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The proteins derived from the foliated shell layer of the oyster, Crassostrea virginica,
are unusually acidic and highly phosphorylated. Here we report the identification of a
gene encoding a member of this class of phosphoproteins that we collectively refer
to as folian. Using an in silico approach, a virtual probe was constructed from an
N-terminal sequence (DEADAGD) determined for a 48 kDa folian phosphoprotein and
used to screen an oyster EST databank. A sequence that matched the N-terminus of the
48 kDa protein was found and used to identify the full-length gene from a C. virginica
BAC library. The molecular weight of the deduced gene product is 32 kDa and was
named folian-cv1. Genomic Southern analysis revealed two variants of the gene. The
mature protein is composed of 43.3% Asp, 32.6% Ser, and 9.1% Glu with 37.5%
of the amino acids of the protein potentially phosphorylated. The primary sequence
of folian-cv1 is organized in blocks, with a short relatively hydrophobic block at the
N-terminus and with the remainder containing low complexity regions largely dominated
by aspartic acid and serine. Overall, the protein is predicted to be highly disordered. PCR
and sequence analyses identified folian-cv1 expression in the mantle and hemocytes.
Immuno-histochemical staining of mantle tissue reveals that cells of the shell-facing
epithelium and in the periostracal groove secrete a continuous layer of folian-positive
material and that folian-positive hemocytes move through the mantle epithelium. The
function in shell formation of folian proteins including folian-cv1 is not known. However,
based on the complexity of this class of proteins and the two methods of their delivery
to the region of shell formation, it is possible they are involved in diverse ways in
this process.
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INTRODUCTION

Molluscan shell is composed of layers of nano- to micro-scaled
calcium carbonate crystals embedded in an organic extracellular
matrix. This composite structure is responsible for the
exceptional toughness of the shell to fracture (Currey, 1999).
Broadly speaking the matrix is composed of a variety of
macromolecules, including predominately protein, as well
as carbohydrates, such as chitin. Among the former are a
class of uniquely acidic (anionic at physiological pH) proteins
(Weiner and Dove, 2003; Marin et al., 2008). Beyond their role
in enhancing the mechanical properties of shell, it has been
proposed often that these proteins play a role in controlling
the nucleation as well as the microstructure and mineralogy
of the mineral phase (Lowenstam, 1981; Addadi and Weiner,
1985, 1989, 2014; Mann, 1988; Wheeler and Sikes, 1989). As
evidence of crystal growth control, the microstructures of shell
layers are diverse and differ from inorganically grown crystals
but generally are conserved within closely related taxonomic
groups (Carter, 1980; Carter and Clark, 1985; Lowenstam and
Weiner, 1989). For example, the principal shell layer of the
Eastern oyster, Crassostrea virginica, is foliated calcite, which is
generally prominent among true oysters (Ostreidae) as well as
related groups normally included in the order Ostreoida, such as
scallops (Checa et al., 2007; Esteban-Delgado et al., 2008).

Most of the studies directed at understanding matrix function
have been performed on isolated preparations in vitro or
through traditional microscopial techniques. However, more
recent studies of matrix gene expression in mineral forming
tissues (Zhang et al., 2012; Hüning et al., 2016; Ivanina et al.,
2017; Jackson et al., 2017), as well as those using cryo-microscopic
techniques (Nudelman et al., 2008) and knockdown studies
(Suzuki et al., 2009), among others, show promise in refining our
understanding of matrix function. Despite this recent progress,
clarity as to the function of individual matrix proteins is still in
the formative stages of development.

For some time, several of the authors have analyzed the
function, biochemistry and cytology of the extracellular matrix
from the inner foliated shell layer of C. virginica (e.g., Wheeler
et al., 1987, 1988, 1991; Rusenko et al., 1991; Wheeler, 1992b;
Sikes et al., 1998; Mount, 1999; Myers et al., 2007; Johnstone
et al., 2008, 2015). These studies showed that the oyster foliated
matrix is dominated by highly phosphorylated proteins which
are also enriched in aspartic acid, a composition that makes
them highly acidic. The oyster phosphoproteins are enigmatic
in that extracts from dissolved shell yield soluble forms with a
wide range of molecular weight as well as gel-forming insoluble
forms, all having similar amino acid compositions. We refer
to this family of proteins collectively as folian. Some of these
earlier studies also revealed the capacity of the folian proteins to
bind to crystals and thereby inhibit and regulate crystal growth
in vitro and provided evidence for crystal-matrix interactions
in situ. Based on oyster protein structure and activity, synthetic
proteins have been produced for use as anti-scalants, dispersants,
superabsorbents and many other possible applications (e.g.,
Wheeler and Koskan, 1993; Sikes and Wierzbicki, 1995).
Outside of C. virginica, there appears to be a correlation
between the foliated microstructure and the presence of highly

phosphorylated matrix proteins (Borbas et al., 1991; Sarashina
and Endo, 2001; Samata et al., 2008). However, no causal
relationship between this highly phosphorylated matrix and the
formation of the foliated microstructure has been established.
One of the limitations to understanding oyster matrix function
is that previous studies were performed using preparations of
varying degrees of heterogeneity. In fact, to date no individual
folian protein from C. virginica has been fully characterized
for functional assessment. Accordingly, in this study, using an
in silico approach, we report the complete sequence of one gene
from this class which we have named folian-cv1.

Traditionally, it has been assumed that most or all components
necessary for mineralization are secreted by the mantle into the
extrapallial space (Lowenstam and Weiner, 1989; Simkiss and
Wilbur, 1989; Wheeler, 1992a). In fact, immuno-cytochemical
studies have demonstrated secretion of matrix proteins by the
mantle of C. virginica (Kawaguchi and Watabe, 1993; Myers et al.,
2007; Johnstone et al., 2008) and their inclusion in mineralized
layers during shell formation (Kawaguchi and Watabe, 1993).
A special class of cells in the outer mantle epithelium has been
identified as the likely candidate for secretion of folian proteins
(Myers et al., 2007). More recently, hemocytes have also been
implicated in shell formation or regeneration (Mount et al.,
2004; Kádár, 2008; Li et al., 2016; Ivanina et al., 2017; Huang
et al., 2018). In addition, they have been shown to form mineral
ex vivo on surfaces, a process which has potential anti-fouling,
protective coating and cellular adhesive applications (Mount
et al., 2016). In the oyster, hemocytes are immuno-positive for
folian proteins (Johnstone et al., 2008) and a class of these cells
which contain calcium carbonate crystals has been demonstrated
in association with regenerating shell (Mount et al., 2004) or
shell formed on implants (Johnstone et al., 2015). In this study,
immuno-histochemical staining of mantle tissue confirms the
secretion of folian from mantle cells and the movement of
folian-positive hemocytes through the mantle epithelium toward
the sites of mineralization. The expression of folian-cv1 by
mantle and hemocytes was confirmed by PCR. It therefore can
be deduced that folian-cv1 is directly active in shell formation.
However, because folian proteins are diverse and produced not
only by both mantle and hemocytes but other tissues in the oyster
as well (Johnstone et al., 2008), it is possible that folian, and
by extension folian-cv1, may have multiple and, in some cases,
indirect roles in mineralization, such serving as a part of the
scaffolding for cell attachment (Chan et al., 2018), and possibly
function in other processes as well.

MATERIALS AND METHODS

Shell Protein Extraction and Purification
Shells from live specimens of the Eastern oyster, Crassostrea
virginica, were collected from Sixty Bass Creek of North Inlet
estuary, Georgetown, SC, United States. The shell proteins
were extracted following protocols described in Wheeler et al.
(1988) and Johnstone et al. (2008). Specifically, the shells were
scrubbed under tap water and the outer shell layers, including the
periostracum and the underlying prismatic layer, were removed
with a sanding tool. Shell pieces composed of foliated mineral,
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free of myostracum and conchiolin patches, were selected and
ground into powder. Protein was extracted from the CaCO3
phase by dissolving 25 g of the ground foliated shell in 750 ml of
17% ethylenediamine tetraacetic acid (EDTA), pH 8 at 4◦C until
the mineral was fully dissolved (about 48 h). The resulting shell
extracellular matrix suspension was centrifuged at 27,000× g for
30 min to pellet the insoluble matrix. The supernatant containing
the soluble matrix was decanted, concentrated to approximately
50 ml, then dialyzed against 1 L of 10 mM NaCl using a Millipore
Minitan tangential flow filtration apparatus with a molecular
weight exclusion limit of 10 kDa. The resultant dialysate was
further dialyzed against distilled water and lyophilized. Soluble
matrix stock solutions were made by reconstituting the protein
in distilled water to a concentration of 5 mg ml−1 based on total
weight of the dried material. The pellet containing the insoluble
matrix portion of the shell extract was reconstituted with 2 ml of
8 M urea and agitated end-over-end overnight at 4◦C. The urea
solubilized matrix suspension was centrifuged at 27,000 × g for
30 min to pellet the residual insoluble matrix. The supernatant
containing the urea soluble matrix extract was dialyzed against
distilled water and the dialysate concentrated using Microcon
concentrators (Millipore).

Soluble matrix proteins were purified electrophoretically using
protocols outlined in Johnstone (2008) by applying 2 mg of
dry weight extract to 12% Tris-glycine sodium dodecyl sulfate
polyacrylamide (SDS-PAGE) preparative gels. Protein bands were
visualized by staining with 0.3 M CuCl2, and bands of interest
were excised from the gel, de-stained for approximately 30 min
in three washes of 50 mM EDTA, pH 8 and eluted using an
electro-elution module (Bio-Rad) according to manufacturer’s
protocols. Following electro-elution, protein was dialyzed against
distilled water using Microcon concentrators or dialysis cassettes
(Pierce), both having a MW cut-off of 10–12 kDa. Purified
protein was lyophilized and stored at −20◦C. Wherever protein
quantities are reported they were determined using the BCA
(Pierce) assay according to the manufacturer’s protocol.

Antibody Production
Antibody probes were prepared using two strategies. For Western
analyses comparing the reactivity of soluble matrix proteins
to antibodies made to 48 and 55 kDa proteins, 100 µg each
of preparative SDS-PAGE-purified 48 and 55 kDa protein was
eluted from gels, reconstituted in 200 µl of Tris buffered saline,
pH 7.5 (TBS) and emulsified with an equal volume of complete
Freud’s adjuvant. The emulsion for each eluted band was injected
subcutaneously into two New Zealand White rabbits. After
3 weeks, the rabbits were boosted with an additional 100 µg
of protein in the same manner. Sera containing anti-48 kDa or
anti-55 kDa antibodies were harvested 6 weeks after the boosts
and were stored in 1 ml aliquots at−20◦C.

For immuno-histochemical analyses, an affinity purified
antibody preparation made against the 48 kDa protein was
produced by applying anti-sera generated against whole soluble
matrix to a column packed with resin linked to gel purified
48 kDa protein (Johnstone et al., 2008). This method produced
similar banding patterns on Western blots to that for the antibody

produced as described above, but it was a more efficient way to
produce sufficient antibody for these analyses.

SDS-PAGE and Western Analyses
Thirty-five µg of water soluble and urea-solubilized matrix were
resolved in duplicate on gradient (4-20%) Tris-Glycine ready gels
(Novex) in the presence of sodium dodecyl sulfate (SDS). One
gel was stained with Stains-all (Sigma) to reveal the positions
of acidic and phosphorylated proteins according to methods
described by Campbell et al. (1983) as modified by Myers et al.
(1996). The duplicate gel was transferred onto nitrocellulose
for 1 h at 100 v in buffer containing 25 mM Tris, 192 mM
glycine, 20% v/v methanol at pH 8.3 using a mini-transfer unit
(Invitrogen). Following transfer, the membrane was rinsed once
with TBS, then placed into 50 ml of TBS containing 3% bovine
serum albumin (BSA) and 1% goat serum (blocking buffer) and
allowed to incubate overnight at 4◦C. After blocking, membranes
were incubated in 25 ml of solution containing either the anti-55
kDa or anti-48 kDa sera diluted 1:800 in BS containing 3% BSA
(Western buffer) for 2 h at room temperature. Membranes were
washed 3X in 50 ml of TBS containing 1% BSA and 0.05%
Tween-20 (wash buffer) for 5 min each. The membrane was
incubated in 50 ml of alkaline phosphatase conjugated goat
anti-rabbit IgG (Sigma) diluted to 1:30,000 in Western buffer
for 1.5 h, and then washed 3X for 5 min each in wash buffer.
A final rinse was carried out in TBS and color was developed
with BCIP/NBT (Sigma). Development was stopped by repeated
washing in distilled water over 10 min. All incubations and
washes were carried out with continuous gentle shaking at
room temperature. Molecular weight estimates of bands were
determined from plots of the log MW of the SeeBlue standards
(Novex) as a function of their relative migration distances.

Amino Acid Analyses
Amino acid analyses were conducted following the method
of Waite and Benedict (1984) to optimize recovery of
dihydroxyphenylalanine (dopa). Briefly, 10 µg of dry weight
protein was re-suspended in 6 N HCL containing 5% v/v
phenol. Hydrolysis was carried out in vacuo at 110◦C for
24 h. Following hydrolysis, samples were dried in a Speed Vac
apparatus, re-suspended in 150 µl of sample buffer and analyzed
on a Beckman 6300 Autoanalyzer with post-column ninhydrin
detection. All reagents used for the analyses were obtained from
the manufacturer.

Phosphate and Carbohydrate Analyses
Protein-bound phosphate was determined by the
spectrophotometric method of Eisenreich et al. (1975).
Absorbance was determined at 880 nm against a standard range
of 0.07–5.0 µg ml−1 total phosphate. Carbohydrate content was
analyzed by two methods. A weight estimation was obtained
using the spectrophotometric Glycoprotein Carbohydrate
Estimation Kit (PIERCE) according to manufacturer’s protocol.
Absorbance was read at 550 nm and is proportional to the
percentage of carbohydrate component in the protein. A standard
curve was generated using proteins of known total carbohydrate
content. Additionally, the DIG Glycan/Protein Double labeling
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kit (Boehringer-Mannheim) was used to qualitatively label both
glycosylated and non-glycosylated protein from blots following
separation on SDS-PAGE gels following manufacture’s protocols.
Once blots identifying glycoproteins were photographed, the
blots were re-stained to identify all proteins.

Edman Sequencing
Prior to sequencing, approximately 200 µg of whole soluble
matrix protein and protein solubilized with urea from insoluble
matrix protein were resolved on a 4–20% Tris-glycine SDS gel,
blotted onto Immobilon CD membrane (Milipore) and stained
with a stain developed specifically for Immobilon CD according
to the manufacturer’s directions. Protein bands of interest stained
white against a purple background. Two bands with estimated
molecular weights of 48 and 55 kDa were excised from the blot,
rinsed three times in distilled H20 for 10 min each, air-dried and
submitted to the Proteomics Center at the Medical University of
South Carolina for sequencing.

Probing of BAC Library
Using amino acid sequence data deduced from the N-terminal
sequence of the 48 kDa protein corresponding to DEADAGD,
a perl script was developed to convert the amino acid sequence
into a regular expression encompassing all possible codon
combinations, which were used to scan all molluscan nucleotide
sequences in the National Center for Biotechnology Information
database (NCBI)1. All candidate genes with the potential to
create the target amino acid sequence were examined further by
performing a 6-frame translation and inspecting start codons,
stop codons, and acidic characters. A single candidate transcript
sequence was identified and Primer3 (Rozen and Skaletsky, 2000)
was used to develop primers for this transcript.

The folian-cv1 probe was developed by PCR amplification
with the candidate primers and surplus genomic DNA (template)
from a BAC library previously constructed using a South
Atlantic population of C. virginica collected from Wadmalaw
Sound, South Carolina (Cunningham et al., 2006). The
Advantage2 polymerase from Clonetech was used and cycled
25 times as follows: 95 C for 5 min; 60◦C for 30 s;
68◦C for 1 min. A final extension was carried out at
72◦C for 10 min and the products were held at 4◦C.
The raw PCR products were removed of primer-dimers
and unincorporated dNTPs by ethanol precipitation and
their size validated by agarose gel electrophoresis on a
1.2% Tris-acetate-EDTA (TAE) mini-gel. Verified amplification
products were eluted from the gel and ligated into the EcoRV
site of the pGEM-Teasy vector (Promega) for Sanger sequence
verification. Confirmed PCR products were purified and 100 ng
was used to construct probes that were radiolabeled with
dATP∗, using the DECAprimeTMII random-primer labeling kit
(Ambion) according to the manufacturer’s protocols. Three BAC
macroarrays from the BAC library (CVBa) were pre-hybridized
overnight in 50 ml hybridization buffer (0.25 M Na2HPO4,
7% SDS, 1 mM EDTA and 1% w/v BSA, pH 7.2) at 65◦C
in a hybridization oven. Radio-labeled probe was then added

1https://www.ncbi.nlm.nih.gov/nucest

and hybridization was performed overnight at 65◦C. Filters
were exposed to phosphor storage screens (GE Healthcare)
overnight. Positively identified BAC clones were PCR verified
and the complete gene sequence recovered by custom oligo
design and direct BAC sequencing with standard Sanger
sequencing procedures. Individual sequences across each BAC
were assembled by Phrap (Gordon et al., 1998).

Sequence Annotation and Proteomic
Analysis
The genomic sequences encompassing the folian-cv1 gene and
upstream regulatory elements were annotated by a series of
software applications and final manual examination. BLASTn
(Altschul et al., 1990) was used to align the candidate transcript
to the genomic sequence. GeneMark (Lomsadze et al., 2005)
and FGENEsH (Burge and Karlin, 1997) were used to determine
start/stop codons and open reading frames, and to discover
nearby flanking genes. Splice sites (exon/intron boundaries)
were determined by the Drosophila Neural Network Splice Site
Prediction tool, running NNSPLICE 0.9 (Reese et al., 1997).
A final amino acid sequence for folian-cv1 was assembled
from all of this information and was input to InterProScan to
identify any previously reported protein signatures (Zdobnov and
Apweiler, 2001). Additional proteomic analyses were conducted
using the tools and servers available on the ExPASy Proteomics
Server2. Folian-cv1 BAC isolates were confirmed by searching
the NCBI database using the Genome Browser interface and
tBLASTn query tool3. Multiple protein sequence alignment was
performed with Clustal Omega sequence alignment tool; pairwise
protein alignment was performed with the Needleman–Wunsch
alignment tool. Both tools are provided online by the European
Bioinformatics Institute (EMBL-EBI)4.

Southern Hybridization
Gene copy number for folian-cv1 in the C. virginica genome
was determined by fully digesting approximately 10 µg of
genomic DNA with 2 complimentary 6-base cutters (BamHI
and HindIII) and resolving the fragments by pulsed-field
gel electrophoresis. Digested genomic DNA was denatured
and transferred to positively charged nylon membrane (GE
Healthcare Life Sciences) using downward capillary methods
following published procedures (Brown, 1999). Hybridization
was conducted as previously described (see BAC probing
methodology) using amplification products derived from the
folian-cv1 gene.

PCR Analyses
PCR primers for folian-cv1 were designed using
the NCBI primer blast tool5. A forward primer (5′-
GACACCGATGGATATGGCCC-3′) corresponding to the
127–146 bp region of folian-cv1 and a reverse primer (5′-
TCATCGGCACTTGAGTCGTC-3′) corresponding to the

2http://www.expasy.ch/tools/
3https://www.ncbi.nlm.nih.gov/genome/gdv/
4www.ebi.ac.uk/services
5http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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263-244 bp region were purchased from Integrated DNA
Technologies (IDT). These primers had a predicted melting
temperature (Tm) of 58 and 57◦C respectively. The expected
length of the target folian-cv1 product was 135 bp. Two ml of
hemolymph was obtained from the adductor muscle of 5 oysters
using a 21-gauge needle and syringe and spun at 6000 × g for
5 min to pellet hemocytes. The resulting pellets were combined
into one tube in RNAlater (Life Technologies). RNA was
extracted from hemocyte pellets and pieces of mantle excised
from the edge, using the RNeasy mini kit (Qiagen) according
to the manufacturer’s protocol. Extracted RNA was quantified
using an Eppendorf Biophotometer. Following normalization,
RNA was incubated at 65◦C for 5 min and reverse transcribed
for 1 h at 37◦C using an RT mastermix comprised of RNA free
water, 5x MMLV Buffer (Promega), 10 mM dNTP mix (Qiagen),
50 ng/µL random primers (Promega) and Moloney murine
leukemia virus (MMLV) RT enzyme (Promega). Finally, tubes
were incubated at 95◦C for 10 min. For PCR amplification 100 ng
of cDNA was combined with 47.5 µL PCR mastermix (Qiagen)
comprised of sterile filtered water, 10x PCR buffer, 10mM dNTP
mix (Qiagen), 10 µM forward primers, 10 µM reverse primers
and Taq Polymerase. A cDNA-free control was also run. PCR
was performed on an Applied Biosystems Veriti Thermal Cycler
with an initial denaturation at 94◦C for 3 min followed by 25–35
cycles at 94◦C for 30 s, 60◦C for 30 s, and 72 C for 1 min.
A final extension was carried out at 72◦C for 10 min and the
products were held at 4◦C. Products were run on a 2% agarose gel
with Tris-acetate-EDTA buffer (TAE) at pH 8 in sample buffer
(Promega) including 10 µl of 10 mg ml−1 ethidium bromide.
The target sequence was validated using ExoSAP-IT R© reagent
(Affymetrix) followed by Sanger sequencing contracted through
the Clemson University Genomics Institute.

For qPCR, the collection of hemocytes and extraction of
RNA were as described above. Three separate collections were
analyzed. Comparison of the expression of folian-cv1 was made
to cv-actin and cv1-MMP (matrix metalloproteinase) using
cv-18S rRNA as a reference gene. Cv-actin served as an example
of a housekeeping gene and cv1-MMP is a gene belonging to
a class that has been linked to both immunity (Bonnans et al.,
2014) and biomineralization (Luke and William, 2001; Ortega
et al., 2003) and has been identified in oyster hemocytes (Falwell,
2015). The folian-cv1 primer set was described above. Primers for
the other genes were as follows with Tm in parentheses: cv-actin
forward, 5′-TTGGACTTCGAGCAGGAGATGGC-3′ (61 C) and
cv-actin reverse, 5′-ACATGGCCTCTGGGCACCTGA-3′ (63 C);
cv1-MMP forward, 5′-ATGGTTCATTGTATGCGACCCGGA-
3′ (61 C) and cv1-MMP reverse, 5′-TTGGGCGCTCTC
TTGTACACCTTT-3′ (61C); cv-18S rRNA forward, 5′-CTGGTT
AATTCCGATAACGAACGAGACTCTA-3′ (59 C) and cv-18S
rRNA reverse, 5′-TGCTCAATCTCGTGTGGCTAAACGCC
ACTTG-3′ (65 C). The sequences for cv-actin and cv1-MMP
were obtained from the Gomez-Chiarri lab and those for
cv-18S rRNA from those provided by Jing et al. (2011). Primers
were validated as described above for folian-cv1 and their
concentrations optimized for 1-step qPCR.

For all primer sets, a mastermix containing SYBR R©Green 1 dye
and buffers, a RT enzyme mix, and optimized dilutions of primers

were prepared according to the instrument manufacturer’s
recommendations. The reactions were carried out in a total
volume of 25 µL with 1 µL of target RNA on a BioRad iCycler iQ5
with the following program: holding at 48◦C for 30 min, holding
at 95◦C for 10 min followed by 40 cycles of denaturation at 95◦C
for 15 s and extension at 60◦C for 1 min. Seventy cycles of the
melt curve were run as follows: denaturation at 95◦C for 15 s,
annealing at 60 C for 15 s and extension at 95 C for 15 s. Melt
curve predictions were performed with uMelt software6.

Expression for genes of interest was normalized to that of
the reference gene cv-18S rRNA for each hemocyte sample
collection. The formula used for calculating normalized gene
expression (NE), based on Muller et al. (2002) as modified by
Roling et al. (2004) is:

NE = ECtref/ECtgoi.

E is the efficiency of amplification for a particular gene, Ct
is the threshold cycle, “ref” is cv-18s rRNA and “goi” is one of
the genes of interest, folian-cv1, cv1-MMP or cv-actin. The null
hypothesis that the qPCR expression means of the three genes of
interest were equal was evaluated with an Analysis of Variance
Test (ANOVA). The three follow-up null hypotheses that the
qPCR expression means of pairs of the genes of interest were
equal was evaluated using Fisher’s Protected Least Significant
Difference Test.

Histochemistry and
Immuno-Histochemistry
Prior to histochemical analysis, oysters were perfused and fixed
intact with 4% paraformaldehyde in phosphate buffered saline
(PBS), pH 7.4. PBS was adjusted using 1M NaCl, to match
osmolality of the holding tank at the time of tissue harvest. Tissue
was embedded in ImmunobedTM (Poly Sciences) and sectioned
at 1–1.5 µm. To assess general tissue morphology and integrity,
sections were stained using a solution that contained equal parts
1% Azure II in double distilled water and 1% Methylene Blue in
1% sodium borate. The working solution was filtered through
a 0.22 µm syringe filter and applied directly to dried mounted
sections for 10–30 s. The slides were rinsed with doubly- distilled
water and dried with a jet of air.

Immuno-histochemical staining was carried out using the
affinity purified anti-48 kDa antibody as previously described
(Johnstone et al., 2008). Antibodies were diluted in PBS
containing 1% BSA and 0.1% Triton X100. This buffer was also
used as the wash buffer. The anti-48kDa antibody was diluted
to 1:700. Prior to staining, slides were rehydrated through a
graded series of alcohol solutions in distilled water, starting
with 100% EtOH and ending with PBS for 2 min each. Slides
were blocked in PBS buffer containing 5% BSA, 10% normal
goat serum (Sigma) and 0.1% Triton X 100, for 6 h at room
temperature. After a brief rinse in PBS, slides were incubated in
primary antibody solutions overnight at 4◦C. Washes following
the primary and secondary incubations were carried out 3X for
10 min each. Immuno-reactivity was detected using Alexafluor

6https://www.dna.utah.edu/umelt/um.php
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488 goat anti-rabbit fluorescent antibody at a concentration of
6 µg ml-1. All incubations were carried out in a covered humid
chamber with gentle agitation. Sections were mounted in a 1:1
solution of glycerol and PBS and then examined with a Zeiss
Axiovert 135 inverted fluorescent microscope equipped with a
Diagnostic Instruments SPOT-RT Cooled Color CCD camera.

Confocal Laser Scanning Microscopy
(CLSM) of Live Mantle and Hemocytes
To observe potential channels in the mantle, an approximately
1 cm2 piece of live tissue was excised from the mantle edge,
mounted in a depression slide in filtered seawater and covered
by a 1.5 cover glass. Autofluorescence was observed directly with
a Zeiss 510 CLSM at 488 nm excitation using a ZeissPlan Neofluar
40X/1.3 oil DIC objective.

In an alternative experiment, 600 µl of hemolymph was
collected from the adductor muscle using a sterile 21-gauge
needle affixed to a sterile 3 ml plastic syringe. The adductor
muscle was accessed by notching the oyster shell with a diamond
blade saw and the oyster was immediately placed into a holding
vessel containing 2 L of fresh aerated seawater. The hemolymph
was transferred into a sterile 1.5 ml plastic microfuge tube and
the hemocytes were labeled in suspension by adding 50 µl of
2 µM Calcein AM ester. The preparation was mixed gently
and incubated at room temperature for 30 min. Following
incubation, the preparation containing the labeled hemocytes was
re-injected into the adductor muscle using a sterile syringe. After
2 min, the oyster was returned to the holding vessel for 60 min
to allow time for the hemocytes to circulate throughout the
hemocoel. Following incubation, a piece of mantle was collected
and observed at excitation wavelengths of 488 and 594 nm. A
60-slice image stack was then post-processed using the Quorum
Technologies Volocity visualization software to show rotation of
the outer shell facing mantle epithelium about two axes.

RESULTS

Identification and Characterization of the
Folian Protein Family
Proteins extracted from the foliated shell layer were visualized
by Stains-all following SDS-PAGE. This cationic stain has
been successful in identifying highly anionic proteins and
phosphoproteins derived from shell, tooth and bone (Campbell
et al., 1983; Myers et al., 1996). Proteins enriched in negatively
charged groups stain a deep purple color while proteins with
less of, or lacking, these groups stain pink, and the color
fades quickly upon exposure to light. Figures 1A,B, show the
electrophoretic patterns of the EDTA soluble matrix proteins
(SM) and proteins rendered soluble after extraction of the EDTA
insoluble matrix protein (IM) by urea (uSM). The SM extract
pictured in Figure 1A resulted in two prominent bands at 48
and 55 kDa and two adjacent minor bands at 43 and 63 kDa. In
addition, staining spanned nearly the entire length of the gel, with
a relatively discrete set of bands from 5 to 50 kDa. In a separate
shell extract (Figure 1B), only the 48 kDa band was prominent.
However, a 55 kDa band is clearly visible in the uSM fraction

of this extract, suggesting that the protein(s) in this band may
be more tightly bound to the insoluble structures than those of
the 48 kDa protein.

Western analyses indicated that antibodies made against
either the 48 or 55 kDa bands reacted with a wide range of
molecular weight classes from the SM (Figure 1C). Each antibody
recognized four discrete bands corresponding to the Stains-all
positive bands following gradient SDS-PAGE, including highly
reactive proteins at 48 and 55 kDa and more moderately reactive
bands at 43 and 63 kDa. The anti-48 kDa antibody identified a
broad low molecular weight continuum of proteins, much like
Stains-all, while the anti-55 kDa antibody did not react broadly
with proteins in this region. In addition to the Stains-all bands,
a high molecular weight band was also immuno-reactive. The
significant cross-reactivity observed among this class of proteins
demonstrates that they share common epitopes and suggests that
they are related.

The electrophoretically separated and blotted proteins of SM
reveal a range of molecular weight bands that are glycosylated,
including the 48 kDa band (Figure 2A). Some of these bands,
such as one that is about 34 kDa, are not evident with Stains-all
staining. The highly variable level of glycosylation becomes
evident when the blots are re-stained for protein (Figure 2B).
The prominent 48 kDa band would be classified as moderately
glycosylated given the color shift from blue to more of a brown
color in the band after re-staining. This color shift is not evident
for the 34 kDa band or some of the higher molecular weight
bands, suggesting they are more highly glycosylated than the
48 kDa band. However, the color shift is more pronounced in
some of the lower molecular weight bands, suggesting they have
lower levels of glycosylation than the 48 kDa band.

Amino acid analysis confirmed the close relation among the
matrix protein fractions (Table 1). A comparison of the 48
and 55 kDa proteins shows that they have a markedly similar
overall amino acid composition, with the common distinguishing
characteristic of being approximately 80% asp, ser and gly, and
having a nearly identical overall hydrophobicity. The overall
similarity of their amino acid composition was supported using
the Cornish-Bowden index (Cornish-Bowden, 1983) from which
it could be concluded that these fractions have a 95% certainty
of being related (Supplementary Table 1). Using the same
comparisons, there is also a relatively close correspondence of the
composition of both the 48 and 55 kDa proteins with that of the
whole SM extract. IM is also similar enough in its composition to
the soluble fractions as to be weakly related to them. Further, like
SM, IM is highly phosphorylated and moderately glycosylated.
Despite their otherwise high degree of similarity, the folian
proteins from the 48 and 55 kDa bands are clearly distinct in
their amino terminal regions (Table 2). Amino terminal regions
obtained from the 55 kDa band are nearly identical regardless
of their origin from SM or urea solubilized from IM (uSM)
(Table 2), suggesting they may contain identical proteins.

Identification of the Folian-cv1 Gene
Probing the C. virginica BAC library with a nucleotide sequence
based on an EST that encoded the N-terminal sequence of
the 48 kDa band resulted in 36 positive BAC clones. Genomic
Southern analysis revealed that the folian-cv1 gene occurred at
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FIGURE 1 | SDS-PAGE and Western analyses of soluble shell matrix proteins. (A) Thirty-five µg of EDTA soluble matrix (SM) was resolved on a 4–20% gradient
Tris-glycine gel and stained with Stains-all. Standards (stds) were SeeBlue protein molecular weight markers labeled in kDa. Two prominent bands appear at 55 and
48 kDa while two adjacent minor bands occur at 63 and 43 kDa (arrow heads). (B) Thirty-five µg SM and urea-solubilized matrix (uSM) were electrophoresed and
stained as in (A). The position of the 55 and 48 kDa bands are indicated with arrow heads. While the 55 kDa band is not prominent in this preparation of SM, it is
clearly the dominant band upon urea extraction of the insoluble matrix from this preparation. (C) Western analyses of SM extract immuno-stained separately with
anti-48 kDa and anti-55 kDa antibodies. Both lanes contained 50 µg of SM and were resolved on 12% Tris-glycine SDS gels. All four of the Stains-all positive bands
identified in (A) are immuno-reactive with the anti-48 and anti-55 kDa antibodies (arrow heads). An additional high molecular protein that exceeded 98 kDa was also
immune-reactive. All matrix loads are in quantities of protein as determined by BCA analysis. For these analyses, only lanes showing data pertinent to this study are
presented.

two independent loci (Supplementary Figure 1). PCR analysis
of the 36 BAC clones identified representative BACs harboring
the two variants, which were used for direct BAC sequencing to
determine the full length of the coding and regulatory sequences.
The first region contained 1716 bp and the second, 2604 bp. The
1716 bp region aligned within the 2604 bp region with greater
than 97% identity. Each region encompassed an entire gene,
with a transcriptional start site, a start codon, two exons defined
by splice boundaries, a stop codon, and a putative poly-A site
(Supplementary Figure 2). The deduced transcribed products
resulted in two nearly identical gene variants differing by 4 point
mutations (Figure 3); three of these mutations result in amino
acid substitutions which are discussed further below. The gene
and deduced gene product were named folian-cv1 for the shell
layer and species from which they were derived.

The two variants of the folian-cv1 gene identified from
BAC cloning were verified by searching the recently released

C. virginica genome constructed from a Delaware population of
oyster (Gomez-Chiarri and McDonnell, 2017). Using BlastX tools
and the folian-cv1 deduced protein sequence as a virtual probe,
two variations of folian-cv1 were identified on chromosome
1 at two distinct loci (NCBI accession number NC_035780;
gene ID: 111101504 and NCBI accession number NC_035780;
gene ID: 111119246). The two Delaware genome isolates (1504
and 9246) demonstrate a slightly higher level of heterogeneity
compared with the two South Carolina BAC isolates reported in
Figure 3, differing not only by substitutions but by gap regions
or insertions as well (Supplementary Figure 3). Alignment
of copy 1 of the folian-cv1 BAC isolate derived from the
South Carolina population with the two variants identified
from the Delaware genome revealed strong sequence agreement
between the two populations, differing slightly in length and
composition due to gap regions or insertions, and substitutions
(Supplementary Figure 3). Some of the sequence variations

Frontiers in Marine Science | www.frontiersin.org 7 July 2019 | Volume 6 | Article 366

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


fmars-06-00366 July 9, 2019 Time: 14:1 # 8

Johnstone et al. Folian-cv1: A Shell Derived Phosphoprotein

FIGURE 2 | Glycoprotein detection in soluble shell matrix proteins. (A) Twenty-five µg (dry weight) of each protein was resolved using a 10% Tris-glycine gel and
transferred onto nitrocellulose. The blot was stained to identify glycosylated protein. Lane 1- SeeBlue protein molecular weight standards labeled in kDa. Lane 2-
SM. Lane 3- Fetuin (glycosylated protein control). Lane 4- Creatinase (non-glycosylated protein control). The intensity of staining is proportional to the amount of
carbohydrate present on each protein. SM appears to contain a broad range of lightly glycosylated proteins. The 48 kDa band is indicated with an arrow and shifted
to a lower apparent molecular weight following blotting when compared to Figure 1A. This shift was observed commonly following blotting. A band identified at
approximately 34 kDa was not identifiable in Figure 1A following Stains-all staining. Stained gels were photographed in black and white to enhance detectability of
faint blue bands. (B) The same blot as in (A) was re-stained for protein to distinguish non-glycosylated proteins from glycosylated proteins. In lane 3, fetuin remains
blue and is indicative of its heavy glycosylation. Creatinase is now apparent in lane 4. In lane 1, the 48 kDa band shifts toward brown staining indicating less
glycosylation than the 34 kDa band which remains blue. For this analysis, only lanes showing data pertinent to this study are presented. Lanes 1 and 2 were cropped
from the original blot and digitally placed next to lanes 3 and 4 (controls) which were also cropped from the original image; the splice sites are demarcated by a black
line. In (A), the contrast in Lane 1 was digitally adjusted to visually discern the protein standards.

between the populations likely reflects their geographic isolation.
Because only two variants of folian-cv1 were found in either
population and were localized on chromosome 1 in the Delaware
population, it is likely these copies result from gene duplication.

Structure of the Folian-cv1 Deduced
Protein
The complete gene and deduced folian-cv1 protein of 325 amino
acids is shown in Figure 3. The only domain recognized by
InterProScan software was a putative signal peptide (italicized)
and signal cleavage site (black arrow), which indicates the
protein is secreted (Zdobnov and Apweiler, 2001). After
the first three amino acids following the signal sequence, the
subsequent sequence (underlined) matches that obtained by
Edman chemistry for the 48 kDa protein as reported in Table 2.
The four point mutations that distinguish the two copies of
folian-cv1 occur toward the N-terminus. Two mutations at
nucleotide positions 96 and 240 result in substitutions for
aspartic acid to glutamic acid, thus resulting in no change in
charge. A mutation at position 243 results in a substitution

for serine to arginine, and potentially a change to a positively
charged group from a negatively charged group if the serine
were phosphorylated. The fourth point mutation at 326 does not
produce an amino acid substitution.

Removal of the 18 amino acid signal sequence results in a
307 amino acid protein with a calculated molecular weight of
32 kDa. The secreted form of folian-cv1 is highly acidic, as
approximately 52% of its amino acid composition is comprised
of aspartic acid (132 residues) and glutamic acid (28 residues)
(Table 1). While its high proportion of aspartic acid and
serine and its low hydrophobicity are comparable to other
folian fractions, it is distinctive in having a considerably lower
glycine content than these fractions. This difference, in large
measure, explains its low relatedness to the other fractions
when compared by the Cornish-Bowden index (Supplementary
Table 1). The theoretical pI for folian-cv1 is 2.19; however, the
possibility for additional anionic charge is present in the 115
potential phosphorylation sites (100 for Ser, 12 for Tyr, and
3 for Thr) predicted by NetPhos 3.17. Bearing in mind that

7www.cbs.dtu.dk/services/NetPhos
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TABLE 1 | Amino acid compositions of shell matrix fractions compared with the
deduced amino acid composition for folian-cv1.

Amino acid1 IM SM 48 kDa
band

55 kDa
band

folian-
cv1

Asp 22.7 29.7 31.9 31.7 43.3

Asn ND2 ND ND ND 0.7

Thr 1.3 1.7 0.8 0.9 1.0

Ser 25.6 23.2 19.4 23.6 32.6

Glu 7 6.9 7.0 6.4 9.1

Pro 1.3 1.6 1.0 1.9 1.0

Gly 30.0 25.5 32.8 29.5 4.2

Ala 3.4 3.1 1.6 1.5 2.3

Cys X3 X X X 0.0

Val 1.5 1.4 1.2 0.4 1.3

Met 0.2 0.2 0.0 0.0 0.0

Ile 0.5 0.4 0.2 0.2 0.0

Leu 1.3 1.0 0.6 0.6 0.0

Dopa X X X X NA4

Tyr 2.0 3.0 2.6 2.5 4.2

Phe 0.3 0.4 X X 0.0

His 0.5 0.6 X X 0.0

Lys 1.6 1.1 0.4 0.8 0.0

Arg 0.9 0.5 0.5 0.0 0.3

Phosphate5 10.9 15.1 ± 0.39 ND ND NA

Carbohydrate5 3.5 3.9 ± 1.4 ND ND NA

Hydrophobicity6
−15.4 −19.2 −24.0 −23.9 −33.8

1Compositions are reported in mole percent. The amino acid composition of folian-
cv1 protein was calculated from the folian-cv1 gene. 2ND, not determined. 3X,
not detectable. 4NA, not available for deduced gene product. 5Phosphate and
carbohydrate values are reported as percent of total dry weight of IM and SM
fractions (SM: mean ± standard deviation, N = 3). 6Hydrophobicity was calculated
as the sum of the products of the hydrophobicity constant for the R groups of
each amino acid from Fauchére and Pliška (1983) times the mole percent for each
amino acid. Amino acids more hydrophobic than glycine have positive constants
and those less hydrophobic than glycine have negative constants.

TABLE 2 | Amino-terminal sequences for the 48 and 55 kDa bands1.

Protein band/shell matrix fraction2

48 kDa/SM D-E-A-D-A-G-D-A-Y-D-V-A-D-T-()-()-V-Y-D-()-D

55 kDa/SM ()-S-K-G-X-E-P-D-()-()-Y-()-()-()-()-Q-K

55 kDa/uSM ()-Q-K-G-X-E-P-D-X-()-Y-()-D-()-()

1Sequences were determined by Edman chemistry analyses. “()” indicates
positions where definitive assignment was ambiguous. “X” denotes amino acids
that were modified. 2Proteins were analyzed from blots or following electro-elution.
SM is soluble matrix protein following demineralization of shell in EDTA; uSM is
protein extracted from insoluble matrix using 8M urea.

the protein-bound phosphate would have a second ionizable
group with a reported pKa near neutrality (Lee et al., 1977),
then more than half of these groups would be doubly ionized
at physiological or seawater pH. Accordingly, assuming full
theoretical phosphorylation and 1.5 charges per phosphate group,
the net charge of folian-cv1 under these conditions would be
−332.5 per molecule, or just over a −1 charge per amino acid
residue. If all these sites were phosphorylated, the protein would

have an isoelectric point of 0.368. A high level of phosphorylation
would be consistent with the phosphate content of the whole
matrix fractions. If the actual level of phosphorylation of
folian-cv1 were, at a minimum, the same by weight as for the
whole soluble extract, then approximately 50% of the theoretical
sites would be phosphorylated. Under these circumstances, the
pI would still be less than 0.7. Twenty-eight potential mucin type,
O-glycosylation sites were predicted, with 25 of these sites in the
region including residues 153–188 and three additional sites in
the region including residues 234-238 (NetOGlyc 3.1 Server9).
Some level of glycosylation would be consistent with the presence
of carbohydrate in the whole matrix fractions (Table 1) and the
apparent glycosylation of the 48 kDa band (Figure 2). Four of
the 13 tyrosine residues are potentially sulfated including residue
positions 40, 291, 295, and 32510.

Notable features of the folian-cv1 primary structure are
shown in Figure 4, which illustrates its repetitive and modular
structure. As expected from its composition, much of the primary
structure is dominated by aspartic acid and serine residues,
which are concentrated from position 71 on. These two amino
acids appear together in various configurations. Conspicuous
arrangements are 7 tandem repeats of DDS and 8 tandem
repeats of DS. An additional DS-rich region is made up of 3
tandem repeats of DSDSGSDSDS. There are multiple poly-D
blocks, six of which have runs of 4–10 residues. These are
bracketed by S residues and are located from the middle of the
protein to near the C-terminus. A ser-rich region has poly-S
blocks totaling 19 residues near the middle of the protein. There
are two tyrosine-rich blocks containing YS or SYSD repeats,
one following the ser-rich region and another located near
the C-terminus. With only a few exceptions, the hydrophobic
residues (other than those associated with the signal sequence)
are near the N-terminus giving the region from position 19–51
a hydrophobicity index of +14.7 compared to −33.1 for that of
the whole post-signal sequence protein (see Table 1). This region
is punctuated with regularly spaced asp residues in D-X-X-D and
D-X-D arrangements. A glu-rich region, containing a 5-residue
poly-E block, occurs between the hydrophobic N-terminus and
the asp-ser-rich region.

Folian-cv1 Gene Expression in
Hemocytes and Mantle
PCR analyses of mantle and hemocyte tissue demonstrated
that these tissues expressed folian-cv1 (Figure 5A), which was
validated by sequence analysis (Figure 5B). The results of qPCR
analysis of gene expression in hemocytes for the housekeeping
gene cv-actin and cv1-MMP, a gene implicated in immunity as
well as biomineralization, are compared to that of folian-cv1
in Figure 5C. ANOVA suggested that their expression relative
to that of cv-18s rRNA was different (p = 0.0217). Subsequent
pairwise comparisons suggested that the relative expression of
both folian-cv1 and cv1-MMP was different from that of actin
(p = 0.0125 for both comparisons), but that the expression

8https://scansite4.mit.edu/webservice/
9http://www.cbs.dtu.dk/services/NetOGlyc-3.1/
10https://web.expasy.org/sulfinator/
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FIGURE 3 | The complete folian-cv1 gene and deduced amino acid sequence. Two copies of folian-cv1, identical with the exception of four point mutations, were
identified. The full sequence is shown for copy 1. The point mutations shown in copy 2 occur in the N-terminal region of the protein and are indicated in lower case
highlighted letters above the DNA sequence. Three of the four mutations resulted in an amino acid change indicated by the highlighted amino acids following the “/”.
Mutations at positions 96 and 240 result in a substitution for Asp to Glu. The mutation located at position 243 resulted in a change from serine to arginine. The
putative signal sequence starting with the ATG start codon appears in italics. The putative cleavage site of the signal sequence is indicated with an arrow (↓) and
cleaves between the “S” and “Y” residues. The deduced amino acid sequence minus the signal sequence encodes a 307 amino acid product enriched in aspartic
acid and serine. The underlined sequence matches well with the N-terminal sequence identified by Edman sequencing (Table 2) and the gray highlighted sequence
“DEADAGD” was used to design the in silico probe which identified the transcript used to screen the BAC library. The yellow highlighted region from 127 to 146 bp
and the blue highlighted region from 263 to 244 bp indicate the regions that were used to construct forward and reverse primers respectively for subsequent PCR
analyses.

of folian-cv1 and cv1-MMP were not statistically different
(p = 0.992). Based on the averages, the expression of cv-actin is
2–3 orders of magnitude higher than either cv1-MMP and folian-
cv1, and the expression of the latter pair are nearly identical.

Immuno-Histochemical Localization of
Folian Proteins in the Mantle and
Evidence for Hemocyte Movement
Through the Mantle Using Confocal
Imagining
The mantle organ lies in close approximation to the entire inner
shell surface, separated by a nominal extrapallial space (Simkiss

and Wilbur, 1989). In C. virginica, as is the typical case for
bivalves, the organ elaborates into three lobes at its margin
(Ebel and Scro, 1996; Figure 6A from Johnstone et al., 2008).
The outer lobe and the general shell-facing outer epithelium
of the mantle are generally considered responsible for the
formation of shell layers in the extrapallial space. The outer
and middle lobes form the periostracal groove (PG) which
at its base secretes periostracum. During shell formation this
material nominally completes the isolation of the extrapallial
space at the shell edge and has been reported as the primary
surface on which the mineral layers form in this oyster and
other molluscs (Galstoff, 1964; Saleuddin and Petit, 1983;
Checa, 2000).
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FIGURE 4 | Features of copy 1 of the folian-cv1 primary structure. The secreted protein can be divided approximately into three distinct regions following the signal
peptide (underlined). The first is a relatively hydrophobic N-terminal region (33 residues in length) with regularly spaced asp residues (red symbols). This is in turn
followed by a short glu-rich region (18 residues in length; gray box) which contains a 5-residue glu run and has the two asparagine residues in the protein (red
symbols) in or immediately following the run. The remainder of the protein (255 residues) is generally asp-ser-rich. Notable sub-regions in the asp-ser-rich region
include one that is exclusively DDS (7 tandem repeats in residues 118–138) and one that is exclusively DS (8 tandem repeats in residues 262–277) (pink boxes). In
addition, there are three 10-residue tandem repeats for which each repeat has a single GS bracketed by two DS pairs (yellow box). Other repeat regions include
poly-D runs (those runs greater than three shown in blue boxes), which are bracketed by S, poly-S runs (red boxes) and those that are Y-rich containing YS or SYSD
sequences (green boxes). Nearly all of the ser, tyr, and thr were predicted to be possible phosphorylation sites using NetPhos 3.1 (www.cbs.dtu.dk/services/
NetPhos).

Previously, immuno-histochemical staining showed that
folian protein-positive cells were by far most concentrated
along the outer lobe of the mantle epithelium (Figure 6A).
In this study, we expand the analysis of this section by
showing that the folian proteins are an integral part of what
appears to be a structurally cohesive sheet, which is evidenced
by regions where the structure is broken and lifted off the
surface (Figure 6B). This sheet extends across the outer lobe
surface in the direction of the adductor muscle further than
previously reported (Supplementary Figure 4). Further analysis
of Figure 6A also reveals folian-positive hemocytes in numerous
locations, some of which appear to be moving through the outer
lobe into the extrapallial space (Figure 6C). A confocal stack of a
living outer lobe outer epithelium shows channels approximately
10 µm in diameter that span the entire thickness of the epithelial
layer (Supplementary Figures 5A–E). These channels could
act as conduits for cell movement into the extrapallial space
evident in Figure 6A. A 3-D rendering of a confocal stack of
a living shell-facing mantle epithelium shows a Calcein-stained
hemocyte moving through the mantle, presumably within a
channel (Supplementary Figures 6A–L). The confocal stack of
Supplementary Figure 6 can be dynamically viewed in 3D in the
Supplementary Video 1.

At higher magnification, immuno-staining shows folian
localizes heavily inside cells lining the outer lobe epithelium
and at the outer lobe epithelial surface in the PG (Figure 7A).

A different material, presumed to be nascent periostracum), is not
appreciably immuno-reactive and in general is spatially distinct
from the folian-positive material. Folian is secreted nearly but
not completely to the base of the PG. Some faint staining at
the base of the PG may be due to displacement of material by
the mantle, which is highly mobile (Galstoff, 1964). A section
analyzed at less saturation shows distinct folian-positive granules
inside secretory cells (Figure 7B). Non-reactive cells appear black
and are concentrated near the base of the PG.

The diversity of secretory cells and their products are evident
in an Azure II-stained companion section from the same
region (Supplementary Figure 7A), which also demonstrates
that the integrity of the tissue was retained during fixation and
sectioning. While it is impossible to specifically correlate the cells
in the Azure II-stained sections with the folian-positive cells,
some of the lighter staining cells in the Azure-II sections are
distributed more or less like the folian-positive cells and appear
to have a morphology and vesicle size described by Myers et al.
(2007) for phosphoprotein secreting cells, Other, darker staining
secretory and cuboidal cells are concentrated near the base of the
periostracal groove and appear to be the non-folian staining cells
from Figure 7B. It could be hypothesized that these secretory cells
are involved in the production of periostracum.

Figure 7C shows two folian-positive cells of interest:
one that appears to be a secretory cell releasing folian
material (perhaps still in vesicles) into the PG, and a second
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FIGURE 5 | Identification of folian-cv1 gene expression in mantle tissue and hemocytes. (A) PCR products amplified from mantle and hemocytes using folian-cv1
forward and reverse primers resolved on a 2% agarose gel and stained with EtBr. Lane 1- standards labeled in base pairs; Lane 2- negative control, no template;
Lane 3- hemocytes; Lane 4- mantle tissue; Lane 5-blank. The products are similar in size to the length of the region delimited by the primers (135 bp). (B) Sequence
validation of PCR target. The PCR product from hemocytes was sequenced and aligned with the folian-cv1 gene sequence. Primers indicated with blue arrows. High
fidelity matching occurred between nucleotides 159 and 266 on the folian-cv1 sequence. (C) Comparison of qPCR expression for cv-actin, cv1-MMP and folian-cv1
in hemocytes. Values are relative to cv-18S rRNA expression (Mean ± standard deviation; N = 3 hemocyte extracts).

appears to be a hemocyte en route to the PG. Hemocytes
are abundant in the tissue of this region (Supplementary
Figure 7B) and can be seen associated with periostracal material
(Supplementary Figure 7C).

DISCUSSION

In this study, we report the identification of a gene encoding
a highly acidic protein that is part of a diverse family of
similar extracellular matrix proteins from the foliated shell
layer of the Eastern oyster, Crassostrea virginica. Because of
its microstructural origin, we refer to the family as folian and
have named this gene folian-cv1. The gene was elucidated
starting with the N-terminus sequenced from an electrophoretic
band of approximately 48 kDa. The deduced protein has an
amino acid composition that is 76% asp and ser and has
a molecular weight of 32 kDa, excluding the signal peptide
and any post-translational modifications. If fully predicted
phosphorylation were included, the molecular weight would

be approximately 41 kDa, more closely matching the apparent
molecular weight of the electrophoretic band. If the predicted
O-glycosylation sites indeed contain carbohydrate, the match
between theoretical and observed molecular weight would be
even closer. The 48 kDa band and a second prominent 55 kDa
band were initially identified by Myers et al. (1996) as containing
prominent acidic phosphoproteins based on their Stains-all
staining characteristics. Here, the 48 and 55 kDa proteins
are shown to be very similar in amino acid composition,
with asp, ser, and gly constituting in excess of 80% of
the molar content. Moreover, their compositions are very
similar to the highly phosphorylated whole EDTA-soluble shell
extracellular matrix extract.

Although there are clear defining similarities among the
various folian proteins, it is equally clear that there is an
underlying diversity and complexity as well. For example, the
48 and 55 kDa bands have proteins that are distinct in their
N-terminal regions and their solubility following shell dissolution
in EDTA. Further, the composition of the folian-cv1, with
its comparably lower gly and concomitantly higher ser and
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FIGURE 6 | Immuno-fluorescence microscopy of transverse sections of the
mantle organ using an anti-48 kDa affinity purified antibody. (A) The mantle
edge elaborates into three lobes; the inner lobe (IL) faces the body of the
animal and the outer lobe (OL) faces the shell and joins to the middle lobe
(ML) at its base. The space between the OL and ML is termed the periostracal
groove. Folian-positive material localizes along the outer lobe epithelium.
Scale bar 125 µm. (B) Oval inset indicated in (A) showing the sheet-like
character of the folian material where it is broken and lifted from the epithelium
surface (white arrow). Scale bar 40 µm. (C) Square inset indicated in (A)
showing folian positive hemocytes regularly spaced along the length and near
the surface of the outer lobe on the shell-facing side. A folian-positive
hemocyte is shown moving through the epithelium into the extrapallial cavity
(pink arrow). Scale bar 40 µm. Micrograph in (A) without insets from
Johnstone et al. (2008).

asp content, is distinct from the composition of the 48-kDa
band. This observation suggests that there are other proteins
in this band, especially those that are high in glycine. Further
evidence for other proteins co-migrating with folian-cv1 come
from mass spectroscopy results in Johnstone et al. (2008), who
revealed specific sequences from the 48 kDa band that are not
present in folian-cv1. Additional diversity of folian proteins
was evident in this study, as other electrophoretic bands were
identified by Western analysis or staining for phosphoprotein and
carbohydrate. In the latter case, it was evident that the level of
glycosylation varied from band to band.

The complexity of the phosphoprotein components of
C. virginica foliated shell has been documented extensively

FIGURE 7 | Folian immuno-reactivity in the periostracal groove region
between the outer and middle mantle lobes. (A) Intensely staining
folian-positive material localizes along the surface of the outer lobe epithelium
(white arrow) along with but separate from a different material presumed to be
periostracal material (yellow arrow 1). It is presumed that the material at the
very base of the groove is periostracal material that collected there and is
moved distally to the shell edge during shell formation (yellow arrow 2).
Numerous folian-positive secretory cells (orange arrows) are visible and
interspersed with non-staining cells which appear black (red arrows). Scale
bar 140 µm. (B) Increased magnification shows the groove appears to be
lined with simple cuboidal cells (purple arrow) adjacent to the non-staining
secretory cells evident on the distal end of the groove (red arrow). At this lower
saturation, folian-positive granules are visible (orange arrow) within cells.

(Continued)
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FIGURE 7 | Continued
Periostracal material (yellow arrow) and folian-positive material (white arrow)
are evident. Scale bar 120 µm. (C) Additional magnification shows intensely
folian-positive cells (pink arrows), possibly hemocytes, which appear to be
moving through the epithelium. Secretory cells containing folian-positive
granules are visible (orange arrows), one of which appears to be actively
secreting product (orange arrow 1). Periostracal material (yellow arrow) is
distinct from folian-positive material and appears to float above the folian
sheet (white arrow). Scale bar 70 µm.

in earlier studies. For example, the principal component of
the EDTA-insoluble extracellular foliated shell matrix is a
hydrogel-forming aspartate-, glycine-, and phosphoserine-rich
complex (Rusenko, 1988; Wheeler, 1992b; Wheeler and Koskan,
1993; see also Table 1) whose water absorption capacity is
similar to that of commercial superabsorbents (Mount, 1999).
Based on gel permeation studies, the whole EDTA-soluble extract
has components that range from approximately 15–20,000 kDa
(Rusenko et al., 1991). The various broad molecular weight
classes have amino acid compositions nearly identical to each
other (Wheeler et al., 1988) and to that reported herein for the
whole soluble matrix fraction. Sub-fractionation of the lower
molecular class (∼15–600 kDa) by reverse phase HPLC yields two
classes of protein, with the principal one being very hydrophilic
(RP-1) and having a composition and level of phosphorylation
nearly identical to the extracted matrix fractions described in
this study (Rusenko et al., 1991). Using chemical degradation
analyses, Rusenko et al. (1991) and Donachy et al. (1992)
demonstrated that RP-1 and other matrix fractions have runs of
aspartic acid much like folian-cv1.

While the origin of the complexity of the folian family
of phosphoproteins is not known, prior to acquiring their
final form in the shell, matrix proteins may sustain significant
post-translational processing. For example, crosslinking of lower
molecular weight proteins into the higher molecular weight
and insoluble fractions seems likely. The chemical origin of
any cross-links of this matrix remains subject to speculation
(Wheeler et al., 1988). Comparable to C. virginica, Samata et al.
(2008) also reported a gel-like insoluble matrix from the shell
of the Iwagaki oyster, Crassostrea nippona. This complex was
rendered largely soluble by reducing disulfide linkages, yielding
what appears to be a single electrophoretic band of 52 kDa.
These observations led the authors to deduce that the matrix
could be largely a polymer of this solubilized protein. In contrast,
Mount (1999) was able to render soluble only a small percentage
of C. viginica insoluble matrix with reduction of these linkages.
This is consistent with analyses which show that matrix protein
fractions of C. virginica either have considerably lower or, in
some studies including the current one, undetectable levels of
cys (Wheeler et al., 1988; Rusenko et al., 1991; Kawaguchi and
Watabe, 1993). Further, the deduced sequence of folian-cv1
contains no cys.

Non-covalent bonds are another potential source of
stabilization of matrix complexes. From the results of the
urea extraction of insoluble matrix in this study, it appears that
some of the soluble matrix proteins, and in particular those of
the 55 kDa band, can be associated with the insoluble matrix in

this way. However, these types of interactions do not account for
the majority of the insoluble complex, as Mount (1999) showed
that only a few percent of the C. virginica insoluble matrix was
rendered soluble when treated with chaotropic agents such as
urea and SDS. Interestingly, Kawaguchi and Watabe (1993) were
able to solubilize much of this matrix with acetone, suggesting
the involvement of lipids or perhaps highly hydrophobic regions
of the protein in stabilizing the gel.

In addition to cross-linking, post-translation heterogeneity
of folian proteins could result from proteolytic cleavage or
processing steps at the gene level, such as exon shuffling and gene
duplication, recruitment and replication, and slippage (Kocot
et al., 2016; Jackson et al., 2017). Some of these genetic processes
may explain what appears to be the insertion of significant
gly-rich regions into many of the folian proteins and the
variants of folian-cv1 from the two populations of oysters as
identified in this study.

An overarching question about shell proteins is to what
extent their properties are consistent for species that from the
same microstructure. In this regard, a comparative analysis
of the composition and structure of proteins from foliated
structures can be found in the Supplementary Discussion and
Supplementary Tables 2, 3. What is perhaps among the most
noteworthy of the similarities among these foliated proteins is
their high theoretical or actual levels of phosphorylation (Borbas
et al., 1991; Sarashina and Endo, 1998, 2001; Johnstone, 2008;
Samata et al., 2008; Table 1 and Supplementary Table 3).
As the highly phosphorylated matrix proteins described in
these various studies come from species that fall within
the same order (Ostreoida), it is tempting to speculate
that phosphorylation could represent the preservation of an
ancestral property necessary for production of the foliated
microstructure in this taxon.

It is not known with any certainty what specific role
these phosphoproteins have in directing the formation of
folia, but there efficacy in controlling mineral growth in vitro
has been established. Most models of crystal regulation have
some direct interaction between matrix proteins and forming
mineral. In this context, it has been demonstrated repeatedly
that soluble matrix proteins, like most polyanions, can bind to
crystals and their nuclei thereby inhibiting their growth (e.g.,
Wheeler et al., 1991). Using in vitro crystal growth assays,
Borbas et al. (1991) have shown that highly phosphorylated
foliated matrices are better inhibitors of calcite growth than
less phosphorylated matrices from other microstructures or
dephosphorylated C. virginica matrix. Further, the addition
of even a single phosphoserine to a polyaspartate molecule
greatly increases its capacity to inhibit calcite nucleation (Sikes
et al., 1991). Recently, Du et al. (2018) demonstrated that
an anti-phosphoserine/threonine/tyrosine antibody injected into
the extrapallial cavity of Pinctada fucata effected abnormal
prismatic and nacreous layer formation. Further, the authors
showed that enzymatic dephoshorylation of matrix proteins
reduced their in vitro efficacy for inhibiting calcite growth,
modifying calcite crystal morphology and occlusion in growing
calcite crystals. It should be noted that the proteins from the
shell layers of P. fucata are moderately phosphorylated compared
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to those from foliated shell, suggesting that phosphorylation of
C. virginica shell proteins would be equally, if not more critical
for regulating shell formation in this latter species.

In addition to phosphorylation, the primary sequences of
oyster folian proteins, in particular their polyaspartate regions,
would clearly have an impact on crystal growth regulation.
This was demonstrated in a study of direct crystal binding
as correlated with inhibition of calcite crystal growth by the
oyster folian reverse phase fraction RP-1 and synthetic peptides
(Wheeler et al., 1991). Of all the synthetic peptides tested,
polyaspartate could bind to the most sites on crystals and resulted
in complete inhibition of crystal growth, whereas peptides with
combinations of ser and gly inserted between aspartic acids
reduced their binding capacity on the crystals with the same
fractional loss of inhibitory activity. Like polyaspartate, RP-1
could render complete inhibition of calcite growth when bound
at the capacity of the crystals for the protein. However, it had
a higher affinity and lower capacity than the polyaspartate,
indicating multiple binding sites and, because of its molecular
size, coverage of multiple growth sites. It is not immediately
obvious what, if any, role the relatively hydrophobic N-terminus
of folian-cv1 might be in the control of crystal growth. However,
Sikes et al. (1991) demonstrated that the addition of hydrophobic
tails to polyaspartate enhanced its ability to inhibit nucleation,
presumably by creating a diffusion barrier for the lattice ions to
the surface of the forming crystal.

An often-cited role for matrix-biomineral interaction is the
control of crystal morphology (Addadi and Weiner, 1989).
One reason this function has been promoted results from
the presence of crystal faces in shell mineral atypical of
inorganically grown calcite, including those of foliar laths (e.g.,
Checa et al., 2007). In fact, matrix soluble proteins from
other microstructures operating from solution can specifically
affect crystal morphology and mineralogy (Berman et al., 1988;
Belcher et al., 1996). However, Berman et al. (1988) and
Addadi and Weiner (1989) pointed out that highly anionic
molluscan soluble proteins similar to folian-cv1 are typically
adsorbed non-specifically to crystal surfaces. Such non-specific
binding could lead to the steps on calcite crystals observed
by Wheeler and Sikes (1984) when they were grown in the
presence of soluble matrix from C. virginica. Nevertheless,
Sikes and Wierzbicki (1995) provided evidence that oyster
folian RP-1 proteins selectively adsorbed to these steps, forming
crystallographic faces arguably like those found on the surface
of folia. Samata et al. (2008) has also shown changes in
morphology of crystals grown in vitro with the C. nippona
protein solubilized from insoluble matrix. Under select media
conditions, structures that resemble foliar laths were observed
in their assays.

In addition to operating from solution, earlier models suggest
that insoluble proteins form a framework to which crystal
growth-controlling anionic proteins attach (e.g., Weiner et al.,
1983). In fact, soluble proteins when immobilized in vitro are
capable of producing crystal morphologies representative of
those that grow in vivo (Belcher et al., 1996; Falini et al., 1996).
The association of soluble proteins with insoluble matrix in
oyster is suggested by the release of the 55 kDa protein from the

insoluble phase with urea and the 48 kDa antibody-reactive sheet
discussed below.

Calcium binding by matrix proteins has often been invoked
as playing a role in the formation of biomineral. The sequence
of folian-cv1 contains no high affinity binding sites for calcium
such as might be found in some intracellular calcium-binding
proteins. However, its polyanionic structure, especially due
to runs of aspartic acid, is likely conducive to low affinity
high capacity calcium binding typical of weak carboxylic acids
(Williams, 1980), including some asp-rich proteins, such as the
sarcoplasmic reticulum calcium-reservoir protein calsequestrin
(Milner et al., 1992; Shin et al., 2000; Beard et al., 2004).
Citing domains similar to calsequestrin, Gotliv et al. (2005)
postulate calcium binding for asprich, a matrix protein from
the calcitic prismatic layer of Atrina rigida. Such binding by
matrix proteins has been invoked specifically in the process of
inducing nucleation and oriented crystal growth in molluscs
(e.g., Crenshaw, 1972b; Greenfield et al., 1984; Addadi and
Weiner, 1985, 1989). The role of calcium binding in these
processes was called into question by Wheeler et al. (1987),
who demonstrated that much of the calcium binding in EDTA-
extracted matrices was due to residual chelating agent. This
finding is supported by chemical and histological observations
of matrix preparations (Wada, 1980; Samata and Matsuda,
1986; Pereira-Mouriès et al., 2002; Nudelman et al., 2006). In
addition, even the high capacity, low affinity binding of EDTA-
free oyster soluble matrix protein was nearly eliminated at the
ionic strength equivalent of that of seawater or the extrapallial
fluid (Wheeler et al., 1987). EDTA-free oyster insoluble matrix
also showed little calcium binding in high ionic strength
solutions (Mount, 1999). It should be noted that binding
studies conducted in vitro may not represent conditions in
mineralizing compartments, including those created by matrix,
the mantle epithelium or in vesicles. In this context, Crenshaw
(1972a) identified some non-dialyzable calcium when extrapallial
fluid was dialyzed against seawater, suggesting that proteins
in this mineralization compartment retained some calcium
binding activity.

Higher order structures of matrix proteins may have
functional significance as well. For example, Addadi and Weiner
(1989) provide models, based on crystal growth assays, that
support the idea that polyanionic β-pleated sheets would present
the optimal stereochemical configuration of protein carboxylate
groups to stabilize growth axes and crystal surfaces that are
typical of molluscan biominerals. The β configuration for both
insoluble matrix (immobilized with and without fixation of the
soluble components) and soluble matrix proteins upon binding
calcium is supported by X-ray and FTIR analyses, including
in some cases matrix from the genus Crassostrea (Weiner and
Traub, 1980; Wourms and Weiner, 1986). Lee and Choi (2007)
further demonstrated significant β structure in C. gigas soluble
matrix using circular dichroism analyses.

Predictions of secondary structure for folian-cv1 using the
algorithms PSIPRED, http://bioinf.cs.ucl.ac.uk/psipred (Buchan
et al., 2013; Jones, 1999), MESSA, http://prodata.swmed.edu/
MESSA/ (Cong and Grishin, 2012), APSSP2, http://crdd.
osdd.net (Raghava, 2000), CFSSP, http://www.biogem.org/tool
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(Chou and Fasman, 1974, 1978; Ashok Kumar, 2013), revealed
that there was a high probability that either all or the majority
of this protein was a random coil, especially in the asp-ser-rich
region. Any exceptions to the random coil structure revealed by
these programs occurred in the hydrophobic or glu-rich regions
near the N-terminus. Not unexpected by the low complexity,
random coil characteristics of folian-cv1, PSIPRED predicts that
the vast majority of the structure has a very high probability
of intrinsic disorder. Some of the work cited above suggests
that the flexibility that comes with disorder might result in
induced structures depending on such factors as whether or not
the protein is immobilized to insoluble components, is calcium
loaded or is interacting with crystals. As an example of an induced
secondary structure, the longer runs of aspartic acid may take on
β-sheet-like configurations when binding to crystals, as suggested
in models and AFM observations for polyaspartate by Sikes and
Wierzbicki (1995).

Specialized sequences have been identified in matrix proteins,
which may be significant for their higher order structure and
function. For example, using various modeling programs, Evans
(2012) has revealed cross-β aggregation regions for numerous
nacre matrix proteins that could function in the aggregation
of matrix proteins. However, using TANGO algorithms, http://
tango.crg.es/about.jsp (Linding et al., 2004), no such aggregation
regions were identified for folian-cv1. In addition, loop structures
have been predicted for much of MPP1 (Samata et al., 2008).
These correspond to the phosphorylated SG domains with DE
domain inserts. These sequences together would give a regular
pattern of the phosphate and carboxylate anions, which the
authors suggest could participate in crystal nucleation. This
arrangement would appear not applicable to folian-cv1, as the
serine in folian-cv1 is not in domains of SG. Glycine loops have
also been predicted for Lustrin (Jackson et al., 2017) in which
GS rich domains are interspersed with aromatic domains. The
authors suggest such loops contribute to the elastic properties
of matrix. Again, neither of these regions exist for folian-cv1.
Despite lacking the loop forming characteristics described for
MPP1 and Lustrin, CFSSP evaluation predicts that the sequence
of folian-cv1 is in fact punctuated at irregular intervals with
turns. However, any significance for such structures would be
hard to predict.

Although from the earlier sections in this discussion it can be
concluded that the biochemical relationship and higher structural
order of the folian components of C. virginica remain unresolved,
the immuno-histological studies presented herein suggest that at
least some of the soluble matrix components are included in a
cohesive sheet-like structure upon secretion. This extracellular
structure is present throughout the region of the mantle that
would interface with forming mineral. An association of soluble
components with more insoluble ones is consistent with the
immuno-histochemical studies of Kawaguchi and Watabe (1993)
who showed binding of soluble components to an insoluble
matrix in C. virginica shell.

In TEM studies of nacre, the formation of interlamellar sheets
is quite evident (Bevelander and Nakahara, 1969; Nakahara et al.,
1980) and these authors consider them as significant in defining
the limits or compartments of crystal growth. Hydrophobic (silk,

fibroin-like) insoluble matrix of nacre appears to be gel-like
and is hypothesized to be displaced from the compartments
into the intercrystalline matrix by growing crystals (Nudelman
et al., 2008). These authors envision the gel as containing acidic
proteins which inhibit nucleation events in the general matrix
compartment, confining crystal nucleation to specific sites that
have been identified on the interlamellar matrix (Crenshaw and
Ristedt, 1976; Nudelman et al., 2006).

In earlier TEM studies, Watabe (1965) also described
interlamellar sheets for nacre, but he did not identify such
sheets in the lamellae of the foliated layer of C. virginica. It is
possible that any sheets in the foliated lamellae of the oyster
do not remain identifiable as such once they are included into
mineral layers. Accordingly, what may represent an alternate
final arrangement of the secreted matrix was suggested by Sikes
et al. (1998) from AFM studies on what would be interlamellar
surfaces of isolated pieces of folia. The authors revealed extensive
globular structures on this surface that contained both mineral,
and, based on their sensitivity to proteolysis and reactivity to an
anti-folian (48 kDa) antibody, they contained matrix protein as
well (Sikes et al., 1998).

Watabe (1965) did identify a thinner intercrystalline matrix
that surrounds the individual folia and Kawaguchi and Watabe
(1993) argued that soluble proteins are attached to this matrix
in a way that brings them in contact with crystals. In contrast
to nacre, there is no evidence of silk-like proteins in the C. gigas
transcriptome (Zhang et al., 2012). However, as mentioned above,
the insoluble folian matrix of C. virginica is in fact a gel-forming
material. The gel-forming properties of oyster insoluble matrix
combined with the proposed association of soluble proteins with
the insoluble matrix may be analogous to and have a similar
inhibitory function as described above for nacre. Consistent with
this inhibitory hypothesis, isolated insoluble matrix gel from
C. virginica does not lower the supersaturation required for
nucleation in vitro (Mount, 1999). Also, crystal growth does not
occur readily on the surface of foliated shell pieces with matrix
intact compared to the facile nucleation that occurs on these
surfaces from which the matrix was removed (Sikes et al., 2000).

Using the results of cryo-transmission electron microsocopy,
Levi-Kalisman et al. (2001) postulate that the interlamellar
sheets of nacre are made up largely of chitin, which is perhaps
associated with acidic proteins. In contrast to this hypothesis,
using multiple analytical techniques, Agbaje et al. (2018) were
unable to demonstrate significant chitin in nacre or other
microstructures, but they did not include shells with foliated
microstructures in their study. Indirect evidence exists that chitin
is present in this microstructure. For example, Chan et al. (2018),
using chitin-specific probes, has demonstrated chitin associated
with shell regeneration in C. virginica, and in particular with
hemocytes involved in this process. Further, among all C. gigas
tissues, chitin synthase is almost exclusively expressed in mantle,
and chitin-binding domains are enriched in shell proteins (Zhang
et al., 2012). As yet, no chitin-binding domains have been
identified in the folian proteins and are not present in folian-cv1.

From this study, it is evident that the cells involved in
the production of the antibody-positive sheet material by the
outer mantle epithelium are a fraction of the pseudostratified
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secretory cells of this mantle region. In TEM studies, Myers
et al. (2007) have shown that a class of folian-producing cells are
in fact morphologically distinct from the many other secretory
cells in this region and have confirmed that they produce
folian using the traditional membrane-associated pathway for
a secretory protein. As discussed earlier, it is evident that the
mineralizing matrix is a complex of proteins, making it possible
that they are likely assembled in a variety of cellular and
extracellular sites. To this point, Kawaguchi and Watabe (1993)
have shown that various oyster matrix proteins are synthesized
separately and then assembled either in secretory vesicles or at
the mineralization front.

Consistent with earlier studies (Johnstone et al., 2008), the
immuno-cytochemistry along with the quantitative PCR results
of this study confirm that folian proteins, and specifically
folian-cv1, are synthesized within hemocytes, a class of cells that
function in non-specific immunity. The granulocytic sub-set of
these cells have been shown to function in C. virginica shell
formation during experimental induced regeneration of shell
by delivering crystals to the mineralization front (Mount et al.,
2004). Further, hemocytes participate in mineral formation on
implants placed between the outer mantle epithelium and the
shell of this oyster (Johnstone et al., 2015). Hemocytes have been
shown to be active in shell regeneration of other molluscs as
well (e.g., Kádár, 2008; Cho et al., 2011; Li et al., 2016). Further,
Huang et al. (2018) have demonstrated the presence of hemocytes
with calcium-rich vesicles and crystals in the extrapallial cavity
during normal shell formation of Pinctada fucata. Although, in
this latter study most shell matrix proteins were not shown to be
expressed in hemocytes, Ivanina et al. (2017) have isolated classes
of hemocytes from C. gigas that are distinct from the immune
response cells and which express genes for both lattice ion
transport and shell extracellular matrix production. Of interest in
this regard, Patel (2004) has demonstrated that hemocytes from
C. virginica release collagen along with folian in vitro. In fact,
collagen fibers have been identified on newly regenerated oyster
shell (unpublished observations) and a proteomic analysis of
C. gigas shell matrix, Zhang et al. (2012) showed that collagen was
identified in shell along with other extracellular matrix proteins.
As mentioned above, Chan et al. (2018) has demonstrated that
hemocytes from C. virginica produce chitin that appears to be
involved in shell mineralization.

From the current study, immune-reactive hemocytes appear
to move directly from the blood across mantle epithelium into
the area of shell layer formation. This movement across the
epithelium was described for C. virginica by Galstoff (1964),
who used the term diapedesis, implying an analogy to the
process of extravasation of leukocytes across blood vessels in
vertebrates as part of their immune response. Whether hemocyte
movement involves the complex steps found in this immune
response is not clear at this time. The results of this study
demonstrate channels through which the hemocytes appear to
move, suggesting that the process of their passage might be
relatively passive. Johnstone et al. (2015) present SEM images
of the surface of the outer mantle facing the edge of the shell
that appears to be punctuated regularly with pores. The number
of these putative pores is greatest at the edge, where the rate

of shell formation is the highest, and decreases markedly away
from the edge in areas where the rate of shell formation is less.
Alternatively, Li et al. (2016) described the hemocyte movement
during shell regeneration in the pearl oyster, P. fucata, as a
release from secretory cavities. Earlier, Neff (1972a) showed
hemocytes with calcium-rich granules positioned under the
outer mantle epithelium of the quahog, Mercenaria mercenaria,
and speculated that the cells delivered these granules to the
mantle via the intercellular space. He further speculated that
the granules were matrix protein-calcium complexes. Hemocyte
mobilization toward the mineralization front may account for
the decrease in folian levels observed in these cells collected
from the adductor muscle during experimentally induced shell
regeneration (Johnstone et al., 2008). That is, the folian-loaded
cells may be selectively recruited to the mineralization front by
factors yet unknown, thereby depleting this class of cells in other
tissues. Once there, they can aggregate on the substrate in a
process that resembles wound healing (Johnstone et al., 2008).
In fact, hemocytes were shown to be aligned with matrix fibers
during shell regeneration (Mount et al., 2004) suggesting these
structures provide recognition or binding sites for the cells.

Beyond the outer mantle epithelium and hemocytes, folian
proteins are expressed on the inner mantle epithelium of oyster
(Myers et al., 2007) and in a number of other tissues as well
(Johnstone et al., 2015), suggesting the possibility that other
tissues are involved in the production of shell proteins. Wang
et al. (2013) suggests that such proteins could be delivered
from tissues to the mineralization front by hemocytes, which, as
mentioned above, are present at the sites of shell mineralization.
Alternatively, these proteins might have functions that are
not directly related to interactions with shell mineral. As an
example, bone morphogenic proteins, regulators of orthotopic
bone formation, are also present at the sites of vascular
calcification (Hruska et al., 2005). Alternatively, rather than
promoting mineralization, perhaps folian proteins in these
non-shell forming tissues simply prevent ectopic calcification.

CONCLUSION AND PROSPECTUS

Folian-cv1 is a deduced highly acidic phosphoprotein protein
from the foliated shell microstructure of the oyster Crassostrea
virginica. Its relationship to the apparent myriad of other
foliated shell phosphoproteins found in this species (folian
family) is unknown and will require detailed biochemical and
molecular biological analysis. Of especial interest in this regard
is the relatively high glycine content of the general folian class
compared to folian-cv1, a situation that poises a genetic dilemma
at this time. Nonetheless, the cross reactivity of folian antibodies
suggest that the members of the folian family have epitopes in
common and thus are related on some level. Folian-cv1 has
minimal, if any, identifiable higher order structure, has no known
functional domains and is intrinsically disordered. Disorder
may be of value if the protein needs to conform to crystal
or macromolecular surfaces. Although its specific functions are
unknown, because it was deduced from a shell protein and is
expressed in mantle, it seems likely that it plays a direct role in
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shell formation. Given its primary structure and composition,
it is likely to have the capacity for crystal growth regulation.
Further implicating this class in shell formation, folian proteins
are clearly secreted by the shell-forming epithelia, forming a
sheet-like structure on their surface. Folian-cv1 is also expressed
in hemocytes, expanding the idea that these cells are directly
involved in shell formation. It appears that they carry folian
proteins through mantle epithelial pores from the hemolymph
to the site of mineral formation. More indirect involvement
of folian proteins in shell formation or their involvement in
non-shell forming process cannot be ruled out at this time. An
understanding of folian-cv1 function may be advanced through
the use of antibodies made to a recombinant protein in order to
localize this protein in shell, cells and secretory products. Also,
the change of expression during larval development, especially
during the transition from aragonite to calcite shell, and following
induced shell repair may provide functional insights, especially
if studied in combination with knock-down studies. While
folian-cv1 is unique, other bivalves that secrete the foliated
microstructure have genes for phosphoproteins which appear
to be homologous to varying degrees. A more thorough study
of folian-type proteins from a range of species in the order
Ostreoida may provide insight into their functions, the origins
and expansion of the foliated microstructure and the reasons why
this class of proteins is not more rigidly conserved.
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