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Abstract

The M22.8 monoclonal antibody (mAb) developed against an antigen expressed at the
mussel larval and postlarval stages of Mytilus galloprovincialis was studied on adult sam-
ples. Antigenic characterization by Western blot showed that the antigen MSP22.8 has a
restricted distribution that includes mantle edge tissue, extrapallial fluid, extrapallial fluid
hemocytes, and the shell organic matrix of adult samples. Other tissues such as central
mantle, gonadal tissue, digestive gland, labial palps, foot, and byssal retractor muscle did
not express the antigen. Immunohistochemistry assays identified MSP22.8 in cells located
in the outer fold epithelium of the mantle edge up to the pallial line. Flow cytometry analysis
showed that hemocytes from the extrapallial fluid also contain the antigen intracellularly.
Furthermore, hemocytes from hemolymph have the ability to internalize the antigen when
exposed to a cell-free extrapallial fluid solution. Our findings indicate that hemocytes could
play an important role in the biomineralization process and, as a consequence, they have
been included in a model of shell formation. This is the first report concerning a protein
secreted by the mantle edge into the extrapallial space and how it becomes part of the shell
matrix framework in M. galloprovincialis mussels.

Introduction

Molluscan shells are good examples of how living organisms elaborate a mineralized structure
by a fully biologically controlled mineralization process called biomineralization [1-3]. The
unique properties of shells as biomaterials (high fracture toughness) [4, 5] have attracted a
great deal of interest and significant effort has been dedicated to the study of their structure
and organic elements. Numerous opportunities are envisaged for the application of shell pro-
teins in Nanotechnology, Bioscience and even in Biomedicine [6, 7].
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Mollusc shell formation is a complex process that involves the deposition of inorganic mate-
rial (95-99% CaCOj in the form of calcite, aragonite or both) mixed with organic material (1-
5%) [8, 9]. The organic shell matrix is only present in low quantities and it is a complex mixture
of proteins, glycoproteins, chitin and acidic polysaccharides. The longitudinal section of a shell
is composed of a multilayered calcium carbonate structure (usually two or three layers) covered
by a external layer called the periostracum [10], which contains mostly organic material. In the
aforementioned structure, M. galloprovincialis mussels have an inner nacreous layer, an outer
primastic layer and an external perioustracum film covering the shell [11] in a similar way to
other members of the Mytilus genus [12-14]. The central organ that is involved in shell forma-
tion seems to be the mantle and, in fact, the mantle edge is the most active zone for shell depo-
sition [15]. The mantle edge in bivalves has three folds, namely the inner, middle and outer
folds. Cells of the outer mantle epithelium edge zone are ultrastructurally quite different from
their counterparts in the central zone [16]. Both types of cell are directly involved in minerali-
zation through the synthesis and secretion of the array of macromolecules that self-assemble
outside the cell and these macromolecules give rise to crystal formation [3]. The importance of
the mantle cells in terms of protein expression is very evident, for example in the mantle tissue
of the juvenile abalone Haliotis asinine, where the existence of 530 sequences that encode both
secreted and non-secreted proteins has been demonstrated [17]. The space between the outer
and the middle fold is the periostracal groove and this is the site where the periostracum is
secreted. The shell, the mantle edge and the periostracum delimit the cavity called the extrapal-
lial (EP) space. The outer fold epithelium secretes the calcifying matrix into the EP cavity. The
calcifying matrix is a mixture of proteins, glycoproteins and polysaccharides that precisely self-
assembles and controls the CaCO; polymorphism (calcite, aragonite), the size and the shape of
the crystals and, ultimately, the texture of the shell [18]. In nacro-prismatic bivalves in particu-
lar there is a different secretory regime on the outer fold epithelium. On the one hand, it has
been demonstrated that the shell matrix involved in nacre deposition is secreted by cells posi-
tioned closer to the shell hinge. On the other hand, the matrix involved in controlling the
prism formation is secreted by cells that are more distally positioned [19, 20]. This fact has
mainly been demonstrated at the transcriptional level [21].

Extrapallial fluid (EPF) and molecules within it are believed to be involved in shell forma-
tion. Although the EP cavity is the site where the precursors for shell mineralization are sup-
posed to concentrate and self-assemble, the EPF has not received sufficient attention [22, 23].
The EPF has been mostly characterized from the inorganic point of view [24-26], but a qualita-
tive analysis has revealed that the EPF contains biomacromolecular materials similar to those
found in the mature shell [27-29]. Nevertheless, the role of the EPF per se in the shell biomin-
eralization process has been called into question[30]. Some authors defend the idea that epithe-
lial cells of the mantle need to be in juxtaposition to the mineralizing matrix [31]. It is believed
that EP proteins could participate in shell formation but they are not necessarily present in the
shell [18]. Indeed, this is the situation described for two characterized EP proteins [22, 23]

[32].

Previous work carried out by our group [33] led to the development of the M22.8 monoclo-
nal antibody (mAb), which specifically detects M. galloprovincialis larvae. On using larvae of
different species (Cerastoderma edule, Ostrea edulis, Aequipecten opercularis, Ruditapes decus-
satus, Ruditapes philippinarum) the antibody has shown high specificity and recognized only
M. galloprovincialis and M. edulis species. This implies that the antigen recognized by M22.8 is
shared by at least two species of the genus Mytilus, and this mAb has proven to be useful in the
identification of mussel larvae and postlarvae [34]. Immunofluorescence and immunohis-
tochemistry assays showed a peripheral pattern of recognition in M. galloprovincialis larvae.
These results led us to suspect that M22.8 could recognize an antigen located at the mantle
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edge tissue and thus it could be involved in shell formation. Due to the implied significance of
our hypothesis, the purpose of the study reported here was to identify the origin of the antigen
recognized by the M22.8 mAD and elucidate the putative relationship between the antigen and
shell formation in edible M. galloprovincialis mussels.

We show here that M22.8 recognizes an antigen (henceforth referred to as Mussel Shell Pro-
tein 22.8 or MSP22.8) not only in Mytilus spp larvae, but also in adult specimens. The antigen
is secreted by cells of the outer fold epithelium of the mantle edge into the EPF and it finally
becomes part of the shell matrix framework. The antigen is also detected inside hemocytes.
Furthermore, we show here how hemocytes are able to internalize the antigen after exposure to
a cell-free EPF solution. Thus, the results obtained in this study suggest a conection between
the cell and shell formation.

Materials and Methods
Ethics Statement

The Mediterranean mussels (M. galloprovincialis) used in this study, which were common and
not endangered invertebrate species, were purchased from a local seafood market (Flipper fish
shop, Mercado do Berbés, Vigo, Spain). Permits were not required for the study, which com-
plied with all relevant regulations and all efforts were made to minimize possible animal
suffering.

Mussels

Mussel larvae were obtained by the induction of spawning of mature individuals of M. gallopro-
vincialis, taken from culture rafts in the Galician Rias, according to previously described meth-
ods [33]. Two day-old larvae and 16 day-old larvae were conserved in cryovials (Nunc, Brand
Products, Roskilde, Germany) in phosphate-buffered saline (PBS), pH 7.4 (0.15 M NaCl, 2.7
mM KCl, 1 mM Na,HPO,, and 1.8 mM KH,PO,) and in dimethyl sufoxide (DMSO, Sigma,
St. Louis, USA) 10% at -80°C or in liquid nitrogen.

Adult specimens of mussels (M. galloprovincialis) purchased from a local seafood market
were collected from aquaculture populations of Galician bays, ria de Vigo (42°15'N 8°45'0)
and ria de Vilagarcia de Arousa (42°30'00"N 8°56'00"O).

Adult tissues and larvae lysates

M. galloprovincialis adult individuals were dissected with a scalpel blade to obtain fragments of
the main macroscopical tissues (byssal retractor muscle, mantle, mantle-gonadal tissue, gills,
digestive gland, foot and labial palps). Fragments were transferred to a 2 mL sterile centrifuge
tube, kept on ice and lysed in a lysis buffer (Tris-HCI 10 mM, pH 8, NaCl 150 mM, EDTA 2.5
mM and 1% NP-40). A protease and phosphatase inhibitor cocktail was added (Complete Mini
and PhosphoStop from Roche Ltd., Basel, Switzerland). In the case of larvae, frozen samples
were defrosted, washed with sodium phosphate buffer (PBS) and ultrapure water and lysed
with the same lysis buffer as described for adult tissues. A sonication step was also carried out.

Extraction and fractionation of extrapallial fluid and hemolymph

Extrapallial fluid (EPF) from M. galloprovincialis adult mussels was extracted by inserting a
needle into the extrapallial space and removing the fluid into a sterile syringe. Punction was
carried out carefully in order to avoid contact with the mantle surface and to avoid contamina-
tion with water or tissue debris. EPF was pooled, filtered through 0.45 pm and 0.22 pm filters,
and immediately transferred to 1.5 mL sterile centrifuge tubes and kept on ice. Centrifugation
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was performed at 16,000 g for 10 minutes at 4°C. The supernatant was retained and kept on ice
in cases where it was used immediately or was otherwise frozen at -20°C. Hemolymph was
extracted by inserting a needle into the adductor muscle in M. galloprovincialis adult mussels.
Samples of hemolymph were treated in a similar way to that described for EPF.

Shell material

Adult shells of M. galloprovincialis were extensively brushed to remove epibionts and soaked in
3% NaOCl for one hour, rinsed with distilled water and dried. This treatment allowed partial
removal of the periostracum. Clean shells were crushed into a powder. Shell powder was
completely demineralized with 0.5 M EDTA (pH 7.8) in a dialysis cassette (Slide-A-Lyzer®
Dialysis Cassette, Thermo Scientific, USA). After demineralization, EDTA-soluble fractions
were dialyzed against sodium phosphate buffer (PBS) and desalted with a centrifugal filter
(Amicon Ultra-0.5 Centrifugal Filter, Merck Millipore, Germany). EDTA-insoluble fractions
were extensively washed with ultrapure water. The two EDTA fractions were lyophilized and
stored at ~20°C prior to use. EDTA-soluble fractions were rehydrated with Laemmli sample
buffer (Bio-Rad Laboratories, Inc., USA). Insoluble lyophilized samples were rehydrated with
lysis buffer (urea 7 M, thiourea 2 M, CHAPS 4% w/v, dithiothreitol 3% w/v). The rehydrated
samples were further precipitated with a commercial kit to remove contaminants (ReadyPrep™
2-D Cleanup Kit, Bio-Rad Laboratories, Inc., USA). Protein pellets were finally resuspended by
adding an appropriate volume of Laemmli sample buffer.

Protein electrophoresis

Electrophoresis experiments were carried out using a Mini-PROTEAN™ 3 or a Mini-PRO-
TEAN™ Tetra cell electrophoresis unit (Bio-Rad Laboratories, Inc., USA). The protocols
(SDS-PAGE) were carried out according to the manufacturer’s instructions. Reagents of elec-
trophoresis grade were obtained from Bio-Rad Laboratories Inc., electrophoresis grade ammo-
nium persulfate was purchased from Sigma Aldrich and 1,2-bis(dimethylamino)ethane was
obtained from Merck Millipore. A broad range of molecular weight markers were purchased
from Bio-rad Laboratories Inc. (Precision Plus Protein™ Dual Color Standards) and Thermo
Scientific (Scientific PageRuler Plus Prestained Protein Ladder). Unless stated otherwise, sam-
ples were prepared following the Laemmli protocol [35]. Dithiothreitol (DTT, Bio-rad Labora-
tories Inc.) was selected as the reducing agent. DTT was added to a final 1x concentration of 50
mM. Samples were run on 10% SDS-PAGE vertical minigels under both non-reducing/reduc-
ing conditions (DTT included). Electrophoretic conditions were 200 V at constant current
according to the manufacturer’s instructions. Minigels were stained with Coomassie blue or
silver.

Western blot

Western blot assays [36] were carried out using minigels [37] transferred to PVDF membranes
(Immun-Blot™, BioRad Laboratories Inc.) using a Trans-Blot™ Turbo™ Transfer System
(BioRad Laboratories Inc.). Transfer conditions were 25 V during 30 minutes. Membranes
were washed in Tris-buffered saline with 1% Tween 20 (TBST) and blocked with 5% skimmed
milk (Sigma-Aldrich Co.) in TBST overnight. After blocking, membranes were washed 3 times
with TBST and incubated for 2 hours with M22.8 hybridoma supernatant (1:10 dilution in
TBST with 2,5% skimmed milk) at room temperature (RT). For colorimetric Western blotting
assays, goat anti-mouse IgG antibodies conjugated to AP (Dako) diluted 1:1,000 in TBST with
2.5% skimmed milk were used as secondary antibodies (1.5 hours, RT). Goat anti-mouse IgG
antibodies conjugated to horse rabbit peroxidase (HRP) (Dako) diluted 1:50,000 in TBST with
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2.5% skimmed milk were used as secondary antibodies (1 hour, RT) for chemiluminescent
Western blot assays. Colorimetric Western blot assays were revealed with 1-Step NBT/BCIP
(Thermo Scientific) whereas the Immun-Star™ WesternC™ Chemiluminescent Kit (BioRad
Laboratories Inc.) was selected for chemiluminescent assays. Protein bands were analyzed
using the ChemiDoc XRS imaging system in conjunction with ImageLab software (BioRad
Laboratories Inc.).

Immunohistochemistry

Mussels were opened with a razor blade by cutting the adductor muscle and the whole body
was immediately immersed in Bouin solution (picric acid 75 mL, 40% formol 20 mL and glacial
acetic acid 5 mL), dehydrated in graded ethanol solutions and embedded in paraffin according
to standard hystological procedures. Sections (3 pum thick) were cut with a rotary microtome
and mounted on silanized slides. Sections were deparaffinized in xylene, rinsed in acetone,
immersed in distilled water and washed in PBS. Endogenous peroxidase activity was quenched
by incubating sections in blocking solution (ChemMate Peroxidase Blocking solution, Dako)
for 30 minutes. Sections were then washed in phosphate buffer with Tween (PBST) and incu-
bated with the M22.8 mAD (diluted 1/100 in Dako Real Antibody diluents) for 2 hours at RT.
The sections were briefly rinsed in PBST (x 5 min) and were incubated for 30 minutes with
HRP-rabbit/mouse antibodies (Dako Real Envision/HRP, Rabbit/Mouse). After several rinses
in PBST, immunocomplexes were visualized with Vector™ VIP (Vector Laboratories) or DAB
solution (Dako Real DAB+Chromogen and Dako Real Substrate buffer). Reaction was stopped
with distilled water. Finally, sections were counterstained with haematoxylin for 20 seconds
and mounted. Control sections were incubated in the same way, except for the incubation with
M22.8, where antibody diluent (Dako) was used instead.

Flow cytometry with hemocytes from hemolymph and extrapallial fluid

Fresh hemolymph and EPFs were carefully extracted as described before. Samples were filtered
through a 100 um nylon mesh, transferred into micro-tubes and kept on ice to minimize cell
clumping, in a similar way to that described for hemolymph collection in Suminoe oyster [38].
Filtered samples were short centrifuged at 16,000 g, 13 seconds, 4°C. Cell pellets containing
hemocytes were further washed with filtered clean sea water to remove debris. Flow cytometry
assays were perfomed on both intact and fixed-permeabilized hemocytes. Acetone was selected
as the Fixation-Permeabilization Solution (10 min at —-20°C). Cell pellets were incubated over-
night at 4°C with 100 uL of M22.8 hybridoma supernatant. To avoid non-specific binding, a
blocking agent (FcR Blocking agent, Immunostep) was added for 10 minutes. Goat anti-mouse
IgG (H+L) antibodies coupled to fluorescein isothiocyanate (FITC, Southern Biotech, USA)
were used as secondary antibodies (30 min, 4°C). Unstained cells, i.e., samples not incubated or
only incubated with secondary antibodies, were included as control cells. Samples were ana-
lyzed in a BD Accuri™ C6 Flow Cytometer (BD Biosciences) and the data were analyzed using
BD Accuri C6 Software (eBiosciences).

Endocytosis assay

Fresh EPF was centrifuged to separate hemocytes from EPF supernatant. The EPF supernatant
was filtered (0.45 and 0.22 pm) and kept as a cell-free EPF solution. Fresh hemolymph individ-
ually extracted from 4 mussels was short centrifuged at 16,000 g, 13 seconds, 4°C. Hemocytes
were washed with filtered clean sea water, resuspended and incubated in the presence of cell-
free EPF solution for 2 hours at 15°C in the absence of light. Clean sea water was used instead
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of cell-free EPF solution to provide a negative control. Hemocytes were assayed by flow cytom-
etry as described above.

Results

M22.8 mAb recognizes the MSP22.8 antigen in the mantle edge of adult
M. galloprovincialis mussels

Major tissues of adult M. galloprovincialis mussels were tested by Western blot. In particular,
lysates of the central mantle, mantle edge, digestive gland, labial palp, foot and byssal retractor
muscle were evaluated. Several experiments were conducted under both reducing and non-
reducing conditions (Fig 1).

The M22.8 mAD recognizes the MSP22.8 antigen only in tissue lysates from the mantle
edge. The central mantle, foot and digestive gland do not express the antigen (Fig 1A) and
other tissues tested, such as byssal retractor muscle and labial palp, were also negative (S1 Fig).
Under non-reducing conditions, the antigen appears in the mantle edge as a main band at
approximately 130 kDa (Fig 1A), although an upper strong positive area is also visible (> 250
kDa). Under reducing conditions (Fig 1B) the protein band at 130 kDa has a reduced intensity
or almost disappears completely and it coexists with a more intense band at approximately 100
kDa.
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Fig 1. Chemiluminescent Western blot of lysates of several tissues from adult M. galloprovincialis
mussels and comparison with larvae lysate. SDS-PAGE 10% under non-reducing (A) conditions: (1)
molecular weight standards (kDa); (2,4,6,9 and 10) central mantle; (3, 5) mantle edge; (7) digestive gland and
(8) foot. SDS-PAGE 10% under reducing (B) conditions: (1,9) molecular weight standards; (2) empty well;
(3,4,6,8) central mantle, (5,7) mantle edge; (10) 2 day-old larval lysate and (11) 16 day-old larval lysate.

doi:10.1371/journal.pone.0152210.g001
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Fig 2. Histology of the mantle edge in adult M. galloprovincialis. Hematoxilin-eosin stain, 4x
microphotographs. (o.f): outer fold; (m.f): middle fold; (p.g): periostracal groove; (p): periostracum.

doi:10.1371/journal.pone.0152210.g002

As shown in Fig 1B (lanes 10 and 11), a band at 100 kDa is also observed for 2 day-old larvae
and 16 day-old larvae, indicating that this antigen is expressed at very early stages of develop-
ment and is maintained throughout the life of the mussel.

Immunohistochemistry: the MSP22.8 antigen is expressed on the outer
lobe epithelium

Tissue sections from the mantle edge of adult M. galloprovincialis were first stained with hae-
matoxylin-eosin (Fig 2). The mantle edge in Mytilus spp has three folds (or lobes), namely the
outer, middle and inner folds. The space between the outer and middle folds is of particular
interest since it constitutes the periostracal groove. At the outer fold, the outer epithelium faces
the inner shell surface while the inner epithelium faces the periostracal groove.

Immunohistochemistry staining with M22.8 shows that the mAb recognizes the antigen
only on the outer lobe epithelium in the mantle edge sections (Fig 3) and is negative for the rest
of the tissues tested, such as digestive gland, foot, gills, gonadal tissue (S2 Fig).

As shown in Fig 3E and 3F, epithelia stained positively exhibit a granular pattern.

A set of microphotographs at 5x were taken to cover the whole mantle edge of M. Gallopro-
vincialis (see Fig 4). Microphotographs were automatically mounted for illustrative purposes. It
can be observed that recognition of the M22.8 mAb is restricted to the epithelium of the outer
fold until its attachment to the shell (pallial line), with a negative result obtained for the rest of
the epithelia.

Detection of the MSP22.8 antigen in the extrapallial fluid (EPF) but not in
the hemolymph
A pool of EPFs from several mussels and individual hemolymph samples from adult M. gallo-

provincialis mussels were assayed by Western blot under reducing and non-reducing condi-
tions (Fig 5). The MSP22.8 antigen was found to be strongly positive in the extrapallial fluid
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Fig 3. Inmunostaining of the mantle edge of adult M. galloprovincialis with M22.8 mAb. Microphotographs were taken at 4x (a, b, c) and 10x (d,e,f). (o.
f): outer fold; (m.f): middle fold; (p.g): periostracal groove; (a,d) negative control; (b,e): immunostaining revealed with VectorVip; (c,f) immunostaining

revealed with DAB.
doi:10.1371/journal.pone.0152210.9003

under both sets of conditions. In contrast, the hemolymph samples were negative to this
antigen.

The antigen recognized by the M22.8 mAb shows two bands in the extrapallial fluid: a sharp
and well-defined band at 55 kDa and a more diffuse band at 100 kDa. A third and less intense
band was also observed in the range 130-250 kDa and this suggests the presence of dimeric or
multimeric forms of the antigen. Major differences were not observed on comparing reducing
and non-reducing conditions, since the bands described above appear in both cases with simi-
lar intensities.

Detection of the MSP22.8 antigen in EP hemocytes by Western blot

It was desirable to test if the antigen was also present in the hemocytes. Hemocytes from EPF
and hemolymph were extracted and assayed to investigate the presence of the antigen recog-
nized by M22.8 mAD (Fig 6). It was found that the mAb recognizes a band at 100 kDa in EP
hemocytes. However, a signal was not observed for samples containing hemolymph hemocytes,
which indicates that there are differences in the cells depending on the fluid in which they are
located, i.e., EPF or hemolymph.

EP hemocytes, but not hemolymph hemocytes, show intracellular
staining with M22.8 mAb
Fresh EPF and hemolymph hemocytes were further assayed by flow cytometry. As indicated in

Fig 7, intact hemocytes, either from EPF(a) or hemolymph (c), on the cell surface showed very
low or zero staining with M22.8 mAb. A different situation was found in permeabilized EP

PLOS ONE | DOI:10.1371/journal.pone.0152210 March 23, 2016 8/17
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Fig 4. Inmunostaining of the mantle edge in adult M. Galloprovincialis with M22.8 mAb and revealed with DAB. (o.f): outer fold; (m.f): middle fold; (p.
g): periostracal groove; (i.f): inner fold.

doi:10.1371/journal.pone.0152210.004
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250
130
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Fig 5. Western blot assays on EPF and hemolymph from adult M. galloprovincialis mussels under
reducing (a) and non reducing (b) conditions. (1, 6) Molecular weight markers (kDa); (2, 7) pool of EPFs;
(3, 8;4,9;5,10) hemolymph from mussel 1, 2 and 3, respectively.

doi:10.1371/journal.pone.0152210.g005

hemocytes (b), which were clearly stained, indicating that in these hemocytes the MSP22.8
antigen is located intracellularly. In contrast, the staining on permeabilized hemolymph hemo-
cytes (d) was negative and the results were similar to those found with non-permeabilized
intact cells or with permeabilized cells incubated only with secondary antibodies.

In order to ascertain whether intact hemolymph hemocytes could internalize the antigen
present in the EPF media, these hemocytes were exposed to an EPF cell-free solution and then
fixed and permeabilized. As can be seen in Fig 8, hemolymph hemocytes exposed to EPF
become positive and this suggests the uptake of the antigen present in the EPF solution.

Detection of the MSP22.8 antigen in the shell organic matrix

The presence of the antigen in the mantle edge, EPF and EP hemocytes led us to postulate that
the antigen could be transported to the mussel shell and form part of the shell organic matrix.
In an effort to clarify this issue, EDTA-insoluble fractions obtained from M. galloprovincialis
shell organic matrix were assayed by Western blot. It can be observed in Fig 9 that the M22.8
mAb recognizes the antigen in the mussel shell (bands at 100 kDa and 55 kDa) in a similar way

1 2 3 4 5 6

250
150
100
75
50

35
25

Fig 6. Western blot assays on hemocytes from adult M. galloprovincialis. (1) molecular weight markers
(kDa); (2, 3, 4) EP hemocytes; (5) hemolymph hemocytes; (6) empty well.

doi:10.1371/journal.pone.0152210.g006
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Fig 7. Flow cytometry analysis of intact and fixed-permeabilized EPF (a,b) and hemolymph (c,d) hemocytes. Hemocytes were incubated with M22.8
mAb followed by FITC-labelled secondary antibodies. (MFI): median fluorescence intensity; (HL): hemolymph.

doi:10.1371/journal.pone.0152210.g007

to that found for the EPF samples, thus indicating that the antigen is located in the shell
organic matrix.

Discussion

In the present work it has been demostrated that M22.8 mAb recognizes an antigen (MSP22.8)
not only in M. galloprovincialis larvae but also in adult specimens, suggesting that it is
expressed at all stages of mussel life. Indeed, our results show that MSP22.8 is detected in the
mantle edge, EPF (including EP hemocytes) and shell organic matrix and that it forms part of
the matrix framework.

Electrophoretically, MSP22.8 shows different behaviour depending on the samples consid-
ered and the conditions assayed. The antigen extracted from the mantle edge appears in West-
ern blot assays as a main band at approximately 130 kDa under non-reducing conditions.
When DTT is added to the loading buffer, the molecular weight of MSP22.8 shifts to approxi-
mately 100 kDa, suggesting that the 130 kDa protein could be composed of 2 subunits bound
by a disulfide bond. However, in the case of the EPF samples, M22.8 recognizes two bands,
namely a diffuse band at approximately 100 kDa and a sharper one at approximately 55 kDa,
and major differences were not observed between reducing or non-reducing conditions.

A possible explanation for these differences in the size of the MSP22.8 antigen from the
adult mantle edge and the EPF could be due to the production of a pre-protein in the mantle,
which could be processed further. This pre-protein could perhaps be produced as a heterodi-
meric protein. It has been reported that in M. galloprovincialis the novel blue mussel shell pro-
tein (BMSP) is produced as a pre-protein consisting of a signal peptide and two proteins,
BMSP 120 and BMSP 100 [39]. MSP22.8 could be processed in a similar way and this would
generate two proteins after cleavage (100 kDa and 55 kDa), which would explain the results
obtained in the Western blot assays.

The diffuse appearance of the 100 kDa band could be due to post-translational modifica-
tions such as phosphorylation and glycosylation. This finding is very common in proteins asso-
ciated with mineralized tissues [3], including shell proteins in molluscs [40, 41]. It is important
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to note that MSP22.8 is also detected in M. galloprovincialis shell extracts and shows similar
bands (100 kDa and 55 kDa) to those found in the EPF, thus suggesting that the protein is pro-
cessed in the EPF before reaching the shell.

Previous results obtained with M22.8 mAb using indirect immunofluorescence and immu-
nohistochemistry techniques showed a peripheral recognition pattern in Mytilus galloprovin-
cialis early larvae and post-larvae (2-34 days old) [33, 42]. The results reported in this study,
however, confirm the presence of the MSP22.8 antigen in M. galloprovincialis larvae lysates.
The MSP22.8 antigen is expressed at very early stages (2-day old larvae) and this coincides
with the formation of the early shell, the prodissoconch [43]. Furthermore, according to our
results this antigen seems to be expressed throughout the whole life of the mussel.

Another interesting question concerns the immunolocalization of MSP22.8 in living tissues.
According to our results, MSP22.8 is secreted by cells of the mantle edge epithelium. In particu-
lar, cells of the outer epithelium from the apical zone of the outer lobe up to the pallial line (the
place where pallial muscle is attached to the shell). The region where MSP22.8 is expressed
coincides with the region described for the expression of shell proteins belonging to the pris-
matic layer in nacro-prismatic bivalves [19, 21]. In particular, this situation has been demo-
strated for some shell proteins such as the pearl oyster Pinctada fucata, MSI31 [20] and Aspein
[44]. Furthermore, it seems that there is a clear limit between the nacre-secreting and the
prism-secreting cells [45]. Although we do not have evidence that MSP22.8 is located within
the shell layers, we presume that MSP22.8 could be involved in the formation of the prismatic
layer.

MSP22.8 is detected both in EPF and hemocyte lysates extracted from the extrapallial cavity.
In contrast, neither hemocytes from hemolymph nor hemolymph itself are positive in the
Western blot assay. This finding can be explained if we assume that the mantle epithelium is
impermeable to medium-high molecular weight molecules. In the quahog Mercenaria merce-
naria, an experiment with bovine serum albumin (66 kDa) showed that the outer mantle epi-
thelium forms an effective barrier to at least some high molecular weight proteins [46]. Similar
results were previously reported for the freshwater snail Biomphalaria glabrata in relation with
horseradish peroxidase (40 kDa) [47]. Given its molecular weight, flux within surrounding tis-
sue or hemolymph should not occur with MSP22.8 after its secretion by the mantle edge. This
would explain why neither hemolymph nor hemocytes in these regions are positive.

With the aim of confirming the presence of MSP22.8 in EP hemocytes and to obtain infor-
mation about the role of these immune cells, we designed flow cytometry assays that included
an endocytosis experiment in which hemocytes from hemolymph were exposed to a cell-free
EPF. The results confirmed that permeabilized EP hemocytes were strongly positive and this
indicates that MSP22.8 is present within these EP cells. In contrast, permeabilized hemolymph
hemocytes were negative to staining with the antibody. However, surprisingly the presence of
MSP22.8 dramatically increased on these hemolymph hemocytes after exposure to a cell-free
EPF (containing the MSP22.8 antigen), indicating that MSP22.8 can, in fact, be internalized by
these cells.

On the basis of the results outlined above, we suggest that MSP22.8 is secreted by mantle
cells into the EPF and is then internalized by hemocytes therein, which transport the antigen to
the shell. Apart from their functions as the cells responsible for innate immunity in bivalves
[48], the role that the EP hemocytes play in shell formation is still unclear. It is believed that
these hemocytes play an important role in the biomineralization process [45], although this
possibility has not been confirmed. Some data on the oyster Crassostrea virginica reveal that
these immune cells are able to carry calcite to the mineralization site [49]. Additionally, a 48
kDa phosphoprotein previously described as a component in the shell matrix of Crassostrea
virginica was also detected in hemocytes from these species [50].
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In the classical view of shell formation, the normal shell mineralization phenomenon is seen
as a succession of compartments [10, 16]. The mantle organ, periostracum and extrapallial cav-
ity are considered to be the three pillars. The mantle would be the central organ, in particular
the outer mantle ephitelium, which secretes the array of molecules that participate directly in
the crystal formation [3]. According to the classical approach, outer epithelium would control
the mineralization process remotely since there is no direct contact between the outer epithe-
lium and the shell mineralization zone. Molecules secreted into the extrapallial cavity would be
self-assembled and they reach the shell growing area without the participation of any cell [45].

However, this classical theory has been called into question by several authors [7, 18, 45]. In
particular, if one focuses on the nacre formation [30], it seems that mantle cells are in close
contact with the mineralization front. Prism and nacre would be assembled from different pro-
tein repertoires, thus suggesting the existence of a cell secreting differentiation [51]. A new
model has been proposed for oysters [52], where the shell matrix protein production could not
be restricted to the mantle organ and mantle proteins could be transported to the shell by a spe-
cific type of hemocyte. The complexity of shell formation and the involvement of hemocytes
and exosomes have been described in the Pacific oyster Crassostrea gigas [53]. The diversity of
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protein domains suggests that the role of the shell matrix proteins may be broader than
expected and not restricted to crystallization processes [54].

Biomineralization of the mollusc shell is far from being well understood. Following the path
of a protein after it is secreted is not sufficient to understand fully the complex phenomenon of
shell formation. However, the results described here could help to shed some light on the
importance of the mantle-secreted protein, EPF and hemocytes in the shell biomineralization
process. We suggest that the calcifying matrix could be cell-guided to the mineralization front.
Cellular control of mineralization would be the responsibility of both the mantle cells and the
hemocytes. Due to their mobility within the extrapallial cavity, hemocytes could reach parts of
the shell that cannot be reached by the mantle cells.

Based on the fact that MSP22.8 is expressed in the mantle edge, our hypothesis starts with
the production of the antigen. MSP22.8 seems to be secreted as a pre-protein in the mantle
edge epithelia and then further processed in the EPF medium. In that medium, the antigen
could be transported by the EP hemocytes to the mineralization front, where it could form part
of the shell mineralization matrix, particularly within the prismatic layer (Fig 10).
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S1 Fig. Western blot assays on adult tissues of Mytilus galloprovincialis. SDS-PAGE 8%
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were incubated with antibody diluent (a, c, e,g) or M22.8 (b,d,fh) and revealed with DAB.
(PDF)

Author Contributions

Conceived and designed the experiments: JCI DPF SLA BSC MIQ JMF AGF. Performed the
experiments: JCI BSC. Analyzed the data: JCI DPF SLA BSC. Contributed reagents/materials/
analysis tools: JCI BSC. Wrote the paper: JCI DPF SLA BSC MIQ JMF AGF.

References

1. Weiner S, Lowenstam H. Organization of Extracellularly Mineralized Tissues: A Comparative Study of
Biological Crystal Growt. Critical Reviews in Biochemistry and Molecular Biology. 1986; 20(4):365—
408.

2. Wheeler A, Rusenko KW, George JW, Sikes CS. Evaluation of calcium binding by molluscan shell
organic matrix and its relevance to biomineralization. Comparative Biochemistry and Physiology Part
B: Comparative Biochemistry. 1987; 87(4):953—-60.

3. Lowenstam HA, Weiner S. On biomineralization.: Oxford University Press; 1989.

4. Currey JD. The design of mineralised hard tissues for their mechanical functions. Journal of Experimen-
tal Biology. 1999; 202(23):3285-94.

5. Jackson A, Vincent J, Turner R. The mechanical design of nacre. Proceedings of the Royal society of
London Series B Biological sciences. 1988; 234(1277):415—-40.

Mann S. Biomineralization.: Oxford.: Oxford University Press; 2001.

7. Marin F, Luquet G, Marie B, Medakovic D. Molluscan shell proteins: primary structure, origin, and evolu-
tion. Current topics in developmental biology. 2007; 80:209-76.

8. Wilbur K. Shell formation. In “The Mollusca: Vol. 4 Physiology’.(Eds Saleuddin ASM and Wilbur K.
M.) pp. 236-79. Academic Press: London; 1983.

PLOS ONE | DOI:10.1371/journal.pone.0152210 March 23, 2016 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152210.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152210.s002

@' PLOS ‘ ONE

Identification of a Protein Involved in Mussel Shell Formation

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hare PE. Amino acids in the proteins from aragonite and calcite in the shells of Mytilus californianus.
Science. 1963; 139(3551):216—7. PMID: 13952795

Saleuddin A, Petit H. The mode of formation and the structure of the periostracum. The Mollusca. 1983;
4(1):199-231.
Marie B, Le Roy N, Zanella-Cléon |, Becchi M, Marin F. Molecular evolution of mollusc shell proteins:

insights from proteomic analysis of the edible mussel Mytilus. Journal of molecular evolution. 2011; 72
(5—6):531-46. doi: 10.1007/s00239-011-9451-6 PMID: 21643827

Mutvei H. The nacreous layer in molluscan shells. The mechanisms of biomineralization in animals and
plants Tokai University Press, Tokyo. 1980:49-56.

Feng Q, LiH, PuG, Zhang D, Cui F, Li H, et al. Crystallographic alignment of calcite prisms in the obli-
que prismatic layer of Mytilus edulis shell. Journal of materials science. 2000; 35(13):3337—40.

Dalbeck P, England J, Cusack M, FALLICK AE. Crystallography and chemistry of the calcium carbon-
ate polymorph switch in M. edulis shells. European journal of mineralogy. 2006; 18(5):601-9.

Wilbur KM, Jodrey LH. Studies on shell formation. |. Measurement of the rate of shell formation using
Ca45. The Biological Bulletin. 1952; 103(2):269-76.

Crenshaw MA. Mechanisms of shell formation and dissolution. Skeletal growth of aquatic organisms:
biological records of environmental change/edited by Donald C Rhoads and Richard A Lutz. 1980.

Jackson DJ, McDougall C, Green K, Simpson F, Wérheide G, Degnan BM. A rapidly evolving secre-
tome builds and patterns a sea shell. BMC biology. 2006; 4(1):40.

Marin F, Lugquet G. Molluscan shell proteins. Comptes Rendus Palevol. 2004; 3(6—7):469-92. doi: 10.
1016/j.crpv.2004.07.009

Jolly C, Berland S, Milet C, Borzeix S, Lopez E, Doumenc D. Zona Localization of Shell Matrix Proteins
in Mantle of Haliotis tuberculata (Mollusca, Gastropoda). Mar Biotechnol. 2004; 6(6):541-51. doi: 10.
1007/s10126-004-3129-7 PMID: 15747090

Sudo S, Fujikawa T, Nagakura T, Ohkubo T, Sakaguchi K, Tanaka M, et al. Structures of mollusc shell
framework proteins. Nature. 1997; 387(6633):563—4.

Takeuchi T, Endo K. Biphasic and Dually Coordinated Expression of the Genes Encoding Major Shell
Matrix Proteins in the Pearl Oyster Pinctada fucata. Mar Biotechnol. 2006; 8(1):52—61. doi: 10.1007/
$10126-005-5037-x PMID: 16283581

Hattan SJ, Laue TM, Chasteen ND. Purification and characterization of a novel calcium-binding protein
from the extrapallial fluid of the mollusc, Mytilus edulis. Journal of Biological Chemistry. 2001; 276
(6):4461-8. PMID: 11084027

Yin'Y, Huang J, Paine ML, Reinhold VN, Chasteen ND. Structural characterization of the major extra-
pallial fluid protein of the mollusc Mytilus edulis: implications for function. Biochemistry. 2005; 44
(31):10720-31. PMID: 16060681

Crenshaw MA. The inorganic composition of molluscan extrapallial fluid. Biological Bulletin. 1972:506—
12.

Pietrzak JE, Bates JM, Scott RM. Constituents of unionid extrapallial fluid. ii ph and metal ion composi-
tion. Hydrobiologia. 1976; 50(1):89-93.

Wada K. Initiation of mineralization in bivalve molluscs. The mechanisms of biomineralization in ani-
mals and plants. 1980:79-92.

Misogianes MJ, Chasteen ND. A chemical and spectral characterization of the extrapallial fluid of Myti-
lus edulis. Analytical biochemistry. 1979; 100(2):324-34. PMID: 230749

Weiner S, Lowenstam H, Hood L. Discrete molecular weight components of the organic matrices of
mollusc shells. Journal of Experimental Marine Biology and Ecology. 1977; 30(1):45-51.

Moura G, Vilarinho L, Santos AC, Machado J. Organic compounds in the extrapalial fluid and haemo-
lymph of Anodontacygnea (L.) with emphasis on the seasonal biomineralization process. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology. 2000; 125(3):293-306.

Addadi L, Joester D, Nudelman F, Weiner S. Mollusk shell formation: a source of new concepts for
understanding biomineralization processes. Chemistry. 2006; 12(4):980-7. Epub 2005/11/30. doi: 10.
1002/chem.200500980 PMID: 16315200.

Simkiss K, Wilbur K. Molluscs—epithelial control of matrix and minerals. Biomineralization, cell biology
and mineral deposition Academic Press, Inc, New York, NY. 1989:231-56.

Ma Z, Huang J, Sun J, Wang G, Li C, Xie L, et al. A novel extrapallial fluid protein controls the morphol-
ogy of nacre lamellae in the pearl oyster, Pinctada fucata. Journal of Biological Chemistry. 2007; 282
(32):23253-63. PMID: 17558025

Abalde SL, Fuentes J, Gonzalez-Fernandez A. Identification of Mytilus galloprovincialis larvae from the
Galician rias by mouse monoclonal antibodies. Aquaculture. 2003; 219(1):545-59.

PLOS ONE | DOI:10.1371/journal.pone.0152210 March 23, 2016 16/17


http://www.ncbi.nlm.nih.gov/pubmed/13952795
http://dx.doi.org/10.1007/s00239-011-9451-6
http://www.ncbi.nlm.nih.gov/pubmed/21643827
http://dx.doi.org/10.1016/j.crpv.2004.07.009
http://dx.doi.org/10.1016/j.crpv.2004.07.009
http://dx.doi.org/10.1007/s10126-004-3129-7
http://dx.doi.org/10.1007/s10126-004-3129-7
http://www.ncbi.nlm.nih.gov/pubmed/15747090
http://dx.doi.org/10.1007/s10126-005-5037-x
http://dx.doi.org/10.1007/s10126-005-5037-x
http://www.ncbi.nlm.nih.gov/pubmed/16283581
http://www.ncbi.nlm.nih.gov/pubmed/11084027
http://www.ncbi.nlm.nih.gov/pubmed/16060681
http://www.ncbi.nlm.nih.gov/pubmed/230749
http://dx.doi.org/10.1002/chem.200500980
http://dx.doi.org/10.1002/chem.200500980
http://www.ncbi.nlm.nih.gov/pubmed/16315200
http://www.ncbi.nlm.nih.gov/pubmed/17558025

@' PLOS ‘ ONE

Identification of a Protein Involved in Mussel Shell Formation

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pérez D, Lorenzo-Abalde S, Gonzalez-Fernandez A, Fuentes J. Inmunodetection of Mytilus gallopro-
vincialis larvae using monoclonal antibodies to monitor larval abundance on the Galician coast: Optimi-
zation of the method and comparison with identification by morphological traits. Aquaculture. 2009; 294
(1):86-92.

Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227(5259):680-5. PMID: 5432063

Burnette WN. “Western blotting”: electrophoretic transfer of proteins from sodium dodecyl sulfate-poly-
acrylamide gels to unmodified nitrocellulose and radiographic detection with antibody and radioiodi-
nated protein A. Analytical biochemistry. 1981; 112(2):195-203. PMID: 6266278

Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some applications. Proceedings of the National Academy of Sciences.
1979; 76(9):4350—4.

Donaghy L, Kim B-K, Hong H-K, Park H-S, Choi K-S. Flow cytometry studies on the populations and
immune parameters of the hemocytes of the Suminoe oyster, Crassostrea ariakensis. Fish & shellfish
immunology. 2009; 27(2):296-301.

Suzuki M, lwashima A, Tsutsui N, Ohira T, Kogure T, Nagasawa H. Identification and Characterisation
of a Calcium Carbonate-Binding Protein, Blue Mussel Shell Protein (BMSP), from the Nacreous Layer.
ChemBioChem. 2011; 12(16):2478-87. doi: 10.1002/cbic.201100317 PMID: 21932217

Marin F, Corstjens P, De Gaulejac B, de Vrind-De Jong E, Westbroek P. Mucins and molluscan calcifi-
cation Molecular characterization of mucoperlin, a novel mucin-like protein from the nacreous shell
layer of the fan mussel Pinna nobilis (Bivalvia, Pteriomorphia). Journal of Biological Chemistry. 2000;
275(27):20667—75. PMID: 10770949

Naganuma T, Ogawa T, Hirabayashi J, Kasai K, Kamiya H, Muramoto K. Isolation, characterization
and molecular evolution of a novel pearl shell lectin from a marine bivalve, Pteria penguin. Molecular
diversity. 2006; 10(4):607—18. PMID: 17111088

Lorenzo-Abalde S, Gonzalez-Fernandez A, de Miguel Villegas E, Fuentes J. Two monoclonal antibod-
ies for the recognition of Mytilus spp. larvae: studies on cultured larvae and tests on plankton samples.
Aquaculture. 2005; 250(3):736—47.

Kniprath E. Ontogeny of the molluscan shell field: a review. Zoologica Scripta. 1981; 10(1):61-79.

Tsukamoto D, Sarashina I, Endo K. Structure and expression of an unusually acidic matrix protein of
pearl oyster shells. Biochemical and biophysical research communications. 2004; 320(4):1175-80.
PMID: 15249213

Marin F, Le Roy N, Marie B. The formation and mineralization of mollusk shell. Front Biosci. 2012;
4:1099-125.

Nair PS, Robinson WE. Calcium speciation and exchange between blood and extrapallial fluid of the
quahog Mercenaria mercenaria (L.). The Biological Bulletin. 1998; 195(1):43-51. PMID: 9739548

Bielefeld U, Kértje KH, Rahmann H, Becker W. The shell-forming mantle epithelium of biophalaria glab-
rata (pulmonata): ultrastructure, permeability and cytochemistry. Journal of molluscan studies. 1993;
59(3):323-38.

Canesil, Gallo G, Gavioli M, Pruzzo C. Bacteria—hemocyte interactions and phagocytosis in marine
bivalves. Microscopy research and technique. 2002; 57(6):469-76. PMID: 12112429

Mount A, Wheeler A, Paradkar R, Snider D. Hemocyte-mediated shell mineralization in the eastern oys-
ter. Science (New York, NY). 2004; 304(5668):297—-300.

Johnstone MB, Ellis S, Mount AS. Visualization of shell matrix proteins in hemocytes and tissues of the
Eastern oyster, Crassostrea virginica. Journal of Experimental Zoology Part B: Molecular and Develop-
mental Evolution. 2008; 310(3):227-39.

Marie B, Joubert C, Tayalé A, Zanella-Cléon |, Belliard C, Piquemal D, et al. Different secretory reper-
toires control the biomineralization processes of prism and nacre deposition of the pearl oyster shell.
Proceedings of the National Academy of Sciences. 2012; 109(51):20986-91.

Wang X, LiL, Zhu Y, DuY, Song X, Chen Y, et al. Oyster shell proteins originate from multiple organs
and their probable transport pathway to the shell formation front. PloS one. 2013; 8(6):€66522. PMID:
23840499

Zhang G, Fang X, Guo X, LiL, Luo R, Xu F, et al. The oyster genome reveals stress adaptation and
complexity of shell formation. Nature. 2012; 490(7418):49-54. doi: 10.1038/nature11413 PMID:
22992520

Liu C, Li S, Kong J, Liu Y, Wang T, Xie L, et al. In-depth proteomic analysis of shell matrix proteins of
Pinctada fucata. Scientific reports. 2015;5.

PLOS ONE | DOI:10.1371/journal.pone.0152210 March 23, 2016 17/17


http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/6266278
http://dx.doi.org/10.1002/cbic.201100317
http://www.ncbi.nlm.nih.gov/pubmed/21932217
http://www.ncbi.nlm.nih.gov/pubmed/10770949
http://www.ncbi.nlm.nih.gov/pubmed/17111088
http://www.ncbi.nlm.nih.gov/pubmed/15249213
http://www.ncbi.nlm.nih.gov/pubmed/9739548
http://www.ncbi.nlm.nih.gov/pubmed/12112429
http://www.ncbi.nlm.nih.gov/pubmed/23840499
http://dx.doi.org/10.1038/nature11413
http://www.ncbi.nlm.nih.gov/pubmed/22992520

