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List of symbols and abbreviations  
 
ASW  artificial seawater  
ECM  extracellular matrix 
EDTA  ethylenediaminetetraacetic acid 
HC  hemocyte 
DMSO   dimethyl sulfoxide  
HEPES  2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
LP  long pass 
OME  outer mantle edge 
SEM   standard error of the mean  
SLP  silk-like protein  
VEGF   vascular endothelial growth factor  
VEGF-R  vascular endothelial growth factor receptor  
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Abstract. Molluscan exoskeleton (shell) plays multiple important roles including 

structural support, protection from predators and stressors, and physiological 

homeostasis. Shell formation is a tightly regulated biological process that allows 

mollusks to build their shells even in environments unfavorable for mineral 

precipitation. Outer mantle edge epithelial cells (OME) and hemocytes were implicated 

in this process; however, the exact functions of these cell types in biomineralization are 

not clear. The Pacific oysters Crassostrea gigas were used to study differences in the 

expression profiles of selected biomineralization-related genes in hemocytes and 

mantle cells, and the functional characteristics of hemocytes such as adhesion, motility 

and phagocytosis. The specialized role of OME in shell formation was supported by high 

expression levels of the extracellular matrix (ECM) related and cell-cell interaction 

genes. Density gradient separation of hemocytes revealed four distinct phenotypes 

based on the cell morphology, gene expression patterns, motility and adhesion 

characteristics. These hemocyte fractions can be categorized into two functional groups, 

i.e. biomineralization and immune response cells. Gene expression profiles of the 

putative biomineralizing hemocytes indicate that in addition to their proposed role in 

the mineral transport, hemocytes also contribute to the formation of the ECM, thus 

challenging the current paradigm of the mantle as the sole source of the ECM for shell 

formation. Our findings corroborate the specialized roles of hemocytes and the OME in 

biomineralization and emphasize complexity of the biological controls over the shell 

formation in bivalves.  
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Mollusks are the second most abundant and species-rich group of invertebrates with a 

high degree of morphological and ecological diversity (Kocot et al., 2016). Mollusks are 

found in marine, freshwater and terrestrial habitats, and are dominant species and 

ecosystem engineers in many biotopes (Gutiérrez et al., 2003). Ecological and 

evolutionary success of mollusks is at least in part attributed to their exoskeleton 

(shell), which provides structural support, protection from predators and stressors, and 

contributes to physiological homeostasis (Crenshaw, 1972; Furuhashi et al., 2009b; 

Haszprunar and Wanninger, 2012; Sokolova et al., 2000). Molluscan shells are complex 

mineral-organic composites that possess unique structural organization and mechanical 

properties superior to geologic calcium carbonates (Kamat et al., 2000; Marin and 

Luquet, 2004; Smith et al., 1999). Shell formation is a tightly regulated biological 

process that allows mollusks to build and maintain their shells in different 

environments, including those unfavorable for mineral precipitation (Beniash et al., 

2010; Dickinson et al., 2012; Dickinson et al., 2013; Ries et al., 2009). Due to the 

complexity of molluscan biomineralization, this process is not yet fully understood 

despite decades of investigations (Addadi et al., 2006; Furuhashi et al., 2009a). Recent 

advances in molecular and cell biology provide new tools for resolving long-standing 

questions in molluscan biomineralization that can shed light on the regulation of the 

complex process of shell formation.  

Molluscan shells consist of periostracum (the outmost proteinaceous layer covering the 

shell) as well as the middle (ostracum) and inner (hypoostracum) layers comprised of 

highly organized calcium carbonate (CaCO3) crystals with less than 5% w/w of organic 

material (Furuhashi et al., 2009a; Zhang and Zhang, 2006). Outer mantle edge (OME) 

has been traditionally associated with biomineralization due to its proximity to the shell 

surface and ability to maintain shell deposition ex vivo, albeit at a reduced rate (Jodrey, 

1953; Wilbur and Jodrey, 1955). Recent studies in mantle transcriptomics and 

proteomics revealed staggering diversity of the protein ensemble expressed in the 

mantle and involved in shell formation (Gardner et al., 2011; Jackson et al., 2006; 

Jackson et al., 2010; Kocot et al., 2016; Li et al., 2016; Marin et al., 2007; Zhang and 

Zhang, 2006). Mantle cells produce the components of the shell organic matrix (ECM) 

traditionally divided into two major fractions: insoluble (primarily chitin and silk) that 

act as a scaffold for crystal growth and play a role in the mechanical reinforcement of 

the shells,  and soluble proteins and proteoglycans involved in the regulation of mineral 

nucleation and growth (Addadi et al., 2006; Falini et al., 1996; Marie et al., 2012; Marin 

et al., 2008; Mayer and Sarikaya, 2002; Weiner et al., 1984). These molecules function as 

Ca2+ chelators, mineralization nucleators or inhibitors (Nudelman et al., 2006), regulate 

crystal shape (Albeck et al., 1993), determine which CaCO3 polymorph will form (Falini 

et al., 1996; Marie et al., 2012), and may play a role in toughening of the shells (Smith et 

al., 1999).  Although the organic fraction of the shell is small, it is critically important for 

regulation of the shell formation, structure and mechanical properties (Addadi et al., 

2006; Kocot et al., 2016; Marin et al., 2007; Zhang and Zhang, 2006). While the 

important role of the mantle in biomineralization is undisputed, there is increasing 

evidence for involvement of other cell types, notably hemocytes (HC) in 

biomineralization (Fisher, 2004; Johnstone et al., 2015; Mount et al., 2004). Studies 

suggest that hemocytes sequester Ca2+ and CO3
2- and transport them intracellularly in a 
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form of calcium carbonate mineral to the shell mineralization sites (Johnstone et al., 

2008; Johnstone et al., 2015; Mount et al., 2004). This is a paradigm-shifting observation 

in molluscan biomineralization, albeit the important role of cellular mineral transport 

has been shown in echinoderms and vertebrates (Akiva et al., 2015; Beniash et al., 1999; 

Boonrungsiman et al., 2012; Mahamid et al., 2011; Vidavsky et al., 2014; Vidavsky et al., 

2015). To date, the interactions between different types of biomineralizing cells of 

mollusks, including mantle cells and hemocytes, and their potential specialization with 

regard to key biomineralization processes (such as acid-base and ion regulation, 

mineral transport, and production of regulatory and matrix proteins) are not well 

understood and require further investigation. 

We used the Pacific oysters Crassostrea gigas, as a model to study specialization of 

molecular pathways involved in biomineralization among different molluscan cell types 

(hemocytes and mantle cells). Oysters are an excellent model to study biomineralization 

mechanisms due to the rich information on their shell mineral composition, structure 

and mechanical properties (Beniash et al., 2010; Checa et al., 2007; Choi and Kim, 2000; 

Dauphin et al., 2013; Dickinson et al., 2012; Lee et al., 2008) and availability of the 

annotated genome (Zhang et al., 2012) permitting targeted analysis of 

biomineralization-related genes. In this study, we hypothesized that hemocytes and 

mantle cells play distinct roles in shell biomineralization, with hemocytes primarily 

responsible for the mineral sequestration and delivery, and the mantle cells involved in 

the ECM deposition and regulation of the physicochemical conditions at the 

mineralization site. We also hypothesized the ECM production predominantly occurs in 

the outer mantle edge (OME) while the central part of the mantle contributes to the 

acid-base and ion regulation of the pallium, including the mineralization site. To test 

these hypotheses, we investigated Ca2+ content, cellular adhesion and motility of 

different subpopulations of oyster hemocytes, and studied mRNA expression of 

biomineralization-related genes in hemocytes and mantle cells from the central and 

outer edge mantle of C. gigas. We focused on the key genes involved in production and 

maturation of the matrix proteins (including silk-like protein (SLP), nacrein, chitin 

synthases and casein kinases), cell-cell and cell-matrix interactions (fibronectin and 

fibronectin-ankyrin), and acid-base and ion regulation (including different isoforms of 

carbonic anhydrase, V Type H+ ATPase, Na+/H+ antiporters and Ca2+ ATPases). We also 

investigated mRNA expression of the vascular endothelial growth factor (VEGF) and its 

receptor (VEGF-R) that are involved in regulation of crystal formation and growth in 

marine organisms such as echinoderms (Duloquin et al., 2007; Knapp et al., 2012). Gills 

were used as a reference non-biomineralizing tissue. Our data provide insights into the 

specialization of hemocytes and mantle cells on different biomineralization-related 

functions and shed light on the role of the hemocyte diversity in molluscan 

biomineralization.  

MATERIALS AND METHODS 

Animals. Oysters Crassostrea gigas from Fanny Bay (British Columbia, Canada) were 

purchased from a local supplier (Inland Seafood, Charlotte, NC, USA). Oysters were kept 

in tanks with the artificial seawater (ASW) (Instant Ocean®, Kent Marine, Acworth) at 

10±1 °C and salinity 30±1 practical salinity units (PSU) and fed ad libitum with a 
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commercial algal blend containing Nannochloropsis oculata, Phaeodactylum tricornutum 

and Chlorella spp. (DT’s Live Marine Phytoplankton, Sycamore, IL, USA). Algal blend (2-3 

ml per 20-25 animals) was added to experimental tanks every other day.  

Hemolymph collection and hemocyte fractination. Hemolymph was withdrawn from 

the adductor muscle of oysters using syringe containing 1 ml cold Alsever's solution 

[20.8 g l-1 glucose, 8 g l-1 sodium citrate, 3.36 g l-1 ethylenediaminetetraacetic acid 

(EDTA), 22.3 g l-1 NaCI]. To obtain sufficient number of hemocytes, hemolymph from 7-

15 animals was pooled. Separate samples of pooled hemolymph obtained from different 

oysters were considered biological replicates. Hemolymph were centrifuged at 1000 x g 

and +4°C for 10 min. Pellet were resuspended in 4 ml Alsever's solution and layered on 

discontinuous gradient of Percoll (9.2%, 24.8%, 41.0%, 57.8% v/v). Cells were 

centrifuged at 600 x g and +4°C for 40 min. Hemocytes concentrated at different 

interfaces of the discontinuous gradient were collected separately, diluted 10-12-fold 

with Alsever's solution and centrifuged at 1000 x g for 10 min to remove Percoll. Four 

subpopulations of hemocytes were separated using this method and labeled H1, H2, H3 

and H4 (from the lowest to the highest floating density). The hemocytes pellets were 

resuspended in Alsever's solution and either used immediately for functional studies, or 

frozen at -80°C for subsequent gene expression analyses.  

Cell morphology. Suspensions (100 μl) of different hemocyte fractions were placed on 

microscope slides, air-dried and stained to access the morphology. For hematoxylin-

eosin staining, hemocytes were fixed for 15 min in 10% formaldehyde, followed by 

stepwise re-hydration in 100%, 90% and 70% ethanol. Slides were stained in 

hematoxylin for 5 min, rinsed with water and differentiated in 1% acid alcohol for 5 

min. Slides were again rinsed in water and stained with 1% eosin for 10 min followed 

by a step-wise dehydration (70%, 90% and 100% ethanol). For Wright-Giemsa stain, 

air-dried hemocytes were immersed in Wright-Giemsa dye for 30 s, rinsed with water 

and air dried. Separate aliquots of hemocytes suspension were stained with neutral red 

to differentiate between acid (stained red) and basic (stained yellow) vesicles (Lowe 

and Pipe, 1994). Stock was prepared by dissolving 20 mg of Neutral Red in 1 ml 

dimethyl sulfoxide (DMSO), gravity-filtered and diluted 1:5 with phosphate buffered 

saline (Lowe and Pipe, 1994). Slides with air-dried cells were stained with diluted 

Neutral Red solution for 5 min. All slides were rinsed with water and air-dried prior to 

mounting in glycerol. Cells were observed under a Zeiss Axio Observer A1 inverted 

microscope equipped with AxioCam HRc digital camera (Carl Zeiss Inc, Oberkochen, 

Germany) using differential interference contrast illumination and a 63 x 1.4 numerical 

aperture plan apochromatic objective.  

RNA isolation and real–time PCR. Total RNA was isolated from different fractions of 

hemocytes, the outer mantle edge (OME), the central part of the mantle, and the gills 

using TRI-Reagent ® (Sigma-Aldrich, St Louis, Mo, USA) according to the manufacturer’s 

instructions. To test for possible DNA contamination that could interfere with qRT-PCR, 

RNA samples were subjected to a PCR reaction with gene-specific primers (Table 1) 

prior to cDNA synthesis; no amplification product was observed indicating no DNA 

contamination. Single-strand cDNA was then obtained from 1 µg of the total RNA using 

50 U µl-1 SMART Scribe TM Reverse transcriptase (Clontech, Mountain View, CA, USA) 
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and 20 µmol l-1 of oligo (dT)18 primers according to the manufacturer’s instructions. 

Transcript levels of the genes of interest (including β-actin used as a reference gene) 

were quantified by RT-PCR using a 7500 Fast Real-Time PCR System (Life Technology, 

Carlsbad, CA, USA) and SYBR® Green PCR kit (Life Technologies, Bedford, MA, USA) 

using gene-specific primers (Table 1). Annealing temperature was 55°C, and read 

temperature 72°C for all primer pairs. A single cDNA sample was used as an internal 

cDNA standard and included in each run to test for run-to-run amplification variability. 

Serial dilutions of the internal standard were amplified to determine apparent 

amplification efficiency (Pfaffl, 2001). Relative mRNA quantities of the target and 

reference genes were calculated according to Pffafl (2001) using gene-specific 

amplification efficiencies.  

Flow cytometry. To measure intracellular Ca2+ concentration ([Ca2+]i), isolated 

hemocytes (106 cells) were incubated for 30 min in ASW buffer with 1 µM calcein-AM 

(Invitrogen, Eugene, OR, USA). Following incubation, cells were washed and 

resuspended in 500 µl of ASW for analysis. To measure phagocytic activity, isolated 

hemocytes (106 cells) were incubated for 30 min in 500 µl of ASW with or without 

fluorescent beads (Nile Red FluoSpheres, 1.0 µm, Invitrogen, Eugene, OR, USA) at the 

100:1 particles : hemocyte ratio. After incubation, cells were centrifuged at 250 x g for 

10 min to remove non-phagocytosed beads. Fluorescence signals were quantified using 

a BD lsrFortessa flow cytometer (BD Biosciences, San Jose, CA, USA) equipped with a 

488 nm blue argon laser (i.e. 488 nm excitation wavelength) and the following bandpass 

filter / long pass (LP) dichroic mirror combinations: calcein AM 530/30, 505 LP; Nile 

Red FluoSphere 610/20, 600 LP. Linear, logarithmic fluorescence and scatter signal 

were recorded using 104 cells per analysis. Relative cells size and complexity were 

assessed by the forward scatter (FSC) and side scatter (SSC), respectively. Data were 

analyzed using FlowJo version X software (FlowJo LLC, Ashland, OR, USA). All 

fluorescence data are expressed as relative fluorescence units (RU) per 104 cells. 

Adhesion capacity. Isolated hemocytes (106 cells) were placed in 1 ml of ASW in the 

wells of a 12-well plate (Costar, Corning) and incubated for 2 h at room temperature. 

After the incubation, ASW was collected and the wells were surface-washed with 1 ml of 

ASW. The washes were combined with the previously collected ASW and centrifuged for 

10 min at 1,000 x g to collect non-adhered cells. The non-adhered cells were counted 

using a Brightline hemacytometer (Sigma Aldrich, St. Louis, MO, USA), and the adhesion 

capacity expressed as the percentage of adhered cells in the total hemocytes population 

in each well. 

Cellular motility assays. Motility of different hemocyte fractions was assessed with a 

quantitative cell migration assay using ThinCert™ cell culture inserts (pore size 3.0 µm) 

in CELLSTAR® 24-well plates (Greiner Bio-One, Monroe, NC, USA). Potential chemotaxis 

of the hemocytes towards tissue extracts of the mantle (as a biomineralization site) and 

the muscle (which contains a large hemolymph lacuna) were tested against the ASW 

control. Filter sterilized tissue extracts (10% mantle or 10% muscle extracts in ASW) 

were used as potential chemoattractants. In brief, 600 µl of ASW with 2% glucose with 

or without a potential chemoattractant was placed in each well of the 24-well cell 

culture plate. Hemocyte suspension (200 µl containing 2 x 105 cells) was placed onto the 
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ThinCert™ membrane inserted into each well. The cells were incubated for 1 h, after 

which the ASW media was removed and replaced by 450 ul of ASW with 8 µM calcein-

AM (Invitrogen, Eugene, OR, USA). Cells were incubated for 45 min, after which the 

ThinCert™ inserts were transferred into freshly prepared cell culture wells containing 

500 µl of 0.125% trypsin-EDTA in ASW with 2% glucose and incubated for 10 min. This 

step led to the detachment of the cells that migrated to the outer surface of the 

ThinCert™ inserts. Because the pore size is smaller than the size of hemocytes, 

migration of the cells through the ThinCert™ membrane requires active motility 

mechanisms. Fluorescence of the detached cells was measured in Trypsin-EDTA 

solution in a fluorescence plate reader (CytoFluor Series 4000, Framingham, MA, USA) 

(excitation: emission 485:520 nm) and expressed as the percent of the total cell 

fluorescence (i.e. counting the cells migrated through the membrane and those retained 

inside the insert). 

Statistical analyses. One-way ANOVA was used to test the effects of tissue type and/or 

hemocyte fraction on the studied traits. Prior to analyses, data were tested for normality 

and homogeneity of variance by Kolmogorov-Smirnoff and Levene’s tests, respectively, 

and normalized as needed using Box-Cox common transforming method. Fisher’s Least 

Significant Differences (LSD) tests were used for planned post-hoc comparisons of the 

differences between the pairs of means of interest. Principal Component Analysis (PCA) 

was used to determine the groups of traits that distinguish the different tissue types 

and/or hemocyte fractions using raw data. Normalized Box-Cox transformed data were 

subjected to the discriminant analysis to reduce the dimensionality of the multivariate 

data set and determine the grouping of the cell/tissue types in the multivariate trait 

space. All statistical analyses were performed with Statistica v. 10.0 (StatSoft, USA). 

Differences were considered significant if the probability of Type I error was less than 

0.05. The data are presented as means ± standard error of the mean (SEM) unless 

indicated otherwise. 

RESULTS 

Hemocyte morphology and functional characteristics. Differential centrifugation on 

discontinuous density gradient yielded four fractions of hemocytes based on their 

buoyant density (Fig. 1). The uppermost fraction (H1) generally consisted of smaller 

spheroid cells with long filamentous pseudopodia (Fig. 1). The least buoyant H4 fraction 

contained cells of similar morphology to H1 but slightly larger in size (Fig. 1). Cell 

fractions H2 and H3 consisted of larger, irregularly shaped cells with no filamentous 

structures on the surface (Fig. 1). Hemocyte fractions H1 and H4 had the highest 

adhesion capacity and motility (when measured in ASW) of the four studied fractions 

(Fig. 2A, B). Presence of the muscle or mantle extract in the ASW (as a potential 

chemoattractant) slightly but notably inhibited hemocytes movement, and the 

differences in motility among hemocytes from the four studied fractions disappeared 

(data not shown). Hemocytes from all four fractions were capable of phagocytosis, and 

no differences in the phagocytosis rates were found among the fractions 

(Supplementary Fig. 1). Based on the side scatter in the flow cytometry, H4 fraction had 

the highest degree of granulosity and/or internal complexity compared to other 
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hemocytes fractions (Fig. 2C). Free calcium measured by flow cytometry was 

significantly higher in H2 hemocytes compared to other hemocytes fractions (Fig. 2D).  

Ion and acid-base homeostasis. mRNA expression profiles of genes involved in ion and 

acid-base regulation profoundly differed in hemocytes and mantle tissues of C. gigas. Of 

the five studied CA isoforms, CA XIV was almost exclusively expressed in the mantle 

(~35-39 CA XIV to β-actin ratios), with considerably lower expression levels in in the 

gills (~1.3 CA XIV to β-actin ratios) or the hemocytes (~0.06-0.27 CA XIV to β-actin 

ratios) (Fig. 3E; Supplementary Figure 2). CAI, CA II, CA II and CA VII isoforms were 

more highly expressed in the hemocytes than in the gills or mantle, with distinctive 

expression patterns in different hemocyte fractions. Thus, H1 and H4 fractions 

predominantly expressed CA I isoform while H2 and H3 fractions had the highest 

expression of CA II, followed (in the decreasing order) by CA I, CAIII and CA VII isoforms 

(Fig. 3 A-D; Supplementary Figure 2). Expression levels of V Type H+ ATPase and Ca2+ 

ATPase Type 2C were highest in the mantle edge and significantly lower in the central 

part of the mantle and in most of the hemocyte fractions (except Ca2+ ATPase Type 2C in 

H3, which was similar to the expression levels in the mantle edge) (Fig. 1F). In contrast, 

mRNA expression of the plasma membrane Ca2+ ATPase (PMCA), NHX9 and NHE3 was 

significantly higher in the hemocytes than in the mantle (Fig. 3 H-J). No significant 

differences in the expression of V Type H+ ATPase, PMCA, NHX9 or NHE3 were found 

between different fractions of the hemocytes (Fig. 3). Notably, mRNA expression levels 

of V Type H+ ATPase, Ca2+ ATPase (both Type 2C and plasma membrane isoforms) as 

well as NHX9 and NHE3 in the gills were comparable with those in the biomineralizing 

tissues such as the mantle (Fig. 3). 

ECM-related genes. Matrix protein-related genes (SLP, fibronectin, nacrein, casein 

kinase and chitin synthase isoforms), as well as VEGF and VEGF-R, were more highly 

expressed in the OME compared to the central part of the mantle (Fig. 4, 5). Of these, 

SLP and fibronectin Prot2L were especially strongly represented in the mantle edge 

(~30,000 and 128 target to β-actin ratios, respectively) (Fig. 4A, B). The respective 

ratios in the central mantle were 255 and 4 for SLP and fibronectin Prot2L. SLP and 

fibronectin Prot2L were not strongly expressed in the hemocytes (1-7 and 0.1-1 target 

to β-actin ratios, respectively) or in the gills (8 and 0.5 target to β-actin ratios, 

respectively) (Fig. 4A, B). 

Fibronectin Prot3L and fibronectin-ankyrin had higher expression in H2 and H3 

fractions of the hemocytes, compared to H1 and H4 fractions, mantle or the gills (Fig. 4C, 

D). mRNA levels of nacrein, casein kinase I and casein kinase II were the highest in the 

H3 fraction of the hemocytes compared to all other studied tissues (Fig. 4E, 5C, D). 

Chitin synthase isoforms showed tissue-specific expression pattern, with chitin 

synthase II predominantly expressed in the mantle (especially the OME), and chitin 

synthase III – in the hemocytes (Fig. 5E, F). VEGF and VEGF-R expression was the 

highest in the mantle edge and the gills and considerably lower in the hemocytes and 

the central mantle (Fig. 5A, B).  
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Multivariate analyses of gene expression profiles. Principal component analysis 

(PCA) clearly separated different hemocyte fractions and tissue types based on the gene 

expression profiles (Fig. 6). Two first principal components (PC1 and PC2) explained 32 

and 22% of the total data variance, respectively. All hemocyte fractions had high 

positive loadings on PC1, whereas the mantle and the gills had negative loadings on PC1. 

Notably, H1 and H4 were grouped together in the plane of the two first principal 

components and were associated with high loadings of CAI, CAVII and chitin synthase III 

(Fig. 6A). Hemocyte fractions H2 and H3 were also grouped together, with high loadings 

of CAII and CAIII, ion regulatory genes (NHX9, NHE3 and PM Ca2+ ATPase), fibronectin 

Prot3L, fibronectin-ankyrin and casein kinase I and II (Fig. 6A). Mantle edge was 

positioned in the opposite quadrant of the PC plane compared to the hemocytes and 

was associated with the expression of SLP, fibronectin Prot2L, chitin synthase II, VEGF, 

VEGFR and Ca2+ ATPase Type 2C (Fig. 6A). The central part of the mantle and the gill 

were grouped together and separately from the mantle edge and hemocytes (Fig. 6A). 

The discriminant analysis confirmed the results of the PCA and showed close grouping 

of H1 with H4, as well as H2 and H3 based on the gene expression patterns (Fig. 6B). All 

other tissue types (mantle edge, mantle center and the gills) were located separately 

from each other and from the hemocytes in the plane of the two first discriminant roots 

(Fig. 6B). The traits most closely associated with the discriminant function separating 

the groups included CA XIV, fibronectin Prot2L, VEGF, SLP and chitin synthase II 

(P<0.05 for all traits, F26, 140=19,26, P<0.0001 for the discriminant function).  

DISCUSSION 

The high expression of a number of biomineralization-related genes in oyster 

hemocytes and mantle tissue found in our study indicates the important role of these 

cell types in biomineralization. Notably, different subpopulations of oyster hemocytes as 

well as different regions of the mantle reveal considerable functional specialization 

shown by the marked differences in gene expression profiles (Fig. 6). In general, 

expression of soluble CAs was higher in hemocytes, while membrane associated CA XIV 

was expressed almost exclusively in the mantle. Furthermore, ion transporters (PM 

Ca2+-ATPase, NHE3 and NHE9) were overexpressed in hemocytes, while ECM-

associated proteins (SLP and fibronectin Prot2L) had higher expression levels in the 

mantle. These findings support the notion that hemocytes and mantle tissues play 

distinct roles in shell formation. 

Functional diversity of oyster hemocytes 

Morphological diversity of hemocytes that include cells of different sizes and internal 

complexity (commonly defined as granulocytes, agranulocytes, and/or hyalinocytes) is 

a well-known trait of bivalves, including oysters (Allam et al., 2002; Foley and Cheng, 

1977; Hegaret et al., 2003; Kennedy et al., 1996). However, the functional differentiation 

of hemocytes remains elusive, owing in part to difficulties of separating different 

subpopulations of live hemocytes for functional analysis (Goedken and De Guise, 2004; 

Terahara et al., 2006; Wang et al., 2017a). Our approach based on the separation of 

oyster hemocytes by their floating density revealed two functionally and 

morphologically distinct groups of cells, one including H1 and H4 fractions, and another 
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– H2 and H3 fractions (Fig. 6A). Hemocytes from H1 and H4 fractions consist of highly 

motile cells with well-developed pseudopodia and high adhesion capacity. Compared to 

the H2 and H3 fractions, these cells tend to have lower expression of V-Type H+ ATPase, 

Ca2+ ATPase, casein kinases I and II, chitin synthase II, nacrein and fibronectin Prot2L. 

Of the genes involved in ECM formation, only chitin synthase III is expressed at 

relatively high levels in H1 and H4 hemocytes. The expression profile of soluble 

carbonic anhydrases also differs between the H1 and H4 fractions (that express high 

levels of CAI and CAVII) and H2 and H3 fractions (expressing mainly CAII and CAIII). 

The functional consequences of these differences in gene expression profiles between 

different hemocyte fractions are not fully understood. However, based on high motility 

and capacity to adhere to foreign materials (such as plastic), as well as the low 

expression of biomineralization-related genes in H1 and H4 hemocytes, it appears that 

these cells are likely specialized on immune-related functions rather than on 

biomineralization. This conclusion is supported by a recent study in C. gigas showing 

that large hemocytes (corresponding the H4 fraction in our present study) have 

considerably higher phagocytic and encapsulation capacity, as well as higher expression 

of immune-related genes (including the toll-like receptor, clathrin, lysozyme and 

defensin) compared to other hemocyte fractions (Wang et al., 2017a). Taken together, 

these data indicate that H4 cells (~large granulocytes) represent the main 

immunocompetent cells in oysters. Hemocytes from H1 fraction that share strong 

similarity in gene expression profile and functional characteristics with the H4 fraction 

but are smaller and less internally complex, might represent progenitor cells of the H4 

fraction. Further investigations of the hematopoiesis of oysters are required to test this 

hypothesis and determine whether the functional similarities between H1 and H4 

fractions are the result of independent differentiation or reflect different stages of the 

same subpopulation of immunocompetent cells.    

In contrast to H1 and H4 hemocytes, cells from the H2 and H3 fractions lack prominent 

pseudopodia and are less motile and adherent. Although H2 and H3 cells also 

predominantly express mRNA for soluble (cytosolic) isoforms of CA, the CA expression 

profile is different from H1 and H4 hemocytes. The most highly expressed isoform of CA 

in H2 and H3 hemocytes is CAII, which has high catalytic activity in mammalian systems 

(Earnhardt et al., 1998; Sly and Hu, 1995). Notably, a recent report shows that the 

expression of CAII in oyster tissues (including hemocytes and to a lesser degree mantle) 

is significantly affected by changes in pCO2 and indicates that this enzyme plays a 

prominent role in the regulation of carbonate chemistry, and thus biomineralization 

(Wang et al., 2017b). H2 hemocytes also have considerably higher [Ca2+]i levels 

(revealed by calcein AM staining) compared to other hemocyte fraction, indicating their 

potential role in Ca2+ transport to biomineralization sites (Mount et al., 2004). Notably, 

H2 and H3 hemocytes express many genes potentially associated with 

biomineralization, including SLP, casein kinases, chitin synthases, VEGF, VEGF-R and 

nacrein-like protein. Interestingly, nacrein is usually associated with aragonitic nacre 

layer of the shell in mollusks, such as the pearl oyster or turbinid gastropods (Marin and 

Luquet, 2004), and is believed to shift the crystallization reactions toward less 

thermodynamically stable aragonite (Kono et al., 2000; Norizuki and Samata, 2008). 

However, the function of nacrein-like proteins in the Pacific oysters which build the 
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adult shell exclusively from calcite is not clear. Since nacrein-like protein contains CA 

catalytic domain, it can potentially act as a an extracellular CA (Song et al., 2014). 

However, the major difference between nacreins and nacrein-like proteins of Pacific 

oysters is that the latter contain a large number of acidic amino acids (Song et al., 2014), 

a hallmark of the matrix proteins associated with calcitic layers of bivalve shells (Gotliv 

et al., 2005; Marin et al., 2005; Tsukamoto et al., 2004). It is therefore possible that the 

nacrein-like proteins are involved in stabilization of amorphous calcium carbonate in 

hemocytes or modulation of calcite formation in the areas of active shell growth as has 

been shown for other acidic mollusk proteins (Ndao et al., 2010; Politi et al., 2007).  

Expression of casein kinase I and II mRNA was higher in H3 hemocytes than in other 

hemocyte fractions, the mantle or the gills. In vertebrates casein kinases are involved in 

phosphorylation of secreted multi-phosphorylated proteins, involved in 

biomineralization (Sfeir et al., 2014; Sfeir and Veis, 1996; Veis et al., 1997). Earlier 

works demonstrated presence of highly phosphorylated proteins in shells (Rusenko et 

al., 1991) and hemocytes (Johnstone et al., 2008) of oysters, which may explain the high 

expression of casein kinases in oyster hemocytes. Notably, proteome of the hemocytes 

of a pearl oyster Pinctada fucata was also enriched for proteins involved in ECM 

formation and maturation including chitin synthase and tyrosinase; however, in this 

study the total hemocyte population was investigated without separation into 

functional or morphological subgroups (Li et al., 2016). Our present study shows that 

hemocytes from H2 and H3 fractions express high levels of mRNA encoding fibronectins 

(fibronectin Prot3L and fibronectin-ankyrin), glycoproteins which play a key role in 

cell-cell interactions, cellular attachment as well as processes such as wound healing 

(Lenselink, 2015). Close interactions of hemocytes with the mantle-produced ECM 

and/or the mantle cells have been previously documented in oysters undergoing shell 

repair (Li et al., 2016) or during the formation of the shell on artificial metallic implants 

(Johnstone et al., 2015). Our present observation of high expression of fibronectin-like 

proteins in hemocytes provides a potential molecular mechanism for these interactions. 

Taken together, these traits characterize H2 and H3 hemocytes as the likely players in 

biomineralization processes. Interestingly, high expression of nacrein-like protein and 

casein kinases in oyster hemocytes challenges the view that the shell proteins are 

exclusively produced by the mantle (Addadi et al., 2006; Clark et al., 2010; Furuhashi et 

al., 2009a; Jackson et al., 2006) and indicates that in addition to mineral transport 

(Johnstone et al., 2015; Li et al., 2016; Mount et al., 2004), hemocytes may contribute to 

the formation of the shell organic matrix in oysters. This hypothesis is also supported by 

a recent transcriptomic study of C. gigas showing mRNA expression of several shell 

proteins in hemocytes (Wang et al., 2013). 

Ionoregulatory pathways, including H+, Ca2+ and Na+ transport, were highly represented 

in the transcriptome of all hemocyte fractions of C. gigas. mRNA expression levels of the 

plasma membrane Ca2+ ATPase (involved in intracellular Ca2+ uptake) and Na+/H+ 

antiporters NHE3 and NHX9 (essential for intracellular pH regulation) in hemocytes 

exceeded those found in the mantle and gill tissues, while V-Type H+ ATPase and Ca2+ 

ATPase had similarly high expression levels in the hemocytes, OME and gills.   
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All hemocyte subpopulations isolated in this study were capable of phagocytosis. This 

observation agrees with the earlier findings that different types of oyster hemocytes 

(granulocytes, hyalinocytes and/or agranulocytes) have phagocytic ability (Takahashi 

and Mori, 2000; Terahara et al., 2006), albeit some studies indicate that granulocytes 

and hyalinocytes may exhibit different phagocytosis rates (Goedken and De Guise, 2004; 

Terahara et al., 2006) as well as different molecular mechanisms of phagocytosis 

(Terahara et al., 2006). Overall, our findings indicate similarity and/or functional 

redundancy between different hemocyte subpopulations with regard to some immune 

functions and ion regulation. 

Local gene expression patterns in oyster mantle 

The OME showed high expression of the biomineralization-related genes, often 

considerably higher than that in the central mantle or hemocytes. Compared to other 

tissue types, mRNA encoding for the ECM-related proteins (SLP and chitin synthase II) 

and cell-cell interactions (VEGF, VEGF-R and fibronectin Prot2L) demonstrated higher 

levels of expression in the OME (Fig. 6). This observation is in an agreement with the 

current paradigm stating that the mantle edge is primarily responsible for the ECM 

deposition and regulation of the shell formation (Marin et al., 2008). Gene expression 

profiles of the outer mantle edge (OME) indicate the strong involvement of this part of 

the mantle in production of ECM proteins. Thus, silk-like protein (SLP) had the highest 

expression in OME, with mRNA levels ~115 fold higher than in the central mantle, and 

~4,000-34,000-fold higher than in hemocytes. Hydrophobic silk-like proteins, along 

with chitin, are the major component of the shell protein matrix, which organizes and 

guides the formation of CaCO3 crystals in the molluscan shell (Addadi et al., 2006; 

Joubert et al., 2010). Nacrein mRNA levels were ~5-fold higher in the OME than in the 

central mantle and only slightly lower in the OME than in H2 and H3 hemocytes. Chitin 

synthase II mRNA levels in OME were ~5-fold higher than in the central mantle, ~12-

fold higher than in the putatively biomineralizing hemocytes (H2 and H3) and ~90-150-

fold higher than in non-biomineralizing tissues (gills or H1 and H4 hemocytes). Elevated 

expression of ECM proteins (such as shematrins, structural glycoproteins of the shell 

matrix, and lysine-rich matrix proteins of the KRMP family) were also shown in the OME 

of a pearl oyster Pinctada fucata (Gardner et al., 2011). In our present study, OME of C. 

gigas also showed high mRNA levels of fibronectin Prot2L, suggesting that this part of 

the mantle may be responsible for interactions of the shell ECM with biomineralizing 

hemocytes. Importantly, overexpression of fibronectin Prot2L mRNA is associated with 

the onset of shell formation during the larval development of C. gigas, indicating an 

important role of this protein in biomineralization (Zhang et al., 2012).  

The OME also expressed high mRNA levels of ionoregulatory genes, including V Type H+ 

ATPase, Ca2+ transporters (including Ca2+-transporting ATPase type 2C and plasma 

membrane Ca2+ ATPase) and Na+/H+ antiporters NHE3 and NHX9. mRNA expression 

levels of these proteins in the OME were similar to those found in the gill, the main 

ionoregulatory organ of bivalves (albeit lower than in the hemocytes). This suggests 

that in addition to its role in the synthesis and maturation of the ECM, the OME 

contributes to the regulation of the ion and acid-base balance of the pallium, including 

the biomineralization site. Unlike hemocytes that predominantly expressed soluble CA, 
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the major type of CA expressed in the mantle was the transmembrane isoform CA XIV. 

Levels of CA XIV mRNA in the mantle were ~30-fold higher than in the gills, and ~150-

600- fold higher than in hemocytes. This indicates involvement of the mantle tissue in 

the maintenance of the acid-base balance in the pallium, as the membrane-bound CAs 

play a key role in the regulation of the bicarbonate and proton concentrations in 

extracellular fluids (Henry, 1996).  

Expression levels of VEGF and VEGF-R mRNA were considerably higher in the OME 

compared to the central mantle (by ~9-fold and ~56-fold for VEGF and VEGF-R, 

respectively) or hemocytes (by ~3-12-fold and ~3-10-fold for VEGF and VEGF-R, 

respectively). Notably, gill tissues also had high levels of mRNA expression of VEGF and 

VEGF-R, similar to those found in the OME. VEGF is a multifunctional protein best 

known for its role in the regulation of angiogenesis and osteogenesis (Dai and Rabie, 

2007; Duan et al., 2016) in the vertebrates; however, it is evolutionarily conserved in 

different groups of animals, including those that, like mollusks, lack a closed circulatory 

system (Kipryushina et al., 2015). Recent studies suggested that VEGF and its receptor 

play an important role of biomineralization of marine invertebrates, such as sea urchins, 

where VEGF regulates and directs migration of primary mesenchymal cells (PMC) 

involved in skeletogenesis (Adomako-Ankomah and Ettensohn, 2014; Duloquin et al., 

2007) and regulates growth of the calcitic spicules (Knapp et al., 2012). VEGF regulates 

expression of biomineralization-related genes in PMC of sea urchins, while inhibition of 

VEGF suppresses spiculogenesis (Duloquin et al., 2007; Sun and Ettensohn, 2014). The 

cell-guiding function of VEGF appears conserved in different animals, as shown by the 

important role of the VEGF homologs in the migration of Drosophila hemocytes 

(Parsons and Foley, 2013) and recruitment of macrophages into the growing 

mammalian bone (Hu and Olsen, 2016). Notably, when compared between different 

fractions of oyster hemocytes, the putative biomineralizing hemocytes (H2 and H3) tend 

to express higher VEGF and VEGF-R mRNA levels than their non-biomineralizing 

counterparts (H1 and H4). This, along with the elevated expression of VEGF and VEGF-R 

mRNA in the OME of C. gigas, points toward the potentially important role of cell-

surface receptors and cell-cell interactions between the OME and hemocytes at the 

biomineralization site.  

Conclusions and perspectives 

Our study shows considerable functional specialization (revealed by the gene 

expression patterns and/or functional characteristics in the cells) between 

biomineralizing tissues (i.e. hemocytes vs. mantle) and within each tissue type (i.e. 

between different hemocyte fractions or different regions of the mantle). Spatial 

organization and functional specialization of the different parts of oyster mantle 

supports the earlier proposed important role of the OME in shell formation including 

production of the shell protein matrix and interaction with other cells (i.e. hemocytes) 

involved in biomineralization. Notably, our data indicate that hemocytes may contribute 

to the formation of the ECM in addition to their proposed role in the mineral transport 

(Li et al., 2016; Mount et al., 2004), and challenge the current paradigm of the mantle as 

the sole source of the ECM for shell formation. Variation in the expression patterns of 

biomineralization-related genes combined with differences in the motility and adhesion 
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between different hemocyte fractions demonstrate that different types of hemocytes are 

predominantly engaged in shell production and/or the immune response. Further 

studies are needed to determine to which degree the functional specialization of 

hemocytes reflects cell differentiation or whether it is flexible depending on the 

hemocyte age and/or the functional state of the oyster. The mechanisms of cell-cell 

interactions between hemocytes and the OME (such as those involving fibronectins of 

VEGF) at the biomineralization front represent another exciting and potentially fruitful 

field of study. Overall, our findings demonstrate the multifunctional roles of hemocytes 

and mantle tissues in biomineralization and emphasize complexity of the biological 

controls over the shell formation in bivalves.  
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Figures 

 

 

 

Figure 1. Morphology of different hemocyte fractions. 

A-D - Hematoxylin-eosin staining, E-H - Wright-Giemsa staining, I-L - Neutral red 

staining. A,E,I - fraction H1, B,F,J -fraction H2, C,G,K - fraction H3 and D,H,L - fraction H4. 

Bar =10 µm. 
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Figure 2. Morphological and functional traits of different subpopulations of C. gigas 

hemocytes.  

A – cell adhesion capacity, B – cell motility, C – internal complexity measured by the side 

scatter on the flow cytometer; D – [Ca2+]i measured calcein-AM fluorescence. Different 

letters indicate values that are significantly different from each other (P<0.05). N=4-5. 
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Figure 3. Expression of mRNA of genes involved in ion and acid-base regulation in 

different hemocytes fractions and mantle and gill tissues of C. gigas. 

X- axis – tissue type and/or hemocytes fraction, Y- axis – mRNA levels of the target gene 

relative to β-actin. H1-4 – different fractions of hemocytes, ME – outer mantle edge, MC 

–central part of the mantle, G – gills. Different letters indicate significant differences 

between the means for different tissues/fractions (p<0.05). Vertical bars represent the 

standard error of means. N=6-9 except H1 where N=4. 
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Figure 4, Expression of mRNA of genes encoding scaffold proteins in different 

hemocytes fractions and mantle and gill tissues of C. gigas. 

X- axis – tissue type and/or hemocytes fraction, Y- axis – mRNA levels of the target gene 

relative to β-actin. H1-4 – different fractions of hemocytes, ME – outer mantle edge, MC 

–central part of the mantle, G – gills. Different letters indicate significant differences 
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between the means for different tissues/fractions (p<0.05). Vertical bars represent the 

standard error of means. N=6-9 except H1 where N=4. 
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Figure 5. Expression of mRNA of biomineralization-related genes, VEGF and VEGF 

receptor in different hemocytes fractions and mantle and gill tissues of C. gigas. 

X- axis – tissue type and/or hemocytes fraction, Y- axis – mRNA levels of the target gene 

relative to β-actin. H1-4 – different fractions of hemocytes, ME – outer mantle edge, MC 

–central part of the mantle, G – gills. Different letters indicate significant differences 

between the means for different tissues/fractions (p<0.05). Vertical bars represent the 

standard error of means. N=6-9 except H1 where N=4.  
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Figure 6. Separation of the studied tissues/hemocytes fractions and genetic traits based 

on the PCA (A) and discriminant (B) analyses. 

A – Position of the studied tissue types/hemocytes fractions and the genetic traits in the 

plane of the two first principal components based on the PCA. B – groupings of 
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individual samples from different tissue types and hemocytes fractions based on 

discriminant analysis. The traits most closely associated with the discriminant function 

included CAII, CAIII, CAVII, VEGF, nacrein and chitin synthase III.  
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Tables 

 

Table 1. Primer sequences for target genes in C. gigas. 

Abbreviations: CA – carbonic anhydrase; Ca2+ ATPase - calcium-transporting ATPase type 2C; 

PM-Ca2+ ATPase – plasma membrane calcium-transporting ATPase; fibronectin Prot2L and 

Prot3L - fibronectin type-III domain-containing protein 2 and 3a, respectively; VEGF- vascular 

endothelial growth factor; VEGF-R - vascular endothelial growth factor receptor; NHX9 - 

sodium-proton antiporter NHX9; NHE3 – sodium-proton exchanger 3; SLP – silk-like protein. All 

primers are given in the 5-prime to 3-prime direction. 

Target Accession 
numbers 

Primer sequence 

CAI XM_011439428.2,  
LOC105335517 

FW 5‘-AGGGTTGATTCACTCCACATAC -3’ 

Rev 5’-GCTCCATGGGATAAGAGATTCC-3’ 

CAII XM_011449596.2,  
LOC105342594 

FW 5’- CATCAACCAGCAGTCAGAAGTA-3’ 

Rev 5’- TGTTCCGATCCCTTGTCATTAG-3’ 

CAIII XM_011413668.2, 
LOC105317122 

FW 5’- CTACCCTACAACAGGGAGTTCTA -3’ 

Rev 5’- CTGGTCTGAAATTGCCGTATCT -3’ 

CAVII XM_011441430.2, 
LOC105336933 

FW 5’- GCGGGAATGTAAGGGAGAAA -3’ 

Rev 5’- GCATTGCTCTCCATGGTTATTG -3’ 

CAXIV XM_011437076.2, 
LOC105336933 

FW 5’- AGTGTTCAAGGAGACCATCAAG-3’ 
Rev 5’- CTGTGGTTGAGAGGCTGAATAG -3’ 

V-type H+ ATPase  XM_011420050.1, 
LOC105321678 

FW 5’- GCAGTGTCAGCATTGTAGGA-3’ 
Rev 5’-GTAGGAGATGAGCCAGTTGATG-3’ 

Ca2+ ATPase XM_011430632.2, 
LOC105329397 

FW 5’- AGGCAAAGGCATCGTCATAG -3’ 

Rev 5’-GATGAGCCCGATGATACAGAAG-3’ 

PM Ca2+ ATPase  XM_020071055.1,  
LOC105337328 

FW 5’- CAACAAGGTCGCCAACAAAG -3’ 

Rev 5’- GGTCAGTTTGCCCTGTAGAA-3’ 

NHX9 XM_011426556.2, 
LOC105326487 

FW 5’- TGGTGAAGCTGACTGGTATTG -3’ 

Rev 5’- CAATGGTTGCCGTCACAAAG -3’ 

NHE3 XM_011458684.2, 
LOC105349034 

FW 5’- GATGATCCAGAGGAGAGCAAAG--3’ 

Rev 5’- TTGTACGAGGGCTTTCTGTTAG-3’ 

Fibronectin Prot3L XM_011437620.2, 
LOC105334248 

FW 5’- CCAGGAGGAAATTTGAGGAGAG -3’ 

Rev 5’- GTACTCATAGGGCACTGGTTTAG -3’ 

Fibronectin Prot2L XM_011415804.1, 
LOC105318603 

FW 5’- CTCCAGTACACCACAAGTCATC -3’ 

Rev 5’- AGACACAACTCCGGCAATATC -3’ 

Fibronectin -ankyrin  XM_011451949.2, 
LOC105344232 

FW 5’- CTAACAGTGTCCACCACTAAGG -3’ 

Rev 5’- CCTGTGTCCAGTATCCTCTCTA -3’ 

VEGF XM_011451443.2, 
LOC105343926 

FW 5’- CCGGTGCATGTGTACCAATA -3’ 

Rev 5’- TGATTTCCTCGTCAGTCATTCC-3’ 

VEGF-R XM_011457891.1, 
LOC105348465 

FW 5’- CGGTCTATGGCTCTGCATAAA -3’ 

Rev 5’- CAAATGCACCTTGACCCAATAC-3’ 

Casein kinase I  XM_011448074.2, 
LOC105341513 

FW 5’- GGAGGTGGCTGTTAAGTTAGAG -3’ 

Rev 5’- GCGAGCAGAAGTTGAAGAGA-3’ 

Casein kinase II  XM_011419091.2, 
LOC105320946 

FW 5’- CGATGAAGCAGAGATCCCATTA -3’ 

Rev 5’- CAAACAGCACATGACCAACTAC -3’ 

Chitin synthase I XM_020066933.1,  
LOC105327560 

FW 5’- GAAGACACTGCTCGGTCATATT-3’ 

Rev 5’-GGTGACTCCAAAGTCCATTCT-3’ 

Chitin synthase II  XM_011425423.2,  FW 5’-CGCAACAATGGGCAATAGAG-3’ 
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LOC105325734 Rev 5’-CTGATATCGAGGCGGTGAATAG -3’ 

Chitin synthase III JH816899.1,  
CGI_10012656 

FW 5’-GTACAAATGGGCTCTGGGATAG-3’ 

Rev 5’-GTCGAACTCACACTGGAAGAA-3’ 

Nacrein NM_001305309.1, 
LOC105335878 

FW 5’-CGCCGAGAAGAAACCTCTAAAT-3’ 

Rev 5’-CCAGAGCCAAACTACGTCTTAC -3’ 

SLP AB290411.1 FW 5’-GATCTTCCGTCTTTACGTCCTATC-3’ 

Rev 5’-AACCGGAGTAAGGTGTTGTATC -3’ 

β-actin X75894 Act-FW 5’-TTGGACTTCGAGCAGGAGATGGC -3’ 

Act-Rev 5’-ACATGGCCTCTGGGCACCTGA -3’ 
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Table 2. ANOVA: Effects of tissue type and/or hemocyte fraction on the expression of studied 
mRNAs in Crassostrea gigas.  

F ratios with the degrees of freedom for the factor effect and the error shown as a subscript, are 
given. Significant effects (P<0.05) are highlighted in bold. The factor effect has seven levels (H1, 
H2, H3, H4 fractions, OME, central mantle and gills). 

Gene Factor effect Gene Factor effect 
CAI F6,43

 = 10.4 
P<0.001 

SLP F6,43
 = 71.7 

P<0.001 
CAII F6,43

 = 10.3 
P<0.001 

Fibronectin Prot2L F6,43
 = 27.4 

P<0.001 
CAIII F6,43

 = 22.5 
P<0.001 

Fibronectin Prot3L F6,43
 = 9.6 

P<0.001 
CAVII F6,43

 = 15.0 
P<0.001 

Fibronectin 
Ankyrin 

F6,43
 = 10.4 

P<0.001 
CAXIV F6,43

 = 3.9 
P=0.004 

Nacrein F6,43
 = 10.4 

P<0.001 
V Type H+-ATPase F6,43

 = 3.6 
P=0.005 

VEGF F6,43
 = 67.7 

P<0.001 
Ca2+-ATPase F6,43

 = 6.6 
P<0.001 

VEGF receptor F6,43
 = 3.5 

P=0.006 
PM Ca2+-ATPase F6,43

 = 8.0 
P<0.001 

Casein kinase I F6,43
 = 15.7 

P<0.001 
NHX9 F6,43

 = 8.6 
P<0.001 

Casein kinase II F6,43
 = 15.8 

P<0.001 
HNE3 F6,43

 = 11.8 
P<0.001 

Chitin synthase II F6,43
 = 82.4 

P<0.001 
  Chitin synthase III F6,43

 = 12.7 
P<0.001 
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Table 3. ANOVA: Effects of hemocyte fraction on the HC function and Ca2+ concentrations in 
Crassostrea gigas.  

F ratios with the degrees of freedom for the factor effect and the error shown as a subscript, are 
given. Significant effects (P<0.05) are highlighted in bold. The factor effect has four levels (H1, 
H2, H3, and H4 fractions of hemocytes). 

Function Factor effect 
Adhesion F3,15

 = 11.2 
P=0.0004 

Cell migration F3,15
 = 3.1 

P=0.06 
Free Ca2+ F3,15= 4.6 

P=0.028 
Internal complexity F3,15= 1.8 

P=0.218 
Cell size F3,15= 0.1 

P=0.955 
Phagocytosis F3,15= 0.6 

P=0.631 
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Supplementary Figure 1. Phagocytosis in different subpopulation of oyster hemocytes. 

Mfi – mean fluorescence intensity of phagocytosed fluorescent beads per 104 cells. Different letters 

indicate values that are significantly different from each other (P<0.05). N=4-5. 
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Supplementary Figure 2. mRNA expression profiles of different CA isoforms in the studied tissues 

and hemocyte fractions of C. gigas. Note similar CA profiles in the fractions H1 and H4, and the 

fractions H2 and H3, respectively. Hemocytes express soluble CAs (CAI, CAII, CAIII and CAVII), while 

the membrane-bound CA XIV is almost exclusively expressed in the mantle. The gills have CA 

expression profile similar to H2 and H3 hemocytes, except considerably higher levels of CA XIV 

expression in the gills. Expression of all CA isoforms is normalized to CAI levels.  
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