Blaxter 2008) indicated that a minority of clusters from
both libraries returned hits with GO annotations from the
UniProt database; 446 (14.8%) H. asinina annotations and
805 (28.3%) P. maxima annotations across the three GOA
namespaces (biological process, molecular function, and
cellular component) were returned (fig. 2).

We next removed all ribosomal RNAs, ribosomal pro-
teins, and mitochondrial-encoded gene products from
each library (104 contigs from H. asinina and 98 contigs
from P. maxima), leaving a total of 2,939 unique H. asinina
contigs and 2,821 unique P. maxima contigs. These data
sets were searched reciprocally against each other (the
H. asinina data set acted as a query set against the P. max-
ima database and vice versa) using TBlastX. Two hundred
and five unique H. asinina clusters and 253 unique P. max-
ima clusters shared similarity with each other. These figures
indicate that following removal of highly conserved ribo-
somal rRNAs, proteins and mitochondrial gene products,
less than 10% of each library shared similarity with the
other. The resulting sets of shared sequences were pro-
cessed by annot8r in order to obtain GO annotations
for shared biological processes, functions, and cellular local-
izations. These annotations revealed that the majority of
shared genes with GO biological process annotations were
involved in cellular processes, metabolic processes, and reg-
ulation of biological processes (fig. 3). Most annotations for
molecular function were related to binding and catalysis,
whereas the cellular localization of the majority of these
annotated shared genes was intracellular.

These GO annotations were then processed by GO-Diff
(Chen et al. 2006) to search for overall inferred expression-
level differences in genes with characterized molecular
functions (fig. 4). This revealed that H. asinina expressed
more genes within the “enzyme regulator activity” category
(predominantly protease inhibitors) and genes involved in
the regulation and transport of ions, electrons, and pro-
teins. In contrast, P. maxima had a higher representation
of genes with “motor activity” and markedly higher levels
of “lyase activity” primarily due to the abundant expression
of two o-CA genes. Because a-CAs have previously been
associated with biocalcification processes in various meta-
zoan phyla (Miyamoto et al. 1996; Horne et al. 2002;
Jackson, Macis, et al. 2007; Moya et al. 2008) we attempted

220z 1snbny 0z uo 1senb Aq | 2£0001/16S/€/LZ/o101HE/AqU/W0D"dNo"0lWSpEoe)/:SARY WO, PapEojuMoq


supplementary table 3
Supplementary Material
supplementary table 3
Supplementary Material
supplementary table 3
Supplementary Material
Supplementary Material

Evolution of Mollusc Shell Formation - doi:10.1093/molbev/msp278

A B
abalone cluster Abundance (TPM) Similarity with
CL1Contig2 85 (13,862) -
1300 - CL3Contig1 71 (11,579) ELF1a
CL4Contig1 63 (10,274) col
CL1Contig1 54 (8,806) -
1200 1 CL5Contig1 54 (8,806) ferritin
607  cLscontigt 51 (8,317) collagen
1100 CL7Contig1 46 (7,502) (ofe]!
00 o CL2Contigt 43 (7,012) -
50 - CL2Contig3 41 (6,686) -
1000 - e  CL8Contig1 40 (6,523) -
900 4 oyster cluster Abundance (TPM) Similarity with
» o 2407 CL2Contig1 276 (40,968) shematrin
2 ) CL1Contig2 268 (39,780) shematrin
S 800 - » CL4Contig1 256 (37,999) 16S
L (—3 30 - CL3Contig3 111 (16,476) KRMP-8
2 5 8 CL7Contig1 111 (16,476) ELF1a
& 700 . CL6Contig2 99 (14,695) actin
— § ©  cL3contig2 74 (10,984) KRMP-8
© 6004 l 204 o CL5Contig2 70 (10,390) N14
g o CL5Contig9 70 (10,390) -
@ CL8Contig1 57 (8,461) paramyosin
500 T ©
B 10 1 &
400 1 -
i 0 POl 0® 00000 eee
300
0 5 10 15 20 25 30 35 40
Thousands of transcripts per million
200 1
Bl P, maxima (2,919 clusters)
100 H [ H. asinina (3,054 clusters)
0 nl‘lnr!:!:!— I —— -

N
LQ‘ 'Q{jb /Q(p Q/'\ 'Qc'b ,’\ B
NSO N

N e A

% Q9 % o % .0 9 % & %
NIRRT S SRS

2 NP 6

N
R R

Length (kbp)

Fic. 1. Overview of abalone and pearl oyster nacre EST libraries. (A) Cluster-length frequencies for each library plotted in 100-bp bins. (B) The
distribution of cluster abundances differed markedly with Pinctada maxima expressing known biomineralizing genes (shematrin- and lysine-rich
matrix protein—KRMP) at levels more than twice that of the most abundantly expressed Haliotis asinina gene. The top 10 most abundant ESTs
for each data set are listed with their corresponding annotations. Expression levels are presented as the raw number of reads and as normalized

values for comparison (transcripts per million, TPM).

to assign these a-CAs to their respective classes. This anal-
ysis lacked resolution and returned low support values at
several critical nodes (fig. 5) and is likely to be the result of
insufficient taxon sampling within key clades. Although
neither of the two «-CA P. maxima clusters could be as-
signed to any particular o-CA family, they were also ex-
cluded from a well-supported clade that included all
molluscan nacrein proteins (fig. 5). The nacrein proteins
are mollusc-specific enzymes that possess two o-CAs do-
mains separated by a low-complexity domain rich in glycine
and aspargine (Miyamoto et al. 2003) and are known to be
involved in molluscan biocalcification (Miyamoto et al.
2005). This result suggests that bivalves express a diversity
of a-CA enzymes within biomineralizing tissues.

Similarities and Differences between Gastropod
and Bivalve Nacre-Forming Gene Products

In order to focus our comparisons on genes likely to be
directly involved in nacre formation, we retrieved concep-

tually derived full-length gene products that possessed a sig-
nal sequence from each gene set. One hundred and twenty-
nine H. asinina and 125 P. maxima sequences were
identified and searched against each other and a variety
of databases. The majority of these products were unique;
95 (74%) of the H. asinina—secreted products and 71 (57%)
of the P. maxima products shared no similarity with se-
quences in GenBank nr and EST databases, nor the L.
gigantea genome. Of the 54 P. maxima—secreted products
that shared similarity with a previously described sequence,
12 of these were against bivalve-specific biomineralization
proteins (fig. 6) (Yano et al. 2006; Zhang et al. 2006). In
contrast, none of the 34 secreted abalone proteins that
shared similarity with other sequences were mollusc spe-
cific (fig. 6). Secreted gene products of known function
were mostly protease inhibitors and lectins. Within this se-
cretome comparison, a notable difference was the range of
inferred expression levels (fig. 6). Pinctada maxima expressed
two families of previously characterized biocalcification
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Fic. 2. GO annotations for all abalone and pearl oyster EST clusters using annot8r (Hotz-Wagenblatt et al. 2003). GO annotations for
biological process, molecular function and cellular compartment were paired with their parent GO-SLIM identifiers. Three thousand and
forty-three Haliotis asinina queries and 2,919 Pinctada maxima queries were processed. The total number of annotations for each category
is indicated as an absolute value and as a percentage of the total number of queries. Notable differences between the two data sets are

indicated with a star.

genes, the shematrins and lysine-rich matrix proteins
(KRMPs) (Zhang et al. 2006) at levels in excess of 10,000
transcripts per million (TPM), that is, 4.1% and 1.6% of
the sampled transcriptome. In comparison, the most abun-
dantly expressed transcript in the H. asinina data set was
a unique putative secreted gene product expressed at 1.4%
of the sampled transcriptome. Only 6 novel abalone and 1
novel oyster secreted proteins shared similarity with pro-
tein models in the Lottia genome (supplementary fig. 1,
Supplementary Material online).

RLCD-containing proteins

Several biomineral-influencing proteins are known to pos-
sess either repetitive motifs, or domains of low complexity
(Marin and Luquet 2004). For example, Lustrin-A, one of
the first molluscan shell proteins characterized at the mo-
lecular level, has 10 cysteine-rich domains, 8 proline-rich
domains, and a Gly-Ser—rich domain of 250 residues (Shen
et al. 1997). Similarly, nacrein is an «-CA present in both
bivalves and gastropods that contains a low-complexity
Gly-Asn domain (Miyamoto et al. 1996). We therefore
searched our data sets for gene products containing such
domains using XSTREAM (Newman and Cooper 2007). We
isolated conceptually derived proteins from the abalone,
limpet, and oyster data sets that possessed an ORF larger
than 50 amino acid residues, a signal sequence, no detect-
able transmembrane domains, or GPl anchors and were pre-
dicted by TargetP to be secreted (Emanuelsson et al. 2007).
From these collections we detected 14 sequences from the
P. maxima data set and 4 sequences from both the H. asi-
nina and L. gigantea data sets (fig. 7). A feature of many of
these proteins was a high glycine content. Pinctada maxima
expressed these genes at higher levels than H. asinina.
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Given the abundance of RLCD gene products in the P.
maxima data set and the apparent importance of shema-
trin gene products to bivalve nacre formation (Yano et al.
2006), we isolated shematrin-related genes from a 454/
Roche GS Flex data set derived from the mantle of P. mar-
garitifera and compared these with the P. maxima shema-
trin sequences reported here and previously reported
sequences from P. fucata (Yano et al. 2006). Based on
the presence of characteristic glycine- and tyrosine-rich
domains, and a signature RKKKY, RRKKY, RRRKK, IRRKK,
or PRKKY C-terminal motif, we were able to identify 24
shematrin-like gene products from the P. margaritifera
data set. These 24 sequences were filtered from a collec-
tion of 92 contigs that returned positive shematrin Blast
results.

Because alignment-based sequence comparisons be-
tween proteins that contain extensive low-complexity re-
gions can violate assumptions of character homology (and
are often phylogenetically uninformative), we adopted
a comparative approach for the shematrin proteins inde-
pendent of shematrin sequence alignment. We pooled all
shematrin-like sequences and searched for TRs (Newman
and Cooper 2007) and mapped these results onto a phylo-
gram of Pinctada species constructed using COl and 16S
rRNA genes. Although this approach does not allow formal
statements regarding rates or direction of shematrin evo-
lution, we can observe broad trends of shematrin conser-
vation and innovation. Across the three Pinctada species
for which shematrin genes have been isolated, several sim-
ilar motifs appear to be present in all three species (fig. 8),
whereas an abundantly expressed P. maxima shematrin
EST (CL1Contig1) contains a novel duplication of a large
single repetitive domain (fig. 8). Pinctada margaritifera
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Fic. 3. GO annotations of ESTs shared between pearl oyster and abalone. Following the removal of genes encoding riboproteins, rRNAs, and
mitochondrial proteins, each data set was searched against the other using TBlastX. The resulting list of shared ESTs was pooled and searched
for GO annotations using annot8r (Schmid and Blaxter 2008). The resulting GO IDs were matched to their parent slim IDs.

and P. fucata also displayed a significant amount of lineage-
specific diversity within these RLCDs. We acknowledge that
these EST data sets are not exhaustive, and future efforts
are likely to reveal further shematrin members. However,
the finding that in terms of shematrin-sequence represen-
tation the two more extensively sampled species (P. mar-
garitifera and P. fucata) share little shematrin sequence
similarity supports the view of active shematrin expansion
and diversification within the pearl oysters.

We also searched abalone and pearl oyster data sets for
the presence of known deuterostome biomineralizing
genes. Based on a survey of the sea urchin genome by
Livingston et al. (2006), we were able to detect several sim-
ilarities. We retrieved seven cyclophilin gene products from
the P. maxima data set and one from the H. asinina data
set. Of the seven pearl oyster cyclophilins, two were ex-
pressed at moderately high levels (pmax_Cluster89Contig1
at 1,484 TPM and pmax_Cluster203Contig1 at 445 TPM).
Interestingly three of the seven pearl oyster cyclophilins
and the two sea urchin cyclophilins known to be expressed
in biomineralizing cells (Amore and Davidson 2006;
Livingston et al. 2006) have mutations at known active site
positions (fig. 9). We also found a representative of the
SPARC family in the pearl oyster data set. A Bayesian phy-
logenetic analysis of a broad sample of SPARC proteins gen-
erated two major clades composed of deuterostome and

protostome members (fig. 10). Our P. maxima SPARC
EST fell within a clade of bivalve EST sequences, whereas
sea urchin SPARC and Osteonectin proteins, which are ex-
pressed in spicule-forming cells (Livingston et al. 2006),
formed a sister group to chordate sequences. We also de-
tected seven independent clusters associated with the pro-
duction, deacetylation, and binding of chitin in the P.
maxima data set (table 1). Pinctada maxima gene products
associated with chitin biogenesis or modification were rel-
atively highly expressed. Twenty-nine chitin synthase tran-
scripts (4,305 TPM), and two independent clusters of chitin
deacetylase (1,484 and 1,039 TPM, respectively) were de-
tected. In contrast, we could only detect a single abalone
EST with the potential to bind chitin; H. asinina EST
PO009MO3 returned a significant PFAM result for one peri-
trophin-A domain and a less significant match for a second
domain (two peritrophin-A domains are necessary to bind
chitin; Shen and Jacobs-Lorena 1998). We were also able to
detect three P. maxima and three H. asinina gene products
encoding collagen (table 1). Importantly, two of the aba-
lone collagen gene clusters (hasinina_Cluster6Contig1
and hasinina_Cluster21Contig1) were expressed at ex-
tremely high levels (8,317 TPM and 4,240 TPM, respec-
tively). In contrast, the oyster collagen clusters were
expressed at much lower levels (1,484 and 1,187 TPM, re-
spectively, table 1).
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FiG. 4. Differences in the expression of GO “molecular function” annotations between pearl oyster and abalone EST data sets. Relative EST
coverage level ratios for GO molecular function annotations were detected by GO-Diff (Chen et al. 2006). Black bars less than —1 indicate
a more abundantly represented GO-Slim term in the Haliotis asinina data set, and white bars exceeding +1 a more abundantly represented
term in the Pinctada maxima data set. Numbers in brackets indicate the raw number of ESTs representing that cluster and the normalized

inferred expression level in TPM, respectively.

Discussion

The bivalve P. maxima and the gastropod H. asinina have
been evolving independently since the Cambrian yet share
features common and unique to molluscs. Both animals
possess a shell with an inner nacreous layer, the fabrication
of which is directed by a specific region of the mantle
largely through secretion of compounds such as polysac-
charides, peptides, and proteins. Many of these become in-
tegral structural components of the shell and confer
species-specific architectures, patterns, and colors. Here,
we have shown that the transcriptomes of nacre-producing
mantle cells from P. maxima and H. asinina are markedly
different, consistent with bivalve and gastropod nacre be-
ing a convergent trait.

High Levels of Gene Novelty in H. asinina and

P. maxima Nacre-Forming Gene Sets

Both P. maxima and H. asinina EST data sets are comprised
largely of sequences with no associated GO terms, similar
to other nonmodel invertebrate EST data sets (Leu et al.
2007; Vera et al. 2008; Takahashi et al. 2009). It should
be noted that the Blast based annotation pipeline we em-
ployed used a cutoff e value of T0E—06 and will have missed
genes with low sequence similarity to known sequences. Of
the <<10% of clusters shared between the abalone and oys-
ter (not including riboproteins, rRNAs, and mitochondrial
genes), most correspond to conserved genes that are in-
volved in processes beyond biocalcification. The number
of GO annotations differs noticeably between these mol-
luscs with more annotations in the P. maxima data set than
H. asinina (fig. 2; cf. Jackson et al. 2006).
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The marked differences in gene content and expression
levels between P. maxima and H. asinina suggest that the
molecular machinery used in shell construction by these
animals is significantly different. Although our comparative
EST analysis does not provide functional information for
the novel sequences it identified, it does provide insight
into the degree of transcriptome evolution between mol-
luscan biomineralizing tissues. Gross differences in gene ex-
pression, both in composition and quantity, are consistent
with independent evolutionary histories for nacre forma-
tion in these classes of molluscs.

Secreted RLCD Proteins
Previously, we characterized a selection of novel ESTs from
the mantle tissue of H. asinina by in situ hybridization
(Jackson et al. 2006). One of our EST selection criteria
for in situ screening was the presence of both a signal se-
quence and a domain of low complexity. In all cases, such
genes were spatially restricted to a discrete zone of the
mantle tissue, strongly suggesting that these gene products
are critical to the process of shell formation. In our current
comparisons, we have found differences between P. max-
ima and H. asinina in both the abundance and diversity of
gene products containing such RLCDs, suggesting that fun-
damental aspects of nacre deposition employed by the oys-
ter and the abalone have evolved independently.
Fourteen gene products containing RLCDs as detected by
XSTREAM were retrieved from the P. maxima data
set (fig. 7), six of which shared no similarity with previously
described sequences (novel), the remaining eight pos-
sessed similarity to two previously identified oyster
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Fic. 5. Phylogram of a-CAs from various metazoan taxa. Included in the Bayesian analysis are the molluscan nacrein proteins known to be
involved in biocalcification and two outgroup sequences (a bacterial and a green alga «CA). The topology shown is a 50% majority rule
consensus tree. The two a-CAs retrieved from the oyster EST data set are indicated by black arrows.

biomineralization gene families, the shematrins, and the
KRMPs (Yano et al. 2006; Zhang et al. 2006); that is, none
of the RLCDs matched with genes outside the genus Pinc-
tada. Pearl oyster ESTs representing these eight proteins
were highly abundant in our data set (497 ESTs in total).
The shematrin gene family was first identified in P. fucata,
where it was proposed that these proteins form part of the
insoluble organic framework within the prismatic layer,

which overlies the nacreous layer (Yano et al. 2006). Our
data suggest that the shematrin and KRMP proteins are
also an important component of the nacreous layer of P
maxima. Although we have not specifically investigated
the expression levels of these genes within the mantle edge
(thought to be the region responsible for prismatic layer
deposition), or for the presence of their protein products
within the shell itself, these differences suggest that
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34 full length abalone secreted proteins

Serine protease inhibitor 1 (9)
M Serine protease inhibitor 2 (2)
B Protease inhibitor (2)

B Perlucin (C-type lectin) (1)

B ELF1 alpha (chimera) (1)

M Unknown 2 (1)

@ M Perlinhibin (4)

/. Theromacin (32) \
H unknown (1)

B Lysozyme (10)

B Dermatopontin (7)
Il Putative protein serine/threonine kinase (3)
B Terribly reduced optic lobes (3)

B SPTR-like prohormone (2)

B acyl-Coenzyme A dehydrogenase (2)
B Proteoglycan (2)

Il Unknown 3 (1)

Il Unknown 2 (1)

B Enoyl-CoA hydratase/isomerase (1)
B Ankyrin repeat protein (1)

B pmaximaP0006K24 (16))

[. unknown (24) B

B Hydroxysteroid dehydrogenase-like (1) — :g:z: g;
Il Unknown 1 (1) = plectoxin VIII (1)
I inositol polyphosphate phosphatase (1) I novel (1)

! Solute carrier family 22 (1)

9 t . calreticulin (1)

Il carcinoembryonic immunoglobulin-like (1)

| novel (1)
\. novel (1) y
(® M Shematrin (276) " 54 full length oyster secreted proteins
@ M Shematrin (268)
@ M shematrin (111) 6 Papilin - Kunitz/Bovine trypsin inhibitor (16)\

@ B KRMP-8 (70)
® KRMP-8 (41)
® B KRMP-8 (26)
® B N14 matrix protein (22)
@ W Mantle protein (17)
@ W KRMP-7 (7)
® W TIMP (8)
B KRMP-7 (4)
B Rhamnose binding lectin (2)
® HKRMP-8 (1)
Bl Bindin 5 (1)
[l Hypothetical protein (1)
@ W nsoluble protein (1)
\_ lKRMP-8 (1) )

B nucleoside diphosphate kinase (13)
B EGF domain containing protein (12)
M Similar to collagen (10)

0 B Kunitz/Bovine pancreatic trypsin inhibitor (10)
Il Peptidylprolyl isomerase (10)

B Peptidylprolyl isomerase (3)

[l C-type lectin (2)

B Cyclophilin (2)

B Kunitz-domain protease inhibitor (2)
B Protein disulfide isomerase (1)

W C-type lectin (1)

M sialic acid binding lectin (1)

B sialic acid binding lectin (1)

W C-type lectin (1)

\. Kunitz-like protease inhibitor (1)

H. asinina

71 Hypothetical protein (30)

= ::;)r(c?;:]: tp'i?}lszr'? ;T;r; S(i)‘l) [l neurotransmitter:sodium symporter activity (1D
M chitin deacetylase 5 isoform A (10)
M Glycosyl hydrolase (5) i Lottia scutum Pinctata maxima
B bindin precursor 5 (5) Infered expression _Ie_vel } =
M tyrosinase-like protein (4) - transcripts per million
H Hypothetical protein (3) (thousands)
M Ribose-phosphate pyrophosphokinase (2) . 10.0+
M Asp and Cys rich secreted protein (2) . 9.0-10.0
Il Glucose regulated protein (2) ’ .
Il C-type lectin (2) W 8090
B Unknown protein (1) | 7.0-8.0
l Transmembrane emp24 protein (1) 6.0-7.0
Il peptidoglycan recognition protein S1 (1) [ 5060
[l CDGSH iron sulfur domain (1) B 4050
[l Signal sequence receptor protein (1) o
B Cathepsin D (1) M 3040
\. Na-dependent CI/HCO3 exchanger (1) / . 2.0-3.0
B 1020
0.5-1.0
® only present in other pinctada sp. = 0.25-0.50
® only present in other haliotids W 00025

Fic. 6. Comparison of abalone and pearl oyster conceptually derived secreted transcriptomes. From each data set, putative full-length ORFs
(ORFs >50 amino acids with a methionine and stop codon) possessing a signal sequence, lacking a trans-membrane domain and GPI anchor
and predicted to be secreted by TargetP (Emanuelsson et al. 2007) were searched against the following databases: GenBank nr and dbEST;
Lottia filtered model transcripts draft assembly v1.0; and Lottia mantle ESTs. The secreted abalone set was also searched against the secreted
oyster set and vice versa using TBlastX. Normalized expression levels (transcripts per million, TPM) based on transcript abundance are
indicated with a colorimetric scale. Numbers in brackets are the raw EST abundance counts. Views of the inner (ventral) surface of
representative shells of each species are also shown.
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FiG. 7. Schematic representation of secreted abalone and pearl oyster proteins possessing TRs. Inferred expression levels are normalized to
thousands of TPM (see fig. 5 for the corresponding colormetric legend), and the molecular architecture of the derived protein is represented to
scale (scale bar lower right). Each derived protein sequence has a signal sequence (indicated as an amino-terminal black box), followed by the
conceptually mature protein. Putative full-length ORFs are followed by a black circle at the carboxyl terminus and incomplete ORFs by
a dashed line. TRs of similar architecture and sequence composition as determined by XSTREAM (Newman and Cooper 2007) share the same
color. For each case, the consensus TR sequence is shown followed by the copy number (in brackets). Residues within each TR that are
conserved 100% are indicated by an asterisk. Transcript abundances were not available for Lottia gigantea. Instead the presence/absence of each
of the four limpet-derived proteins in various libraries is indicated. 1 = present in mantle, head, foot, visceral mass (radula), and heart cDNA
libraries. 2 = present in mantle and female gonad cDNA libraries. 3 = present only in mantle cDNA libraries.
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Fic. 8. Shematrin evolution across three pearl oyster lineages. (A) The relationships of four Pinctada species and two bivalve outgroups
illustrated by a partitioned Bayesian analysis of COl and 16S rRNA. Shematrin protein sequences from this study (Pinctada maxima and
Pinctada margaritifera) and previously reported sequences (Pinctada fucata) are represented to scale. TR domains as detected by XSTREAM
(Newman and Cooper 2007) within shematrin-like sequences are highlighted according to similarity. The novel P. maxima and P. margaritifera
shematrins reported here are putatively full-length with a stop codon following the carboxy terminal tyrosine residue. Two P. margaritifera
clusters shared similarity with shematrin 8 and 9. (B) Individual TR-sequence motifs detected by XSTREAM. The copy number of each repeat is
given to the top right of each motif (black font). The identity of each TR is given to the top left of each motif (red font) and can be mapped to

the appropriate schematic in (A).

shematrin and KRMP proteins are not restricted to the in-
soluble matrix of one particular shell layer.

Families of fast-evolving RLCD proteins in secreted struc-
tures appear common throughout the Metazoa. Arachnid
silk fibroins and lepidopteran fibroins (which appear to
have evolved independently) are comprised of highly repet-
itive regions (Mita et al. 1994; Gatesy et al. 2001). Similar
RLCDs are found in byssal proteins in mussels (Qin et al.
1997) and insect chorion proteins (Burke and Eickbush
1986; Waring et al. 1990). The presence of these proteins
in disparate taxa, the lack of sequence similarity in flanking
nonrepetitive regions between closely related taxa, and the
function of these proteins in taxon-specific, extracellular
structural novelties suggests that selective pressures exist
for the generation of these RCLD proteins. Once present,
RLCD proteins appear to evolve rapidly, which may confer
new mechanical properties to the structure they comprise
(Gosline et al. 1999; Hayashi and Lewis 2000). This obser-
vation extends to the shematrin gene family present within
Pinctada species. There appears to be conservation of at
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least two core motifs across the three oyster species sur-
veyed, with lineage specific RLCD novelty within shematrin
members reflecting phylogenetic distance between species
(fig. 8). If we assume that all shematrin gene products fulfill
the same function, it appears that relaxed purifying
selection has permitted extensive shematrin sequence di-
versification, further supporting the notion that molluscan-
specific shell-building genes are rapidly evolving.

Differences in Molluscan Nacre Ultrastructure

and Its Organic Matrix

On a gross scale, the aragonitic innermost layer of an oyster
shell and an abalone shell appear similar and are both de-
scribed as being nacreous. However, there are significant
differences in the arrangement of the CaCOj; crystals,
the axes along which these crystals are arranged (the crystal
textures), and the way in which they are deposited. Studies
by Hedegaard and colleagues (Hedegaard 1997; Hedegaard
and Wenk 1998; Chateigner et al. 2000) have described gas-
tropod nacre as “columnar,” with stacks of tablets forming
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# 4 44 #

conserved domain 00317
Recombinant cyclophilin [1RMH_A]
pmaxP0020015
pmax_CL352Contigl
pmax_CL139Contigl
pmaxP0020L24
pmax_CL89Contigl
pmax_CL203Contigl
pmaxP0023N17
has_CL368Contigl
*Urchin [AAZ22325.1]
*Urchin [XP_001180629.1]
Urchin [XP_001186742]
Urchin [XP_780113
Urchin [XP_790143]
Urchin [XP_796922]
Urchin [XP_792119]
Urchin [XP_797957]
Zebrafish [NP_998184.1)
Human PIB [ARH01125.1
Fruit fly [NP_611695.1]
Cnidarian [XP_001626714.1]
Trichoplax [XP_002110986.1]
Fungi [ABC47329]

Fic. 9. Alignment of cyclophilin genes from representative metazoan taxa. (A) Functionally characterized cyclophilin (derived from human)
with active site residues (indicated by #) acts as the reference sequence. Sequences with active sites that differ from the reference sequence are
in bold. Two sea urchin sequences known to be involved in biomineralization are indicated with asterisks.

along common axes, and bivalve nacre as “sheet nacre,”
with each crystal tablet out of register with its neighbors
in a brick wall-like manner. Furthermore, the arrangement
of the three axes that describe a crystal’s orientation (a, b,
and c) differ between abalone and oyster; the a and b faces
of each CaCO; crystal of gastropod aragonite freely rotate
about the c axis, whereas in bivalve sheet nacre, all crystal
axes are aligned with the b axis oriented in the direction of

shell growth (Hedegaard and Wenk 1998; Chateigner et al.
2000). Both gastropod and bivalve nacre orient the ¢ axis
perpendicular to the shell surface. These crystallographic
observations suggest that the molecular mechanisms of
CaCOj; deposition differ between these two molluscan
clades. The large-scale qualitative and quantitative differen-
ces in EST sets between P. maxima and H. asinina are com-
patible with these observed crystallographic differences.

N

( Deep sea ventworm Profost )
1 C. elegans - osteonectin rotostomes
e Tick - osteonectin/SPARC/BM40
0.78 1 Fly - BMAO/SPARC
069 Brine shrimp - SPARC
& = By
— ke 5 Eagantee _ Molluscs
Mud snail
1 — eastem oyster
1 ;
L Pacific oyster
0.98 Mediterranean mussel
1 y P. maxima (pmaxCL299Contig1) | -e—
4 > . L s I_— Chinese pearl oyster <\
zebrafish SPARC-like 1
—_ _ Chordates
pufferfish - SPARC-like 1
1086 zebrafish - SPARC
'Eﬂhuman - SPARCa
1 1 mouse - SPARC
L pufferfish - SPARC
0.99 : human - SPARC-like 1
r_ mouse - SPARC-like 1
1 \! ascidian - SPARC Yy,
7 urchin - osteonectin
I - urchin - SPARC-like
03 Deuterostomes )

Fic. 10. Phylogram of SPARC/osteonectin proteins. Posterior probability values retrieved from eight runs with four chains each heated to 0.2
after 8 million generations are indicated. Trees were sampled every 1,000 generations. The topology shown is a 50% majority rule consensus

tree and is midpoint rooted. The pearl oyster SPARC-like protein retrieved from the current data set is indicated by a black arrow.
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Table 1. Pinctada maxima and Haliotis asinina Gene Products Associated with the Production, Modification, or Interaction with Chitin and
Collagen, Their Associated Expression Levels, and Annotation Results.

Expression Similarity to (Best Hit
Contig ID Level (TPM) GenBank Accession Number) PFAM Domains
pmaxima_CL7Contig1 111 (16,476) ELF-10. (BAD35019) Elongation factor Tu GTP binding domain PF00009
pmaxima_CL22Contig1® 27 (4,008) Chitin synthase (BAF73720) Chitin synthase PF03142
pmaxima_CL90Contig1 10 (1,484) Chitin deacetylase (NP_001103739) Polysaccharide deacetylase PF01522
pmaxima_CL112Contig1 7 (1,039) Chitin deacetylase (NP_001103739) Polysaccharide deacetylase PF01522
pmaxima_CL147Contig1 5 (742) Chitinase-like protein (CA196024) Glycosyl hydrolases family 18 PF00704
pmaxima_CL210Contig1 3 (445) Septin (XP_001650957) Septin PF00735
pmaxima_CL355Contig1 2 (297) Chitinase (NP_777124) Glycosyl hydrolases family 18 PF00704
pmaxima_CL475Contig1? 2 (297) Chitin synthase (BAF73720) —
pmaxima_CL74Contig1 10 (1,484) Collagen type 1 o1 (NP_001116390) Collagen PF01391
pmaxima_CL101Contig1 8 (1,187) Collagen pro ¢-chain (BAA75669) Collagen PF01391; COLF1 PF01410
pmaximaP0011)08 1 (148) Polymorphic collagen-like (ABY19404) Collagen PF01391
hasinina_CL3Contig1 71 (11,579) ELF-10 (AAZ30688) Elongation factor Tu GTP binding domain PF00009
hasininaP0009M03 1 (163) Peritrophin-A (AAR02437) Chitin-binding Peritrophin-A domain PF01607
hasinina_CL6Contig1 51 (8,317) Collagen pro o-chain (BAA75668) Collagen PF01391; fibrillar collagen C-terminal

domain PF01410

hasinina_CL21Contig1 26 (4,240) Collagen pro o-chain (BAA75669) Fibrillar collagen C-terminal domain PF01410
hasininaP0002E06 1 (163) Collagen pro a-chain (BAA75669) Collagen PF01391

As an expression level reference, the housekeeping gene ELF-1a from the abalone and oyster data sets are included. Expression levels are presented as both the raw number

of ESTs and as a normalized value (TPM = transcripts per million).

# According to alignments with chitin synthases, these two contigs are likely to represent the same gene product but have not assembled into a single contig due to

insufficient overlap.

Primarily based on investigations of bivalve shells,
a model of the organic matrix within which nacre deposi-
tion occurs has been developed (Levi-Kalisman et al. 2001;
Falini et al. 2003; Addadi et al. 2006). This model describes
interlamellar layers of the polysaccharide f-chitin between
which a hydrogel of silk-like fibroin proteins maintains the
required hydration and kinetic conditions required for ara-
gonitic crystal growth to proceed (Addadi et al. 1987, 2006;
Nudelman et al. 2006). Additionally, the aligned a and
b axes of bivalve aragonite, as opposed to the randomly
oriented axes of gastropod nacre, appear to result from
the ordered arrangement of chitin fibrils and associated
silk-fibroin-like proteins (Weiner and Traub 1984; Addadi
and Weiner 1992). Interestingly, the presence of chitin in
gastropod shells is a more contentious issue. Chitin has pre-
viously been detected in gastropod shells (Peters 1972;
Poulicek et al. 1986) by histochemical and chromato-
graphic techniques known to produce false positives (Keith
et al. 1993). Furthermore, reports range from very low levels
of chitin in gastropod shells (Marxen et al. 1998; Furuhashi
et al. 2009) to no chitin in the shell of H. rufescens (Keith
et al. 1993). In order to infer from a genetic perspective
whether H. asinina and P. maxima, both employ chitin
as a biocalcification scaffolding molecule we searched for
genes involved in chitin production, modification, and in-
teraction. Interestingly, we found nine contigs within the P.
maxima data set related to chitin biosynthesis and/or mod-
ification (table 1). The two most abundantly expressed chitin-
related gene products within the P. maxima data set were
a chitin synthase and a chitin deacetylase. Transcripts of
chitin synthase in P. maxima were detected at expression
levels 24.3% that of elongation factor 1alpha (ELF1a), a con-
stitutively transcribed housekeeping gene required for pro-
tein synthesis. In contrast, we could identify only a single
EST with a potential chitin binding capacity in the H. asi-
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nina data set (table 1). This supports previous observations
that chitin is an integral component of the organic matrix
of pearl oyster nacre (Weiss and Schonitzer 2006; Weiss
et al. 2006; Suzuki et al. 2007), whereas for H. asinina, chitin
is likely to play a less significant role in scaffolding the cal-
cification process. This observation may explain the differ-
ences in the crystallographic arrangement of a and b axes
between pearl oyster and abalone nacre; chitin and asso-
ciated fibroin-silk proteins are thought to align the a and
b axes of oyster nacre (Weiner and Traub 1980,1984),
whereas crystals of abalone nacre that may lack the orien-
tating influence of a chitin scaffold would be free to rotate
about the ¢ axis (Hedegaard 1997; Hedegaard and Wenk
1998; Chateigner et al. 2000).

We also detected a marked difference in lyase activity
between the two data sets, primarily due to the relatively
high expression of two a-CA isoforms in P. maxima (fig. 4).
Despite the fact that we could not assign these P. maxima
gene products to any particular o-CA class, they were ro-
bustly excluded from a clade composed of the molluscan
nacrein proteins (fig. 5). Interestingly, no o-CA isoforms
were detected in the H. asinina gene set.

A Conserved Bilaterian Biomineralization
“Toolkit”

Using the recently sequenced sea urchin genome,
Livingston et al. (2006) conducted targeted searches for
genes implicated in biomineralization from both echino-
derms and vertebrates. The identification of certain shared
genes in the early biomineralization pathway of both of
these groups led the authors to propose the presence of
a common toolkit underlying biomineralization mecha-
nisms in distantly related taxa. Building on this work,
we searched our molluscan data sets for genes implicated
in deuterostome biomineralization. Cyclophilins are
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peptidyl-prolyl cis-trans isomerases that are found in both
prokaryotes and eukaryotes and facilitate protein folding.
Although their specific role in calcification is not known,
Livingston et al. found eight cyclophilin genes expressed
in sea urchin primary mesenchyme cells (PMCs), which
are responsible for the initiation of spiculogenesis (Yamasu
and Wilt 1999). One of these genes, Spcyp-1, has been
shown to be a member of the skeletogenic gene battery
(Amore and Davidson 2006). An additional cyclophilin do-
main—containing gene product was demonstrated by Liv-
ingston et al. (2006) to be highly expressed in PMC cells
during the early stages of spicule formation. We found
seven cyclophilin genes in P. maxima and one in H. asinina
(fig. 9). Interestingly, when we aligned a representative set
of cyclophilins to a reference sequence for which active site
residues have been determined (Zhao and Ke 1996), we
found that two of most highly expressed sea urchin cyclo-
philin-like proteins in PMC cells had mutations at active
site positions (fig. 9). We also detected similar critical mu-
tations in three of the seven P. maxima cyclophilin-like pro-
teins. This suggests that an ancestral cyclophilin gene may
have been exapted from a deuterostome-protostome an-
cestor into a biomineralization role and no longer possess
peptidyl-prolyl cis-trans isomerase activity.

Secreted calcium-binding phosphoproteins are involved
in a large number of biocalcification roles in vertebrates and
are thought to be the result of vertebrate-specific duplica-
tions of an ancestral SPARC gene (Kawasaki et al. 2004;
Kawasaki and Weiss 2006). We have detected a P. maxima
gene with similarity to SPARC in our data set, and additional
searches of dbEST revealed several other lophotrochozoan
SPARC-like gene products. This is the first time a SPARC
gene has been reported from a lophotrochozoan biominer-
alizing tissue. Due to this increased taxon sampling, our phy-
logenetic reconstruction of this family of proteins returns
a slightly different result with both sea urchin sequences
forming a sister group to the chordates. This result supports
the suggestion that the sea urchin SPARC/osteonectin
genes are paralogs and that multiple chordate SPARC genes
have also arisen by lineage-specific duplications. As our tree
is midpoint rooted (due to the lack of a suitable outgroup
sequence), we are unable to infer the direction of early
SPARC evolution. Searches of the Amphimedon queensland-
ica (demosponge) genome returned a moderately signifi-
cant hit (1E—04); however, including this protein model
in SPARC alignments greatly reduced alignment quality.

Type | collagen is the major matrix protein of vertebrate
dentin and bone (Butler and Ritchie 1995) and is known to
be involved in sea urchin spiculogenesis (Benson et al. 1990;
Wessel et al. 1991). Collagen is present in the extracellular
matrix of many tissues, and although we cannot specifically
assign a biomineralization role to the collagens identified
here, the fact that one of these gene products is the fifth
most abundant transcript in the abalone data set (another
is also highly expressed—15th most abundant) suggests
that collagen may play a role in nacre deposition in the
abalone shell. A collagen-like domain in the haliotid biocal-
cification gene Lustrin-A was observed by Shen et al. (1997);

however, this domain lacks key regular third glycine resi-
dues, and no hydroxyproline was detected by amino acid
analysis, both of which are two key features of collagen.
Blank et al. (2003) suggested on the basis of morphology
that organic fibrils observed using atomic force microscopy
of abalone nacre were collagen; however, a specific bio-
chemical test for collagen was not conducted. Our EST data
support their model of collagen fibrils surrounding a and
b faces of each nacre tablet. The relative paucity of collagen
transcripts in the P. maxima data set further suggests that
the organic framework of these two molluscan shells is fun-
damentally different.

Implications for Nacre Evolution

Despite the long fossil record of shelled molluscs (Colgan
et al. 2000), a clear understanding of conchiferan evolution
is complicated by the fact that shell characters alone usu-
ally do not provide adequate phylogenetic signal (Ponder
and Lindberg 2008). Furthermore, Cambrian molluscs are
known to be morphologically and phylogenetically distinct
from contemporary forms (Parkhaev 2008). Molecular and
morphological analyses of extant groups often yield con-
flicting phylogenetic topologies generating much debate
concerning sister-group relationships within the Mollusca
(Ponder and Lindberg 2008); however, larger molecular
data sets that include difficult to sample early branching
taxa are yielding increasingly resolved topologies (Wilson
et al. 2009). Until these phylogenetic issues are resolved,
a complete understanding of the evolutionary origins of
nacre will remain obscure. Nonetheless, imprints of nacre-
ous microstructures can be found in small shelly fossils
common to Cambrian strata, indicating that this material
has long been used by molluscs (Parkhaev 2008). Among
contemporary molluscan taxa, nacre is restricted to gastro-
pods (columnar), bivalves (sheet), cephalopods (columnar
and sheet) and recently has been shown to be present in
possibly the earliest branching conchiferans, the monopla-
cophorans (Checa et al. 2009). Interestingly, foliated arago-
nite, which Checa et al. (2009) propose has replaced true
nacre in the Neopilinidae, displays significant crystallo-
graphic differences to both bivalve and gastropod nacre;
in monoplacophorans, the a axis is oriented perpendicular
to the direction of growth, in bivalves, it is the b axis, and in
gastropods, the a and b axes rotate randomly about the ¢
axis. These observations suggest the molecular mechanisms
that guide the deposition of the variants of nacre and its
derivatives across the Mollusca are fundamentally different.

Conclusion

The results of the general and targeted comparisons de-
scribed here suggest that there may be significant differen-
ces in the molecular mechanisms used by P. maxima and H.
asinina for nacre deposition. This indicates that the Bivalvia
and Gastropoda have either independently evolved the
ability to deposit nacre or that subsequent to the genesis
of this ability in a common ancestor, bivalves and gastro-
pods have significantly modified the molecular mecha-
nisms that guide this process. We suggest that these
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molecular differences are likely to relate to the crystallo-
graphic differences observed between the two classes
(Hedegaard and Wenk 1998; Chateigner et al. 2000), further
highlighting the importance of organic molecules in the
process of biocalcification. The degree of gene novelty
and differences between the molluscs analyzed here also
highlights the importance of the evolution of coding se-
quences to the generation of metazoan morphological
novelty. In particular, the evolution and diversification of
novel RLCD proteins is apparently a key feature of mollus-
can shell evolution. These features provide a genome-level
explanation for the diversity of shell structures and pat-
terns. We anticipate that the comparative approach used
here will assist in the identification of genes specifically nec-
essary for the deposition of nacre, a substance of significant
interest to materials scientists.

Supplementary Material

Supplementary figure 1 and supplementary tables 1-3 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org).
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