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The molluscan shell is a remarkable product of a highly coordinated biomineralisation process, and is composed
of calcium carbonate most commonly in the form of calcite or aragonite. The exceptional mechanical properties
of this biomaterial are imparted by the embedded organic matrix which is secreted by the underlying mantle
tissue. While many shell-matrix proteins have already been identified within adult molluscan shell, their pres-
ence and role in the early developmental stages of larval shell formation are not well understood. In the
European abalone Haliotis tuberculata, the shell first forms in the early trochophore larva and develops into a
mineralised protoconch in the veliger. Following metamorphosis, the juvenile shell rapidly changes as it becomes
flattened and develops a more complex crystallographic profile including an external granular layer and an inter-
Larval development nal nacreous layer. Amongst the matrix proteins involved in abalone shell formation, Lustrin A is thought to par-
Lustrin A ticipate in the formation of the nacreous layer. Here we have identified a partial cDNA coding for the Lustrin A
Shell gene in H. tuberculata and have analysed its spatial and temporal expression during abalone development. RT-
PCR experiments indicate that Lustrin A is first expressed in juvenile (post-metamorphosis) stages, suggesting
that Lustrin A is a component of the juvenile shell, but not of the larval shell. We also detect Lustrin A mRNAs
in non-nacre forming cells at the distal-most edge of the juvenile mantle as well as in the nacre-forming region
of the mantle. Lustrin A was also expressed in 7-day-old post-larvae, prior to the formation of nacre. These results
suggest that Lustrin A plays multiple roles in the shell-forming process and further highlight the dynamic
ontogenic nature of molluscan shell formation.
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1. Introduction

Biomineralisation is the process by which living organisms deposit
and elaborate minerals, often with exceptional mechanical properties
(see Mann, 2001; Weiner and Dove, 2003 for review). An ability to
biomineralise has made the Mollusca one of the most successful inverte-
brate phyla and has supported their colonization of terrestrial, freshwa-
ter and marine environments. Although the shape and crystallographic
microstructure of the molluscan shell are highly diverse, this biomineral
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is lost often constructed from calcium carbonate (CaCO3) primarily as
calcite and/or aragonite depending on species, with vaterite and amor-
phous (CaCOs) phases also occurring (Lowenstam and Weiner, 1989;
Addadi et al,, 2003).

The abalone shell has long been used as a model to study the basic
mechanisms of gastropod shell formation. This is because its highly
ordered columnar and lustrous nacre imparts an aesthetic quality to
the material that is of value to industries such as gemmology and biomi-
metics. Shell formation is achieved by the underlying mantle, a thin
sheet of tissue that overlies the dorsal surface of the abalone. The
distal-most edge of the mantle is divided into two folds separated by
the periostracal groove —an “outer” dorsal-most fold, and an “inner”
ventral-most fold (Sud et al., 2002). From the periostracal groove and
the outer mantle fold, an organic matrix composed of proteins, polysac-
charides and lipids is secreted. With precise control, this organic matrix
governs the nucleation, growth, orientation and inhibition of CaCO5
crystal depositions (Falini et al., 1996; Mann, 2001). The characteristics
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and composition of the organic matrix define the specific mineralogy
and microstructure of individual shell layers (Addadi and Weiner,
1985). In gastropods and particularly in abalone, functional regiona-
lisation of the mantle can be recognised by distinct fields of shell-
forming gene expression (Jackson et al., 2006).

A major challenge that occupies the field of biomineralisation is to
both identify and characterise the function of individual matrix protein.
Transcriptomic and proteomic analyses have led to the identification of
many novel shell-forming gene sequences, with the majority identified
in bivalves (Jackson et al., 2006; Marin et al., 2008; Joubert et al., 2010).
In contrast, less than 20 proteins have been identified using proteomic
approaches in the Haliotidae: Lustrin A (Shen et al., 1997), AP7 and
AP24 in Haliotis rufescens (Michenfelder et al., 2003), perlucin,
perlustrin (Weiss et al., 2000), perlwapin (Treccani et al., 2006), and
perlinhibin (Mann et al., 2007) in Haliotis laevigata, and 12 proteins re-
cently identified in Haliotis asinina (Marie et al., 2010). All of these pro-
teins were isolated from the adult abalone shell, and some studies have
demonstrated their role in the biomineralisation process in vitro (Blank
et al,, 2003; Wustman et al., 2003, 2004; Treccani et al., 2006; Mann
et al., 2007; Amos and Evans, 2009). Lustrin A was the first protein to
be isolated from the nacreous material of the red abalone shell (Shen
et al,, 1997). Amongst other functions, this protein is believed to act as
a ‘molecular shock absorbing CaCOs-adhesive’ (Smith et al., 1999).
This is primarily due to its repetitive-domain sequence architecture
and the presence of a large domain of glycine and serine residues and
Cys-rich domains. It may also possess protease inhibitor properties
due to the presence of a C-terminal domain with sequence homology
to the Whey Acidic Proteins (Shen et al., 1997). However these putative
functions are yet to be experimentally validated.

What has received far less attention is the shell-forming process
during abalone development. Many biomineralisation studies are
primarily focused on the biomineral from a single time point (typically
the final adult shell), and the ontogenic changes that culminate in the
production of an adult mollusc shell are overlooked. It is known that
significant morphological, microstructural and mineralogical changes
take place in the shell from the first signs of biomineralisation in the
larvae through metamorphosis and juvenile growth to production of
the mature adult shell (Courtois de Vigose et al., 2007; Jackson et al.,
2007; Jardillier et al., 2008; Auzoux-Bordenave et al., 2010). Despite
these dramatic ontogenic shifts in relation to shell formation, the
molecular mechanisms underlying these processes remain largely
unknown.

In the European abalone Haliotis tuberculata, the first mineralized
shell, protoconch I, is secreted by the shell field in trochophore stages
(19 h post-fertilisation, hpf). The veliger larva (25 hpf) displays a
round shell, protoconch II, which surrounds the soft body. At this
stage, the mantle begins to differentiate in the dorsal part of the larva.
Following metamorphosis (5-6 days) the flattened shell of the juvenile
is elaborated, and begins to attain pigment and ornamentation to finally
give rise to the adult shell (Gaume et al., 2011). The occurrence of the
first nacre tablets was observed in two-month old juvenile abalone
(Auzoux-Bordenave et al., 2010). We recently demonstrated a correla-
tion between the main phases of abalone shell formation and the enzy-
matic activities of both carbonic anhydrase and alkaline phosphatase
(Gaume et al, 2011). Furthermore, two genes encoding carbonic
anhydrases have been characterised from the shell-forming mantle tis-
sue of H. tuberculata (Le Roy et al., 2012). In another recent work, partial
protein sequences isolated from the shell matrix of the European abalo-
ne were found to match with EST sequences acquired from H. asinina
mantle tissue (Bédouet et al., 2012).

To further our understanding of the ontogenic process of shell and
nacre formation in H. tuberculata, we have isolated and characterised
the expression of the putative nacre-forming gene Lustrin A. This study
highlights some of the dynamic molecular activity that underlies early
juvenile shell formation in H. tuberculata, and indicates that Lustrin A
likely plays a role in processes other than nacre deposition.

2. Material and methods
2.1. Animals

H. tuberculata larvae, juveniles and adults were collected at the
hatchery France-Haliotis (S. Huchette, Plouguerneau, France). Larval
stages (7, 17, 22, 41, 65 and 90 hpf) were obtained from a controlled
fertilisation conducted in July 2010 in a water temperature of 16 °C +
0.5 °C. Fresh, living larvae, (around 5000 per stage) were filtered on a
40-um-sieve and immediately stored in liquid nitrogen or fixative ac-
cording to the experiments. Post-larvae (7-day-old) and juveniles (2-
month- and 1-year-old), grown on plates covered with micro-algae,
were detached with a pipet and sampled in 15 mL tubes for further
analysis. Adult abalones (3-year-old) were maintained in an 80 L-tank
supplied with aerated natural seawater. Natural salinity and photoperi-
od were kept constant. Abalones were fed once a week with the red
algae Palmaria palmata. Two days before sampling adult material, the
algae were removed and inflow seawater was UV treated to minimise
bacterial contamination.

2.2. Total RNA extraction

For RNA extractions, larvae and juveniles were frozen in liquid nitro-
gen at the hatchery. Adult mantle tissue was collected by dissection
under sterile conditions and immediately incubated in Trizol solution
(Invitrogen). Around 1000 larvae of each developmental stage, whole
juveniles and 200 mg of adult tissues were incubated with 1 mL of
Trizol and manually ground in a 1.5 mL tube. Total RNA was extracted
according to the manufacturer's instructions. RNA was treated with
Deoxyribonuclease I amplification Grade (Sigma) to eliminate genomic
DNA.

2.3. Northern blot

Five microgram of adult H. tuberculata total mantle RNA was re-
solved on a 1.2% denaturing MOPS agarose formaldehyde gel. Following
electrophoresis, the RNA was transferred overnight by downward cap-
illary to a charged Nylon membrane. RNA was then cross-linked to the
membrane by exposure to UV light for 2 min. The membrane was
then pre-hybridised for 2 h in hybridisation buffer (5x SSC; 5 mM
EDTA; 50% formamide; 100 pug-mL~' Heparin; 0.1% Tween20; 1x
Denhardt's solution; 100 pg-mL~! sonicated salmon sperm) in a
hybridisation oven at 60 °C. Following pre-hybridisation, an 887 bp
DIG labelled probe derived from H. asinina Lustrin with 94% homology
to the H. tuberculata sequence was applied at 400 ng-mL™"' in
hybridisation buffer. Hybridisation was allowed to proceed overnight
at 60 °C. Three 15 min-washes were performed at 60 °C using a solu-
tion of 1% SDS and 0.1 x SSC. The membrane was then thoroughly rinsed
in sterile H,0 to remove residual SDS and was equilibrated for 15 min in
MAB (0.1 M maleic acid; 0.15 M NacCl). Five millilitre of a 2% blocking
solution was then applied (2% w/v blocking powder from Roche in
MAB) and incubated for 30 min at room temperature. One microliter
of Roche's anti-Digoxigenin-AP Fab fragments conjugated to alkaline
phosphatase was then added to the blocking solution and incubated
with gentle agitation for 30 min at room temperature. Membrane was
then washed several times with MAB + 0.1% Tween20 and equilibrated
for 5 min in colour detection buffer (0.1 M Tris pH 9.5; 0.1 M NaCl).
Colour substrate solution (detection buffer; 225 pg- mL~' NBT;
175 pg-mL~ ! BCIP) was then applied to the membrane and the colour
reaction monitored. Colour development was terminated by washing
the membrane in water.

2.4. cDNA synthesis, RACE PCR, cloning and sequencing

Reverse transcription was carried out using 400 units of SuperScript
Il Reverse Transcriptase (Invitrogen) on 1 pg of total RNA and an
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Table 1
Primers used in this study.
Primer Sequence (5’ > 3') Amplicon length (bp) Purpose
Ht-Lus-degF Forward TGGTGYYTNTAYAAYTTYTGYCC
Ht-Lus-degR Reverse RCARTCRTTRTCRCARAARCA 339 Lustrin A identification
GSP Forward GTCCGGCAGTTCCTACCTGT 480 3'-RACE
Crev Reverse GGCCCTCGTTTGAGATATCT 5'-RACE
Ofw Forward GGATGAATACGCGGTATGCTGT
Frev Reverse TGACACAGGTAGGAACTGCC 980 5'-RACE
DFw Forward GTTCTCCTACACCATCTGG
Acrev Reverse TTCAAAGCATGGCTTTTGACA 356 5'-RACE
Ht-LusFw Forward TCTGTCCGGCAGTTCCTAC
Ht-LusR Reverse CTGGGGCACTGTAAGTTGGT 127 Gene expression (RT-PCR)
Ht-ActF Forward CCATCTACGAGGGATATGCC
Ht-ActR Reverse CAATCCAGACGGAGTATTTCC 534 Gene expression (RT-PCR)

oligo(dT);5 primer (Promega) according to the supplier's instructions.
To identify Lustrin A in H. tuberculata, PCR amplification was initially per-
formed using degenerate primers Ht-Lus-degF and Ht-Lus-degR (see
Table 1 for all primer sequences). These primers were designed to
bind to the carboxyl-most Cys-rich domain and the basic domain of
H. rufescens Lustrin. Platinum Taq DNA polymerase (Invitrogen) was
used for PCR amplification with a hybridisation temperature of 51 °C.
The resulting 339 bp PCR product was cloned into pGEM-T easy vector
system Il (Promega). Competent Escherichia coli (JM109, Promega)
were transformed and plated out on LB/Agar/Ampicillin (100 pg-mL™")
plates with X-gal and IPTG for blue/white screening. Colonies were
screened by PCR and Standard Sanger DNA sequencing of three
independent clones was performed using M13 primers. Sequencing
reactions were carried out using BigDye Terminator v3.1 (Applied
Biosystems). Thermocycling was as follows: initial denaturation for
2 min at 96 °C, then 40 cycles of 30 s at 96 °C, 30 s at 50 °C and 4 min
at 60 °C in an automatic sequencer Applied Biosystems/Hitachi (model
3130). To obtain the 5’ and 3’ ends of Ht-Lus, rapid amplification of
cDNA ends (RACE) was performed with a 3’-/5’-RACE kit (Boehringer
Mannheim). 3’-RACE amplification of cDNA was performed using the
oligo dT anchor primer and the gene specific primer (GSP). 5'-RACE
was done using firstly Crev and oligodT anchor after dA tailing of the
cDNA, then Frev and anchor as the second round of PCR. Each fragment
obtained was cloned in pGEM-T easy vector system Il easy vector and
sequenced as described above. To obtain the complete sequence from
the same individual, two PCR reactions were performed; the first one
with OFw and Frev as primers, including the first part of the cDNA, the
second one with Dfw and ACrev.

2.5. Reverse transcriptase PCR (RT-PCR)

To investigate the expression of Ht-Lus during the development of
H. tuberculata, RT-PCR was performed using platinum Taq DNA poly-
merase (Invitrogen) and specific primers designed to the last carboxyl-
most Cys-rich domain (Ht-LusFw and Ht-LusR; Table 1) generating a
127 bp amplification product. A PCR control was also performed with
the reference gene actin with the specific H. tuberculata primers Ht-ActF
and Ht-ActR (Table 1). This control ensured equal cDNA synthesis effi-
ciency across samples, and equal loading into the RT-PCR reaction. All
PCR reactions were cycled for 35 cycles and PCR products were resolved
on a 2% agarose gel.

2.6. Whole mount in situ hybridisation (WMISH)

For WMISH, live abalone larvae and juveniles were relaxed in 0.6 M
MgCl, (diluted in PBS-Tween 3% NaCl, pH 7.4) for 10 to 20 min prior to
fixation. Animals were then fixed in 4% paraformaldehyde (diluted in
PBS-Tween 3% NaCl, pH 7.4) for 1 h at room temperature. After three
rinsing in PBS-Tween 0.1%, larvae and juveniles were stored at —20 °C
in 100% ethanol. Ht-Lus fragment of 339 bp was used to generate a
digoxigenin-labelled riboprobe. A PCR product produced using M13

primers and the cloned Ht-Lus fragment as a template was purified
using a Qiagen column. This purified DNA was used as a template for
SP6 and T7 RNA polymerases in order to synthesize sense and anti-
sense DIG labelled probes according the manufacturer's instructions
provided by Roche.

Prior to WMISH, larvae and juveniles were rehydrated, and then
decalcified for 30-40 min in 100 and 350 mM EDTA respectively. The re-
maining periostracum was manually removed from juveniles with for-
ceps. Whole mount in situ hybridisation and antibody detection were
performed following previously described protocols (Giusti et al., 2000;
Jackson et al., 2006).

3. Results

3.1. Isolation and characterization of the primary Lustrin A sequence
from H. tuberculata

Degenerate Lustrin A primers on H. tuberculata produced a sequence
of 339 bp. A BLASTx search against GenBank nr confirmed that this se-
quence corresponded to Lustrin A. 3’ and 5’-RACE experiments generat-
ed a sequence of 1436 bp with an open reading frame of 1339 bp which
appears to be the 3’ end of the transcript (Fig. 1). We have named the H.
tuberculata Lustrin A sequence Ht-Lus and the nucleotide sequence is
available from GenBank with the accession number HM852427.

The deduced amino acid sequence of Ht-Lus (Fig. 1) displays a similar
modular arrangement to Lustrin A from H. rufescens (Shen et al., 1997)
(Fig. 2). Using that nomenclature, the sequence of the Pro-rich domain
in Ht-Lus contains 8 Pro and presents 27% of identity with P5 domain
in H. rufescens (Fig. 1). The partial sequence of Ht-Lus contains two
Cys-rich domains of 79 residues each. These Cys-rich domains begin
with a Asp-Pro-Cys motif and end with two Cys residues as is the case
in all Cys-rich domains in H. rufescens. The first Cys-rich domain in Ht-
Lus shares 69% identity with C7 domain in H. rufescens. The second
Cys-rich domain in Ht-Lus follows the Gly-Ser-rich domain and shows
81% of identity with C10 domain in H. rufescens. These two domains
are connected by a Gly-Ser-rich domain of 153 amino acids including
136 Gly/Ser residues. The Gly-Ser-rich domain in Ht-Lus is 119 residues
smaller than that in Hruf-Lus (Fig. 2). The predicted pl (11.80) of the
basic domain of Ht-Lus (which follows the C10 domain) is very slightly
more basic than that in H. rufescens (11.74). The C-terminus domain of
Ht-Lus is 43 residues long and exhibits strong sequence similarity with
several protease inhibitors as is the case in H. rufescens. This domain
exhibits 86% identity with the Whey Acidic Protein (WAP) domain in
H. rufescens Lustrin A. The eight cysteine residues, known to form four-
disulphide bonds in WAPs, are located in conserved positions in both ab-
alone species.

Our northern blot results indicate that there are 2 Lustrin transcripts
present in the adult mantle tissue of H. tuberculata (Fig. 3). These are
significantly larger than the two presumably homologous transcripts
reported by Shen et al. (1997) for H. rufescens (6.4 and 6.0 kb for
H. tuberculata vs. 5.5 and 4.7 kb for H. rufescens).
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1 GGATGAATACGCGETATGCTGTTTTAGTTCTGTTCCAGTTCCACCAACACCTGGGCCAAC 60
1 o 2 ¥y a v c c FNSESNETRENENTENEE 2o
61 TTTACCGTCACCAGGAAGACCAAACACCGGGGATCCCTGTGCACCTGGTGTTAATGTGAA 120
21 INESENCERNPNNNE 0 P C A P G V N V N 40
121 CTGTACAAGAGGCGAGTGCCGACTGGTAGCTGACTGTGACCGATGGCCGTGTTATGCGCG 180
41 ¢ T R G E CRLVADTCTDTRTMWTPCYATR &0
181 TCCAGCGTGTGTTGATCCATCTCCAACACCATCAGTTCAGTGTCCTGTGGGAAAGCCTGC 240
61 P A C VD P S P TP SV Q CP V G K P A 80
241 GCTTAATGGCTCTCTACTTGAAATCTCATGTAGAGAGAGGGATACATGCCCCTTGAATAC 300
81 L N 6 S L L E I S C R E R DT C P L N T 100
301 TCGGTGTTATAACGAAGCTGTCTGTTGTATCCGAGTACCAGGAATCAACCCACCAGGTTC 360
101 R € ¥ N E A V ¢ ¢ InrRviee TN pE BE 120
361 AGGGTCAAGCTCAGGCTCAGGCTCAGGCTCAGGCTCAGGATCAGGATCAGCTTTGAGTTC 420
121 6 S S 5 G S G S GS G S G S G S ALS S 140
421 AGGATCAGGCCCCAGTTCAGGCTCAGECTCCAGTTCAAGATCAGGCTCTGGATCAGGCTC 480
141
481 CAGTTCAGGATCAGGCTCTGGCTTAAGTTCAGGATCAGGCTCCAGTTCAGGATCAGGCTC 540
161 180
541 TGGCTTCAGTTCAGGATCAGGCTCCAGTTCAGGCTCAGGCTCCAGTTCAGGATCAGGCCC 600
181 200
601 CAGTTCAGGCTCAGGCTCCAGTTCAGGATCAGGCTCCAGTTCAGGCTCAGGCTCCAGTTC 660
201 220
661 AGGCTCAGGCTCCAGTTCAGGATCAGGCCCCTCCTCATCAGGCTCTGGCTTCAGTTCAGG 720
221 240
721 ATCAAGTTCAAGCTCAGGCTCAGACCGAGACTCAGACTACTTCTCAAGTTCACTGTCAAA 780
241 260
781 CTCAGGTTCAGGGTCCGGATCGGGATCAGGAAGAGGAAATGGAGCAAGTTATGACACTGA 840
261 280
841 TTCAGGCTCAGATGGCCCCCCTGGCGACCTGCCGCAAGACCCTTGTACTCCCGGGCTGAA 900
281 D P C T P G L N 300
901 TATCAACTGCACAGAAGGTGTTTGCCGACTATTAGCCTGGTGTTTGTACAGCATCTATCC 960
301 ¥ N € T E G ¥ € R L . A W € L. ¥ S I € B 320
961 GGCAGTTCCTACCTGTGTCAGCCGTTCTCCTACACCATCTGGGAGTTGTCCAGTTAGCCT 1020
321 A V P T C V S R S P TP S G S C P V S L 340
1021 GCCAGCCCTGAACTACTTTGGTAACGAGGTATCCTGCAGAACCAACTTACAGTGCCCCAG 1080
31 P A L N Y F G N E V § € R T N L Q € P S 360
1081 TAACACCTACTGTACAAGCCCTGGGATCTGTTGCTACCGAGGACCGAAAGCTGATCGTCG 1140
31 N T y ¢ T s ? ¢ I c c NRECEENESNENREE oo
1141 AAGTTTTAGATACTGGAGAAGATATCTCAAACGAGGGCCCTCAGGCAAACGTATCGGAAA 1200
31 S F R Y WRRYTLEKRGEPSGKRTIG K 400
1201 GCCCGGAAGTTGCCCCGCCGTAAGGCCAGGATGGGCTGGCGCCTGTGTTGAGGAGTATTT 1260
401 P G S CPAVRPGCHWAGALCVYEECF 420
1261 CTGTGACAACGACTGCAGAGGGAATCTGAAATGTTGCAGCAATGGGTGTGGACATACTTG 1320
421 C D NDCRGNTLKCCSNGTCG GEHT C 440
1321 TCAAAAGCCATGCTTTGAATAACAACTTGCACAAACGTTCATTTATAGCTATCTACATTA 1380
441 OENENEENE - 446
1381 TCAAAATATAAGCACTTATGTTTGT. 1436

|:| Cys-rich . Pro-rich |:| Spacer . GS-rich

[l ‘04" domain ] ‘RSKY” domain [Jj] C-terminus (WAP)

[
o
o

Fig. 1. Partial nucleotide and deduced amino acid sequence of Lustrin A (Ht-Lus) from the mantle of the European abalone Haliotis tuberculata (GenBank accession no HM852427). The
different domains of Lustrin A as described by Shen et al. (1997) and Wustman et al. (2003) are colour coded. Degenerate primers used to isolate an initial fragment of Ht-Lus are
underlined. An asterisk represents the terminal codon.

3.2. Expression of Ht-Lus during abalone development 2-month-old and 1-year-old juveniles express Ht-Lus (Fig. 4). In 2-year-
old adult abalones, Ht-Lus is expressed in the shell-forming tissue (Fig. 4).
The expression of Ht-Lus was analysed by RT-PCR in different devel-
opmental stages of H. tuberculata including larvae, juveniles and adult 3.3. Localisation of Ht-Lus expression in 7-day-old juvenile
mantle tissue (Fig. 4). During embryonic and planktonic larval stages

(eggs, trochophore and veliger larvae), Ht-Lus transcripts were either Following metamorphosis, the juvenile shell is elaborated from the
extremely rare or not present at all (Fig. 4). Following metamorphosis, edge of the protoconch. This post-metamorphosis shell material can
A
] co | ] cio [ ceer]
B

e P cio-ike [ Citer]

Fig. 2. Comparison of partial Lustrin A modular structure from Haliotis rufescens (A) and Haliotis tuberculata (B). This region of Ht-Lus is 124 residues shorter than the corresponding region
in Hruf-Lus primarily because of the shorter GS-rich domain. The Pro-rich domain in Ht-Lus shares more identity with Hruf-P5 than with Hruf-P8, and the first Cys-rich domain in Ht-Lus
shares more identity with Hruf-C7 than Hruf-C9. P: Pro-rich domain; C: Cys-rich domain; GS-rich: Gly-Ser-rich domain; D4: Asp-rich domain; C-ter: C-terminus (WAP).
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500 bp —

Fig. 3. A representative northern blot against H. tuberculata Lustrin A from total mantle
RNA. Two closely spaced bands are visible with calculated molecular weights of approxi-
mately 6.4 kb and 6.0 kb.

be easily distinguished from the larval shell as it is highly textured rela-
tive to the protoconch (“js” in Fig. 5). At this stage, when the animal is
retracted into the shell, the mantle covers the head and is visible
under the junction between the protoconch and the juvenile shell
(“m” in Fig. 5A). Whole mount in situ hybridisation (WMISH) was
used to localise cells expressing Ht-Lus in post-larvae and juveniles. In
7-day-old post-larvae, a strong Ht-Lus signal was detected at the mantle
edge (Fig. 5B). A lateral anterior view illustrates Ht-Lus positive cells all
along the mantle edge (Fig. 5C), while a dorsal view indicates that Ht-
Lus transcripts are located throughout the entire whole cell cytoplasm
(Fig. 5D). Although the signal was exclusively restricted to the mantle
edge, not all mantle edge cells were Ht-Lus positive (Fig. 5D). In a few
animals, a weak signal could also be observed in the visceral mass or
in the foot (Fig. 5B, C). However this signal was also observed in

negative controls, and we consider this to be a non-specific background
(data not shown).

3.4. Localisation of Ht-Lus expression in 2-month-old juvenile

In 2-month-old abalones, the juvenile shell is well developed and
displays the typical flattened shape of the adult shell. A light brown
background colour is present with darker brown stripes running in
the same direction as the direction of shell growth. The protoconch is
also still visible (“p” in Fig. 6A). Removing the shell and periostracum re-
veals the underlying mantle which covers the dorsal surface of the ani-
mal (Fig. 6B). WMISH against Ht-Lus reveals a strong signal all along the
mantle edge (Fig. 6B). An enlargement of the mantle edge in dorsal view
(Fig. 6D) showed that the signal is restricted to the cytoplasm of a single
row of cells with the nucleus of these cells clearly located in a basal po-
sition, a characteristic of cells engaged in an extensive secretory activity
(Fig. 6D). In this animal, all mantle edge cells were not Ht-Lus positive,
similar to the pattern observed in 7-day-old post-larvae (Fig. 6C, D cf.
Fig. 5C, D). In a slightly larger 2-month-old individual, all mantle edge
cells were Ht-Lus positive (Fig. 6E). In this larger animal, the nacre
forming region, a more proximal region of the mantle, was also Ht-Lus
positive (Fig. 6F).

4. Discussion

Abalone nacre is a highly organized and fracture resistant microstruc-
ture produced by a specific combination of matrix proteins which consti-
tute less than 5% of the shell weight (Currey, 1977; Jackson et al., 1988).
In H. tuberculata, the early protoconch was shown to be mostly composed
of amorphous CaCO3; while veliger stages showed a gradually aragonitic
crystallisation (Gaume et al., 2011). SEM examination of juvenile shell
cross-sections evidenced a post-metamorphic transition in crystalline
microstructure with mineral ordering in tablets within the inner layer
(Auzoux-Bordenave et al., 2010). The cell types and secreted proteins
involved in the ontogeny of these shell microstructures must be identi-
fied and characterised to fully understand the process of molluscan
biomineralisation. In this study, we have isolated and characterised a
partial fragment of a Lustrin A ortholog in the European abalone
H. tuberculata. Lustrin A was the first nacreous protein to be identified
in any Haliotis species (Shen et al., 1997). In H. rufescens Lustrin A is a
large multi-domain protein, encoded by 4.7 and/or 5.5 kb) transcripts
thought to possess multiple functions (Shen et al., 1997). In H. tuberculata
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Fig. 5. Localisation of Ht-Lus expression in 7 day-old juvenile H. tuberculata. (A) 7-day-old abalone observed by phase contract microscopy. The larval protoconch (p) and the forming ju-
venile shell (js) are easily distinguished. (B-D) Ht-Lus expression revealed by whole mount in situ hybridisation in 7-day-old decalcified juveniles. Ht-Lus expression is restricted to the
mantle edge (purple signal indicated by red arrows). (A) Left profile view, (B) right profile view (C) lateral-anterior view, and (D) dorsal view with the mantle covering the whole
head of the abalone. Abbreviations: visceral mass (vm), mantle (m), foot (f). Scale bar = 100 pm.

there also appears to be two Lustrin transcripts, with estimated sizes of
6.0 and 6.4 kb (Fig. 3). The repetitive nature of this gene makes it
extremely challenging to clone in its entirety, and further experiments
will be necessary to obtain the full length of the different cDNAs which
could be characterised by variable Proline and Cysteine rich domain
numbers.

The deduced amino acid sequence of the Ht-Lus fragment we have
isolated displays a modular structure consisting in (i) one short Pro-
rich domain, (ii) two highly conserved Cys-rich domains, (iii) a Gly-
Ser-rich domain, (iv) a basic domain, and (v) a C-terminus domain
with homology to Whey Acidic Protein (WAP). These domains possess
high similarity with those of Lustrin A from H. rufescens. Although the
modular structure of Lustrin A is conserved there are notable differ-
ences. For example, the Gly-Ser-rich domain in Ht-Lus is 119 residues
shorter than that in H. rufescens Lustrin A, while the basic domain of
Ht-Lus consists of 40% basic residues, giving this region a higher predict-
ed pl than that in H. rufescens. The net positive charge of the basic do-
main at pH 7.4 is suggested to allow it to interact with carbonate ions
(C0%7) and/or with polyanionic molecules such as acidic proteins
which are major components of the soluble organic matrix (Shen
et al,, 1997). The Pro-, Cys- and Gly-Ser-rich domains of Hruf-Lust
were suggested to contribute to the flexibility of the protein (Shen
et al,, 1997). Cys-rich domains were also shown to adopt a loop confor-
mation at pH 7.4, the pH in which the organic matrix assembles (Zhang
et al,, 2002). The C-terminal domain which exhibits homology to WAPs
contains a characteristic eight cysteine motif forming the “four-
disulphide core” (Ranganathan et al., 1999). The WAP domain is highly
evolutionarily conserved and is found in many metazoan lineages such
as mammals, birds, reptiles, amphibians, fish and invertebrates (Smith,
2011). This domain is suggested to act as an active protease inhibitor
(Treccani et al., 2006).

Our RT-PCR results revealed an expression of Ht-Lus only after meta-
morphosis. In H. tuberculata, aragonitic tablets of nacre were first
observed in 2-month-old juveniles (Auzoux-Bordenave et al., 2010).

Ht-Lus expression according to our RT-PCR results is therefore broadly
correlated with the ontogenetic onset of nacre deposition. Our whole
mount in situ hybridisation results also give us further insight into the
expression and function of Ht-Lus. Ht-Lus transcripts were detected in
7-day-old post-larvae, specifically in the distal edge of the mantle. At
this early-metamorphic stage, the juvenile shell begins to acquire its
flattened morphology with its characteristic texture and pigmentation.
The microstructure of the post-metamorphic revealed two poorly de-
fined prismatic layers with a granular layer in between (Auzoux-
Bordenave et al., 2010). No organized nacre is present at this stage
and the shell only contains aragonite. If we assume that Ht-Lus tran-
scripts also indicate the presence of functional Ht-Lus protein, then
there appears to be a discrepancy of at least 7 weeks between the
onset of Ht-Lus expression and nacre deposition. This discrepancy
could be accounted for in several ways. First, Lustrin A is unlikely to be
the only protein required for nacre deposition, perhaps the full comple-
ment of nacre forming proteins and other organic molecules is not
secreted by the mantle of 7-day old larvae. Second, a critical concentra-
tion of Lustrin A protein may be required before crystals of nacre can be
deposited. The few Lustrin A positive cells in the early post-larvae may
not be sufficient to drive this crystallisation. A third possibility, and
our favoured interpretation, is that Lustrin A may have multiple func-
tions, and the expression domain observed in the distal edge of the
mantle may not be responsible for nacre deposition at this stage.

In 2-month-old juveniles, Ht-Lus continues to be expressed in the
distal edge of the mantle as it is in 7-day old larvae. Furthermore, the
largest individuals also express Ht-Lus in an additional broad proximal
region of the mantle (Fig. 6F). In individuals of this age the mantle is
more differentiated than in younger individuals, and a regionalization
of cells similar to that of the adult mantle can be observed in H. asinina
and H. tuberculata (Sud et al., 2002; McDougall et al., 2011). The expres-
sion of Ht-Lus in two distinct zones (the distal edge and the broad prox-
imal region) and in a temporally disconnected manner, suggests that
these two domains fulfil different functions. Furthermore, the fact that
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Fig. 6. Localisation of Ht-Lus gene expression in 2-month-old H. tuberculata. (A) 2-month-old abalone observed by light microscopy revealing the ornamented, flattened juvenile shell (js)
which is easily distinguished from the larval protoconch (p). (B-F) Localisation of Ht-Lus expression by whole mount in situ hybridisation in 2-month-old decalcified juvenile. (B) Dorsal
view. Ht-Lus is expressed all along the mantle edge (arrow head). (C) Ventral view. (D) A magnified view of the boxed region in (C) shows that some cells do not express Ht-Lus. The basal
position of the nucleus in Ht-Lus positive cells is also visible in this image. (E) Dorsal view of a larger 2-month-old individual than that in (C). Ht-Lus in this animal is localised in the mantle
edge and also in the putative nacre-forming region (white arrows). The left mantle lobe is folded back on itself in this sample such that the edge of the mantle appears to be posterior to the

nacre-forming region. (F) Magnified view of the boxed region in E. Scale-bar = 200 pm.

there are apparently two distinct Ht-Lus transcripts (as suggested by the
northern blot results; Fig. 3) raises the possibility that these two spatial
expression domains in the mantle actually may represent the two dif-
ferent transcripts. In the only other study to investigate the
spatial and/or temporal expression of Lustrin A, Jackson et al. (2007)
reported a distal expression domain in 1 mm H. asinina juveniles, but
no expression was detected in the distal edge of the mantle. We suggest
that it is the distal expression domain that is associated with nacre
deposition, while the expression in the mantle edge has an as yet
unidentified function.

Since the identification of Lustrin A in H. rufescens (Shen et al., 1997),
there have been several investigations into the role of this unique multi-
domain shell matrix protein. The main functions attributed to Lustrin A
are (i) inter-nacre tablet adhesion, (ii) elastomeric properties that
contribute to shell fracture resistance, (iii) protease inhibition, and
(iv) binding of acidic shell-matrix proteins. The ability of Lustrin A to
adhere to calcium was shown to be played by both the “D4” peptide lo-
cated just downstream of the glycine-serine-rich domain (Wustman
et al., 2003), and the WAP domain which adheres to crystals in vitro
(Treccani et al.,, 2006). AFM experiments suggest that it is the Lustrin-
containing adhesive organic polymer found between the tablets of
nacre that are responsible for the sawtooth-like force-extension curves
observed in nacre under stress (Smith et al., 1999). This elastomeric
property has been suggested to be conferred by the glycine-serine rich
domain (Shen et al, 1997) and inter-molecular disulphide bonds

formed between the Cys-rich domains (Zhang et al., 2002). Lustrin A
also has the capacity to interact with acidic shell matrix proteins through
its basic domain (Shen et al., 1997). Acidic matrix proteins such as AP7
and AP24 are an abundant and diverse component of the organic
shell matrix, and they are known to influence calcification in vitro
(Michenfelder et al., 2003). Another important role of Lustrin A could
be its capacity to bind proteases through the WAP domain (Shen et al.,
1997). Such a property would protect the organic component of the
shell from degradation through the action of proteases secreted by
shell-boring predators.

This diverse repertoire of functions places the Lustrin A protein into
a special category of the shell forming secretome. Here, we demonstrate
that in addition to its diverse functional roles, Lustrin A also has multiple
spatial expression domains within the mantle of developing post-
larvae. We suggest that H. tuberculata Lustrin A is either conferring all
of these diverse properties to different layers of the post-larval and
juvenile shells, or Lustrin A is imparting different properties to different
shell layers. Because we have not isolated the full length sequences of
the two transcripts we observe in adult mantle tissue (Figs. 3 and 6),
we cannot determine whether the two expression domains we observe
by WMISH are generated by the two distinct transcripts or not. Such in-
formation would afford us further insight into the mechanism of action
of this fascinating shell forming protein. Nonetheless, our data does
clearly demonstrate that there is a complex ontogenetic component to
shell formation that is currently under appreciated. Efforts aimed at
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the synthetic production of biomaterials such as molluscan shells would
be well informed by such observations.
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