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Abstract:  
 
Long-lived animals show a non-observable age-related decline in immune defense, which is provided 
by blood cells that derive from self-renewing stem cells. The oldest living animals are bivalves. Yet, the 
origin of hemocytes, the cells involved in innate immunity, is unknown in bivalves and current 
knowledge about mollusk adult somatic stem cells is scarce. Here we identify a population of adult 
somatic precursor cells and show their differentiation into hemocytes. Oyster gill contains an as yet 
unreported irregularly folded structure (IFS) with stem-like cells bathing into the hemolymph. BrdU 
labeling revealed that the stem-like cells in the gill epithelium and in the nearby hemolymph replicate 
DNA. Proliferation of this cell population was further evidenced by phosphorylated-histone H3 mitotic 
staining. Finally, these small cells most abundant in the IFS epithelium were found positive for the 
stemness marker Sox2. We provide evidence for hematopoiesis by showing that co-expression of 
Sox2 and Cu/Zn SOD, a hemocyte-specific enzyme, does not occur in the gill epithelial cells but rather 
in the underlying tissues and vessels. We further confirm the hematopoietic features of these cells by 
the detection of Filamin, a protein specific for a sub-population of hemocytes, in large BrdU-labeled 
cells bathing into gill vessels. Altogether, our data show that progenitor cells differentiate into 
hemocytes in gill, which suggests that hematopoiesis occurs in oyster gills. 
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INTRODUCTION 43 

The longest living animals belong to bivalves (Bureau et al., 2002; Peck and Bullough, 1993; 44 

Turekian et al., 1975; Ziuganov et al., 2000; Wanamaker et al., 2008; Butler et al., 2013), 45 

which are a main class among the mollusk phylum. Long-lived animals have been defined as 46 

non-senescing species (Finch and Austad, 2001) since they do not show any observable age-47 

related decline in physiological capacity or disease resistance. Indeed, bivalves grow and most 48 

importantly they ensure their immune defense during their entire life (Bodnar, 2009). In 49 

bivalves, immunity involves both cell-mediated and humoral systems that operate in a 50 

coordinated way (for comprehensive reviews please see Pruzzo et al, 2005 and Schmitt et al, 51 

2012). The cell-mediated immune defense is carried out by blood cells that are continuously 52 

produced in the adult animal and that derive from self-renewing populations of multipotent 53 

stem cells that are housed in specialized hematopoeitic organs (comprehensive review in 54 

Hartenstein, 2006). Yet, the origin of blood cells is unknown in bivalves (Vogt, 2012).  55 

Moreover our current knowledge about mollusk adult somatic stem cells is scarce. Mollusk 56 

cellular immunity is ensured by motile hemocytes (Cheng, 1996) circulating through the 57 

hemolymph before infiltrating tissues (Galtsoff, 1964; Eble and Scro, 1996). Three main 58 

types of hemocytes have been recognized in mollusks based upon their morphology, (i) 59 

granular cells with numerous cytoplasmic granulations, (ii) hyaline cells with a clear 60 

cytoplasm and (3i) rare and much smaller stem-like cells (Hartenstein, 2006; Cheng, 1996; 61 

Kuchel et al., 2011). 62 

Yet, despite a long-standing interest in the bivalve immune system (Cuénot, 1891), the site of 63 

hematopoiesis as well as the relatedness between the different types of hemocytes, remain 64 

thorny questions in bivalves (Vogt, 2012; Kuchel et al., 2011). In another mollusk, 65 

Biomphalaria glabrata, an amebocyte-producing organ (APO) has been described based upon 66 

the observation in phase contrast microscopy of mitoses in the cardiac region (Jeong et al., 67 

1983). Moreover, infestation by parasites appeared to increase the mitotic index of APO 68 

(Salamat and Sullivan, 2008) while other investigations (dos Santos Souza and Araujo 69 

Andrade, 2012) underlined the need for specific markers to characterize precursors and 70 

differentiated hemocytes in order to settle this matter in Biomphalaria.   71 

Indeed, bivalves are not easily amenable to genetics, and while genomic data were published 72 

only recently (Zhang et al., 2012), these organisms are phylogenetically distant from main 73 

biological models. Meanwhile, farming of bivalves, a worldwide industry notably with the 74 

Pacific oyster Crassostrea gigas, is threatened by infectious diseases from viral, bacterial or 75 

protozoan etiology (Comps et al., 1976; Farley et al., 1972; Binesse et al., 2008; Cochennec et 76 
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al., 2003), which stresses the need for a better knowledge of the hemocyte biology. The origin 77 

of hemocytes and consequently, the location of the hematopoietic organ thus remain a 78 

fundamental question in bivalves. In particular, in regard to the key role played by hemocytes 79 

in the cell-mediated immune defense (Duperthuy et al., 2011), and moreover, to the long-term 80 

production and physiology of the yet-to-be-described mollusk stem cells that are essential to 81 

the extreme longevity of certain bivalves (Butler et al., 2013). 82 

Here we provide evidence for adult progenitor cells in bivalves and their differentiation into 83 

hemocytes in the gill tissue. Analysis of the oyster gill revealed irregularly folded structures 84 

(IFS) that displayed small round stem-like cells bathing into the hemolymph. BrdU labeling 85 

revealed that the stem-like cells in the gill epithelium and in the nearby hemolymph actively 86 

replicated DNA. Proliferation of stem-like cells was further evidenced in gill by the detection 87 

of phosphorylated-histone H3, a mitosis marker (Minakhina et al., 2007). The existence of a 88 

population of stem and /or precursor cells in oyster was established by the detection of Sox2, 89 

a marker for stemness (Liu et al., 2013), particularly abundant in the IFS epithelial cells. 90 

Hematopoiesis was evidenced by the co-expression of Sox2 and Cu/Zn SOD, a hemocyte-91 

specific enzyme (Gonzalez et al., 2005) in gill cells. Finally, hematopoiesis was confirmed by 92 

the detection of Filamin (FLN), a protein specific for a sub-population of hemocytes (Rus et 93 

al., 2006), in large BrdU-labeled cells bathing in the hemolymph of gill vessels. We thus 94 

propose that gill is the long-searched for hematopoietic organ in bivalves (Cuénot, 1891).  95 

 96 

 97 

 98 

 99 

 100 

 101 

RESULTS 102 

Stem-like cells exist in the gill epithelium and hemolymph. The general structure of the 103 

oyster gill (reviewed in Galtsoff, 1964; Eble and Scro, 1996) is briefly recalled here for the 104 

purpose of this work, while further histological details are provided. The two oyster gills are 105 

both made of two V-shaped demi-branches each composed of an ascending and a descending 106 

lamella delimiting a water tube and linked by interlamellar junctions (Figs S1A, B). Each 107 

lamella is a succession of regularly folded structures, termed plicas, which are made of the 108 

repetition of a tubular structural unit called filament. The central part of the filament is 109 

occupied by a space filled with hemolymph while the basal part of the filament consists of a 110 
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more or less regular layer of tightly-packed and non-ciliated cells referred to as the epithelium 111 

(Galtsoff, 1964 ; Eble and Scro, 1996). Here, we examined in further detail the oyster gill 112 

organization. Adult animals were collected during spring in the Mediterranean Sea. Scanning 113 

of hematoxylin/eosin stained cross-sections using a Nanozoomer revealed intriguing 114 

irregularly folded structures (IFS) in all the examined samples (n= 6) (Fig. S1C) in addition to 115 

the regularly folded structures described above. IFS were found to be made of a succession of 116 

stacks of 8 or less, long and thin parallel structures next to irregular folds, here referred to as 117 

tubules and convoluted structures, respectively (Figs 1A, S1B). The term epithelium is here 118 

conserved for the cell layer delimiting these structures since it defines the limit between the 119 

body and its environment, despite the fact that its organization does not correspond to a 120 

classical epithelial cell lining. Hematoxylin staining was intense in the epithelium and at the 121 

extremities of all tubules (Fig. 1A), which indicated a high concentration of nucleic acids. At 122 

higher magnification nuclei appeared as densely packed and surrounded by a thin and barely 123 

detectable eosin-stained cytoplasm (Fig. 1A, insets). The IFS epithelium is thus an irregular 124 

layer of cells, associated in tight groups and embedded in a thick extra cellular matrix (ECM) 125 

as shown on eosin-stained sections (Fig. 1A). The convoluted structures are less compact (Fig. 126 

1B, C) and they are better suited to study the interaction between the epithelium and its 127 

environment. Taking advantage of the lesser density of IFS, observation revealed small cells 128 

with a pear-shape nucleus, displaying no visible cytoplasm, which are morphological traits of 129 

stem cells (Rink, 2013). Some of these cells were barely attached to the tissue as if being 130 

released from the epithelial ECM into the hemolymph (Fig. 1B, inset, arrow). In addition, 131 

small cells with long and thin cytoplasmic extensions protruding inside the tubules lumen (Fig. 132 

1C, inset, arrow) were also observed in IFS. Interestingly, cytoplasmic protrusions are 133 

generally considered as an indication of cell movement (Lauffenburger and Horwitz, 1996). 134 

Intense DNA replication occurs in the gill epithelium and hemolymph cells. One main 135 

characteristic of the hematopoietic tissue is to sustain a high level of DNA synthesis as 136 

exemplified by the drosophila larval lymph gland (Jung et al., 2005). 137 

To determine whether gill is the site of intense DNA synthesis, entire gills (n= 3) were cut out 138 

while preserving their superficial attachment region to the body. 10 mm-thick cross-sections 139 

of the isolated gill were incubated for 16 hrs in L15 cell culture medium adjusted to seawater 140 

osmolarity and containing BrdU (25 µM), a nucleotide analog, before immediate fixation. 141 

Paraffin cross-sections were submitted to immunohistochemistry (IHC) using a commercial 142 

mouse monoclonal anti-BrdU antibody. Fluorescence microscopy (Cy3) revealed a 143 

punctuated labeling typical of the DNA-incorporated BrdU in gill (Fig. 2). Labeling was 144 
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particularly intense in the epithelium of the IFS tubules and convoluted structures (Fig. 2A, 1-145 

2) but also in areas of the regular folds and the adjacent inter-lamellar junctions (Fig. 2A, 3-5) 146 

while no signal was detected on control sections (Fig. 2A, 6). 147 

To determine whether DNA synthesis is more intense in gills than in other tissues, a solution 148 

of BrdU (1.6 mM L-1) was administered by injection to spats (n= 3) for 6 hours before 149 

fixation of the entire body of the animals. Fluorescence microscopy (Cy3) revealed BrdU 150 

labeling (Fig. S2, panels BrdU) while autofluorescence was recorded in the GFP channel 151 

(panels AF) to outline the tissues. The specificity of BrdU labeling was assessed by the 152 

absence of staining when primary antibody was omitted (Fig. S2B, D, F). The examination at 153 

low magnification indeed showed that BrdU-labeling was more intense in the IFS (Fig. S2A) 154 

and in areas of the regularly folded gill (Fig. S2C) than in the mantle (Fig. S2E). 155 

To further verify that BrdU-incorporation corresponded to DNA synthesis and not to DNA 156 

reparation, the amount of cellular DNA was estimated using FACS analysis, which allows the 157 

distinction between cells in G0 or G1phase and cells replicating DNA (S phase) or sustaining 158 

mitosis (G2/M) (Vitale et al., 2013). FACS analysis (Fig. S3A) of the cells dissociated from 159 

oyster (n= 6) gills and mantles, following enzymatic incubation of minced tissues, revealed a 160 

higher percentage of S and G2/M phases in the gill (17.3%) that in the mantle (7.2%) (Fig. 161 

S3B, C). Moreover, cell counting revealed that cells dissociated from gill were 6.3 fold more 162 

numerous than for mantle (Table S1), which together with the gill higher mitotic index (2.40 163 

fold) indicate that the number of cells proliferating is much greater in gill (15 fold) than in 164 

mantle. This quantitative data is in agreement with the higher rate of BrdU incorporation 165 

observed on gill sections (Figs 2A and S2A, C) and it indicates that indeed BrdU 166 

incorporation essentially corresponded to DNA synthesis.  167 

Gill cross-sections, treated as above, were co-stained with fluorescent Phalloidin, which binds 168 

the F-actin and thus indicates the cytoplasm extent. Confocal microscopy revealed thin 169 

fluorescent rings around abundant BrdU-labeled nuclei in both the tubule epithelium and 170 

lumen (Fig. 3A), thus indicating that these stem-like cells undergoing replication in the IFS 171 

are almost devoid of cytoplasm. Observation at higher magnification (Fig. 3B, enlarged Box 172 

of Fig. 3A) revealed small oblong stem-like cells massed in a tubule lumen (outlined by white 173 

lines). These cells appeared to be lined up in the direction of a less crowded part of the lumen 174 

(Fig. 3B, broken line). Interestingly, examination of a nearby sinus (Fig. 2B, outlined) 175 

revealed heterogeneity in the BrdU-labeled cells bathing in the hemolymph, which sizes 176 

spread from the small stem-like cells (arrow head) to what could be large hemocytes (arrow). 177 

This data suggests that cells that incorporated BrdU may later differentiate into hemocytes 178 
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since hemocytes do not replicate DNA (Hartenstein, 2006). To study this interesting 179 

possibility, gill cross-sections were labeled with BrdU for a short period of time (2 hrs) and 180 

immediately fixed and submitted to IHC as above. Under these conditions, a clearly 181 

detectable BrdU signal was again observed in the stem-like cells inside the lumen of a sinus 182 

(Fig. 3C, arrow heads). But in contrast, under these conditions no BrdU labeling was detected 183 

in the surrounding large hemocytes (Fig. 3C, arrows).  184 

This result shows that, as expected, the large hemocytes did not incorporate BrdU during the 185 

two hours incubation. Furthermore, it strongly suggests that the BrdU positive stem-like cells 186 

could differentiate into hemocytes, explaining the existence of a BrdU positive hemocyte 187 

population following a long BrdU incubation (Fig. 2B, arrow). 188 

 189 

Cells proliferate in the gill epithelium and hemolymph. Cell proliferation is a distinctive 190 

feature of the lymph gland tissue in adult animals (Parslow et al., 2001). Cell proliferation 191 

was assayed using a commercial antibody against the phosphorylated (Ser10) histone H3 192 

(H3PAb), a widely used mitosis marker, notably in drosophila (Minakhina et al., 2007). 193 

Specificity of H3PAb for the oyster H3P was assayed on an immunoblot carrying gill 194 

chromatin extracts, which revealed a unique band corresponding to the expected molecular 195 

weight for the oyster histone H3 (15 kDa; EKC28030), while no band was observed on the 196 

corresponding non-chromatin supernatant (Fig. S4A).  197 

IHC was carried out on cross-sections of oysters (n= 3) using H3PAb and DAPI to stain DNA. 198 

Confocal images revealed H3P-positive nuclei in both mantle (Fig. 4A) and gill (Fig. 4B), 199 

although H3P signal appeared much more abundant in the gill, while it was absent in the 200 

negative control (Fig. 4C). For quantification, contiguous confocal microscope fields were 201 

recorded at low magnification (x 20) and counted for H3P and DAPI in both mantle and gill 202 

(Tables S2, S3).  203 

The percentage of H3P-positive cells was quite high for gills (21.8%) when compared to 204 

mantles (4.7%) (Fig. 4 D) (n= 3). Moreover, measurement of the tissue surface in the 205 

corresponding microscope fields, using the ImageJ software, provided density values of 0.192 206 

and 0.005 H3P-positive nuclei per 100 µm2 for gill and mantle, respectively (Fig. 4E). Thus 207 

the gill higher cell density and mitotic index show that more cells divide in gill than in mantle., 208 

which confirms the indirect evidence by FACS analysis (Fig. S3).  209 

 210 

Stem and/or precursor cells are abundant in the gill.  211 
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Stem and precursor cells express specific markers such as the transcription factor Sox2 (Liu et 212 

al., 2013). A commercial anti-Sox2 antibody specifically revealed a unique band migrating 213 

according to the oyster Sox2 predicted molecular weight (EKC24855, 36 kDa) on an 214 

immunoblot carrying oyster gill extract (Fig. S4B). IHC was carried out on gill cross-sections 215 

using Sox2 antibody and DAPI. Confocal microscopy revealed a striking abundance of Sox2-216 

positive nuclei in gill (Fig. 5A), in particular, as shown at higher magnification, on cells 217 

clustered in the IFS epithelium (Fig. 5B, Ep). Moreover, Sox2 was found decorating loosely 218 

associated cells (Fig. 5C, stars) that filled the tubules lumen (Fig. 5C, Lu), in a similar way to 219 

the groups of stem-like cells observed through histology (insets in Fig.1, B, C) or BrdU 220 

labeling (Fig. 3B).  221 

Altogether our data show that gill contains an abundance of stem and/or precursor Sox 2 222 

positive cells, some of which localized into the hemolymph.  223 

 224 

Progenitor cells differentiate into hemocytes in gill. IHC was performed on cross-sections 225 

using Sox2 antibody and a mouse antibody against the Zn/Cu Superoxide Dismutase (SOD), 226 

an enzyme that is specifically expressed in the oyster hemocytes (Duperthuy et al., 2011; 227 

Gonzalez et al., 2005). The epithelial cells of the IFS tubules (Fig. 6A, Tu) were intensely 228 

labeled for Sox2 as seen above while fewer cells were labeled in the rest of the tissue (Figs 229 

6A and S5). By contrast, and very strikingly SOD-labeled cells were mostly restricted to the 230 

vessel adjacent to the tubules (Figs 6A and S5). We emphasize from these data that cells that 231 

are co-stained for Sox2 and SOD are likely to be progenitors (Sox2-positive) differentiating 232 

into hemocytes (SOD-positive). The fact that the co-stained cells are not localized in the 233 

tubule area (Tu) but mostly in the underlying connective tissue (Co) and vessels (V) (Figs 6A 234 

and S5) suggests that progenitors may migrate from the tubules towards the IFS vessel. This 235 

striking distribution of Sox2 and SOD markers is a general feature of the IFS structures as 236 

further shown at lower magnification on Fig. S5. 237 

To confirm that gill precursors differentiate into hemocytes, another hemocyte marker, 238 

Filamin (FLN), was used. Indeed, this large actin binding protein is specific for a subclass of 239 

hemocytes carrying out the encapsulation of parasites in drosophila (Rus et al., 2006), the 240 

lamellocytes. Interestingly, encapsulation has also been described in mollusks (Loker and 241 

Bayne, 2001). The oyster FLN was purified to homogeneity (Fig. S6A) and its identity was 242 

confirmed through mass spectrometry (Table S4). A rabbit antibody was raised and immuno-243 

purified (FLNAb) against the FPLC-purified oyster protein. Specificity of FLNAb was shown 244 

by an immunoblot using gill extract (Fig. S4C) that revealed a protein migrating well over the 245 
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250 kDa marker, which is in agreement with the oyster FLN molecular weight (323 kDa; 246 

EKC28512.1).  247 

IHC was performed on oyster cross-sections using FLNAb, SODAb and DAPI. Confocal 248 

microscopy confirmed FLNAb specificity since it revealed an intense and specific signal in 249 

the gonad axillary cells (Fig. S6B) as previously shown for drosophila (Sokol and Cooley, 250 

2003). Furthermore, confocal microscopy revealed a sub-population of cells bathing into the 251 

IFS sinuses and vessels, which were confirmed to be hemocytes for their SOD co-labeling 252 

(Fig. S6C).  253 

Using this tool, we addressed whether gill precursors indeed differentiate into hemocytes. 254 

Thick cross-sections of gill tissue were incubated for 16 hrs with BrdU as above and 255 

immediately fixed. IHC was then carried out on gill cross-sections using first the FLNAb and 256 

then after acidic denaturation, the anti-BrdU mAb. Fluorescence microscopy revealed strong 257 

signals for both FLN and BrdU in cells bathing in the hemolymph, notably of a main gill 258 

blood vessel (Fig. 6B, C).  259 

This latter result is particularly significant since it shows that the stem and/or precursor cells 260 

replicated DNA and differentiated into hemocytes expressing the FLN marker, in this isolated 261 

piece of the oyster gill.  262 

 263 

DISCUSSION. 264 

The aim of this research was to address the origin of hemocytes in bivalve. This question was 265 

complicated by the fact that the existence of adult somatic progenitor cells had not been 266 

shown.  267 

In bivalves, immunity involves both cell-mediated and humoral systems. While the effectors 268 

of the humoral defense, including soluble lectins, lysosomal enzymes (e.g. acid phosphatase, 269 

lysozyme) and anti-microbial peptides (Gueguen et al., 2006 and 2009; Gonzalez et al., 270 

2007a, b; Rosa et al., 2011), are synthesized by both hemocytes and epithelial cells (Itoh et al., 271 

2010, Xue et al., 2010), the cell-mediated immune defense is exclusively performed by 272 

hemocytes (reviewed in Schmitt et al., 2012). Indeed, hemocytes are capable of non-self 273 

recognition, chemotaxis, and active phagocytosis (Cheng, 1981). Moreover, hemocytes are 274 

implicated in cytotoxic reactions by the production of hydrolytic enzymes (Cheng and 275 

Rodrick, 1975), ROS (Bayne, 1990; Pipe, 1992; Lambert et al., 2007; Aladaileh et al., 2007; 276 

Butt and Raftos, 2008; Boulanger et al., 2006; Kuchel et al., 2010) and antimicrobial 277 

peptides/proteins (Gueguen et al., 2006, 2009; Gonzalez et al., 2007a, b; Rosa et al., 2011) 278 

and phenoloxidases, a class of copper proteins involved in melanization, an immune defense 279 
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reaction associated with the encapsulation of larger parasites (Luna-Acosta et al., 2011). 280 

Beside their immunological functions, mollusk hemocytes are believed to be involved in shell 281 

mineralization (Mount, 2004), excretion, metabolite transport and digestion and wound repair 282 

(reviewed in Cheng, 1996). 283 

Yet, despite the multiple hemocyte functions that have been studied, the origin of hemocytes 284 

in bivalves has remained elusive since L. Cuénot (1891) published his founding work on the 285 

origin of blood cells in animals. Even more striking is the fact that, although mollusks are 286 

models for a spectrum of research including frontier science in neurobiology (Landry et al., 287 

2013) or ageing (Philipp and Abele, 2010), little is known about mollusk adult somatic stem 288 

cells. Recently, Vogt (2012) while reviewing on the invertebrate stem cells revived the 289 

question of the existence and most importantly of the long-term protection of stem cells in the 290 

extremely long-lived bivalves (Philipp and Abele, 2010). 291 

Here we reexamined the origin of bivalve hemocytes by scrutinizing the adult oyster tissues 292 

and by identifying markers for both bivalve progenitor cells and hemocytes. While focusing 293 

on the gill for its overall higher density of nuclei as shown through histology and IHC, a less 294 

dense structure termed IFS was uncovered, which contains a population of small stem-like 295 

cells (Fig. 1). Interestingly, although IFS occupies a variable proportion of the gill (1/6 to 296 

1/5th of a gill section), it was consistently highlighted in IHC when using markers for cell 297 

proliferation or for stemness, which emphasizes the IFS contribution to precursor cell 298 

proliferation in gills. In addition, histology suggested that a fraction of stem-like cells were 299 

only loosely attached to the IFS epithelium while in other places they produced long 300 

protrusions inside the tubules. Interestingly, these cytoplasmic extensions are usually 301 

recognized as indicative of cell motion (Lauffenburger and Horwitz, 1996). Therefore, the 302 

stemness traits of these small cells in contact with the hemolymph, raised the possibility they 303 

participated to the oyster hematopoiesis.  304 

Hematopoiesis requires precursor cell proliferation as exemplified by the daily production of 305 

1011 blood cells in human adults. The production of hemocytes can be deduced from the 306 

hemocyte population size and half-life. Indeed, the complete blood collection of an 307 

experimental oyster (10 grams of meat) routinely provides 106 hemocytes (Rolland et al., 308 

2012), which is a conservative value since the proportion of blood cells infiltrating the oyster 309 

tissues is unknown. On the other hand, the hemocyte half-life was determined to be 22 days 310 

for the related American oyster C. virginica (Feng and Feng, 1974), a value consistent with 311 

the 28 days found for another bivalve, Mercenaria mercenaria (McIntosh and Robinson, 312 

1999). Based upon these values, the lower range for the daily loss of hemocytes can be 313 
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estimated at 22.000 h/d for a middle-size individual. As a matter of fact, several lines of 314 

evidence corroborate this observation. First, the importance of apoptosis in the functioning of 315 

the mollusk immune system is reflected by the detection of high baseline apoptosis rates that 316 

range from 5 to 25 % in circulating hemocytes and can reach to up to 50 % in infiltrating 317 

tissue hemocytes (Sunila and LaBanca, 2003; Sokolova et al., 2004; Goedken et al., 2005; 318 

Cherkasov et al., 2007). This high rate of apoptosis is tied to the immune defense against 319 

parasites and pathogens but also against toxic environments. Both in vivo and in vitro 320 

infections were shown to result in hemocyte phagocytosis, respiratory burst and finally in 321 

apoptosis (Goedken et al., 2005). On the other hand, detoxification of environmental 322 

pollutants, including of toxic substances produced by harmful algal blooms, has been shown 323 

to induce massive apoptotic death among the hemocyte population in bivalves (Medhioub et 324 

al., 2013; Ray et al., 2013; Yao et al., 2013; Prado-Alvarez et al., 2013). In addition, a 325 

physiological process not related to immune defense, shell mineralization, also lead to an 326 

important loss of hemocytes since it requires the migration of numerous hemocytes to the 327 

surface of the shell-facing outer mantle epithelium (Mount et al, 2004). A high capacity of 328 

hemocytes production is therefore expected in oysters and most likely in other bivalves. 329 

DNA replication, here used as an indicator of cell division, was shown through BrdU-labeling 330 

(Figs 2 and S2) to be at a higher rate in gill than in mantle, another main tissue. Moreover, the 331 

percentage of cells with a DNA content indicative of cells engaged in division was also 332 

significantly higher in gill than in mantle as shown by FACS analysis (Fig. S3).   333 

Cell proliferation was confirmed in gill using the histone H3P, a mitotic marker. Indeed, 334 

counting the H3P-positive versus DAPI nuclei on confocal cross-sections confirmed that gill 335 

cells have quite a higher mitotic index than mantle. Furthermore, the higher cell density in gill 336 

than in mantle, a lacunar tissue (Galtsoff, 1964; Eble and Scro, 1996), translates into a much 337 

higher density of dividing cells in gill than in mantle (Fig. 4E). Gill therefore appears to have 338 

a superior capacity of generating cells. 339 

In healthy adults, cell proliferation is likely to occur only in the hematopoietic organ in which 340 

blood cell progenitors are expected to be abundant. Indeed, the striking abundance of Sox2-341 

positive cells in gill, notably in the IFS epithelium and hemolymph (Fig. 5) confirmed our 342 

initial hypothesis that the small round cells with a pear-shape nucleus seen through histology 343 

(Fig. 1), were stem or progenitor cells. Together these data demonstrate the existence of adult 344 

somatic progenitor cells in mollusk, a prerequisite for hematopoiesis (Hartenstein, 2006). 345 

Interestingly, cells that proliferate or express Sox2 in the IFS hemolymph mostly belong to 346 

groups of loosely associated cells (Figs 3B and 5C), which is reminiscent of the electron 347 
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microscopy description of the hematopoietic clusters of the Polychaete annelid Nicolea 348 

zostericola (Hartenstein, 2006; Eckelbarger, 1976). 349 

In addition, the IFS epithelium is embedded in a thick eosin-stained ECM from which stem-350 

like cells emerge (Fig. 1). It is noteworthy that the epithelial ECM is a major component of 351 

the stem cell niche (reviewed in Watt and Huck, 2013). Indeed, it was recently shown that the 352 

alteration of the lymph gland ECM, due to the loss of the proteoglycan Perlecan/troll, reduces 353 

the proliferation of progenitor cells in drosophila (Dragojlovic et al., 2013; Grigorian et al., 354 

2013).  355 

Interestingly SOD, a hemocyte-specific enzyme (Duperthuy et al., 2011; Gonzales et al., 356 

2005), revealed an intriguing IFS spatial partition between the Sox2-positive stem and/or 357 

progenitor cells in the tubules and the hemocytes in the underlying vessels (Figs 6A, S5). 358 

Moreover, cells co-labeled for Sox2 and SOD are also mostly in the underlying connective 359 

tissue and vessels. This striking partition suggests that the Sox2-positive progenitor cells 360 

might differentiate into hemocytes while moving towards the gill vessels.  361 

FLN, a large protein expressed in drosophila lamellocytes, hemocytes that are involved in the 362 

defense against parasites (Rus et al., 2006; Sokol and Cooley, 2003), was shown to 363 

characterize a sub-population of oyster hemocytes (Fig. S6C). Interestingly, the recent finding 364 

that FLN RNA is overexpressed in the hemocyte population of oysters infested with parasites 365 

(Morga et al., 2011) suggests that the FLN-positive hemocytes might indeed be lamellocytes. 366 

The FLN marker was used to further show that an isolated piece of oyster gill constitutes a 367 

biological system in which progenitor cells can replicate DNA and differentiate into 368 

hemocytes (Fig. 6B, C), thus unambiguously showing that hematopoiesis occurs in gill. 369 

Therefore, we believe that altogether our data show that gill is a significant contributor to the 370 

oyster hematopoiesis.  371 

While the evidence for adult somatic stem cells provided by this work should have an impact 372 

on mollusk biology as it did in other biological systems, a direct implication of these findings 373 

is expected on studies including (i) the maintenance of stem cells in extremely long-lived 374 

bivalves (2i) the life-long growth of tissues in bivalves and graft in pearl oysters (3i) the 375 

mollusk neoplasia notably in farmed bivalves (4) the development of mollusk continuous cell 376 

culture.     377 

 378 

  379 
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 380 

MATERIALS AND METHODS 381 

Animals and hemolymph collection. Adult C. gigas (15-20 g of meat) and spat (1.8 g of 382 

meat) were purchased from local oyster farms in Palavas-les-Flôts (Gulf of Lion, France).  383 

 384 

Reagents 385 

All chemicals were from Sigma Aldrich (St. Louis, MO, USA) unless otherwise mentioned. 386 

 387 

Histochemistry and IHC. Tissues were fixed using Davidson’s fixative [for 1 liter: 330 mL 388 

95% ethyl alcohol, 220 mL 37% Formaldehyde solution, 115 mL glacial acetic acid, 335 mL 389 

filtered sea water] at 4°C for 16 hours. Tissue samples were then dehydrated in 70%, 80% and 390 

96% successive ethanol bathes and then twice in Xylene before embedding in paraffin. 5µm 391 

thick cross-sections were cut using a HM355S microtome (Thermoscientific, Illkirch, France) 392 

and then dried O/N at 37°C. Paraffin was eliminated in Xylene bathes and sections were then 393 

rehydrated in successive 96% to 70% ethanol bathes and then in TBST (50 mM Tris (8.0), 394 

150 mM NaCl, 0.05% Tween 20).  395 

For histology, tissue slides were incubated with Hematoxylin for 2 mn and then 396 

counterstained for 4 mn with Eosin G (0.5% Ethanol), and washed in 100% ethanol and 397 

xylene before mounting in Mountex medium (Histolab, Seoul, Korea). 398 

For IHC, sections were permeabilized for 1 hour in 0.2% Triton in TBST solution containing 399 

5% fat free milk. Sections were incubated with primary antibodies diluted in 2% Bovine 400 

Serum Albumin in TBST overnight in a humid chamber at 4°C. 401 

During co-detection of protein and BrdU, BrdU was detected in a second step. After protein 402 

revelation with fluorescent secondary antibody, a 2M HCl denaturation step was carried out 403 

for 30 mn at 37°C before instant renaturation using 0.1 M Borax (pH 9.0) and several rinses 404 

in TBST, before O/N incubation at room temperature with anti-BrdU monoclonal antibody. 405 

Antibodies and Immunopurification. Antibodies characteristics and dilution: Monoclonal 406 

anti-BrdU (B-8434, IgG1) from Sigma (Saint Louis, Mo, USA) at dilution 1/500; Rabbit 407 

polyclonal anti-H3P (06-570, immuno-purified) from MerckMillipore (Darmstadt,  Germany) 408 

at dilution 1/1000; Rabbit polyclonal anti-Sox2 (ab97959, immuno-purified) from Abcam 409 

(Cambridge, MA, USA) at dilution 1/1000; In house mouse monoclonal anti-SOD (immuno-410 

purified) was used at dilution 1/1000 (Gonzalez et al., 2005); In house rabbit polyclonal anti 411 

FLN antibody: Ammonium Sulfate pellets containing oyster FLN purified as described in 412 

Materials and Methods, were injected to a rabbit. For immuno-purification, purified FLN was 413 
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covalently bound to CNBr-activated Sepharose™ 4 Fast Flow according manufacturer’s 414 

recommendation. Immunopurification was performed as previously described (Cau et al., 415 

2001). Immuno-purified FLN antibody was used at dilution 1/1000. All the secondary 416 

antibodies were prepared from affinity-purified goat antibodies that react with IgG heavy 417 

chains and all classes of immunoglobulin light chains from rabbit or mouse (Molecular 418 

Probes, Eugene, Oregon, USA): Goat anti-rabbit Alexa 555 (A21429) at dilution 1/1000; 419 

Goat anti-mouse Alexa 488 (A11029) at dilution 1/1000. To reveal the rabbit anti H3P, a 420 

biotinylated goat anti-rabbit (S323555) was used at dilution 1/500 and revealed using Avidin 421 

Alexa 647 (S21374, Molecular probes) at dilution 1/1000. Secondary antibodies were 422 

incubated at room temperature for 1 hour. When necessary, DAPI (Sigma, D8417) was added 423 

at dilution 1/3000 to the secondary antibody. Mounting medium for fluorescence microscopy 424 

was made as follows: 10 g of Mowiol (Sigma, 81381) and 2.5 g of DABCO (Sigma, 290734) 425 

were dissolved in 90 mL PBS (pH 7.4) and 40 mL glycerol were added. 500 µl aliquotes were 426 

frozen at -20°C until use.  427 

BrdU incorporation. 100 µl of a 1.6 mM BrdU solution was injected in the sinus of the 428 

adductor muscle of oysters (1.8 g of meat, n= 3), which were maintained in seawater at room 429 

temperature for 6 hours before fixation of the entire body. Alternatively, thick body cross-430 

sections were incubated as follows: one transversal section was carried out on the hedge of 431 

the heart chamber while the other parallel section was 10 mm away in the direction of the 432 

mouth (Galtsoff, 1964). Tissue sections were incubated in 50 mL of L15 cell culture medium 433 

(LifeSciences Invitrogen, Grand Island, NY, USA) adjusted to 1100 mOsm with sea salts and 434 

supplemented with 25 µM mL-1 BrdU (B5002, Sigma Aldrich) under mild stirring at 15°C for 435 

various lengths of time. Note that the BrdU concentration is low compared to the conditions 436 

used for mouse in vivo labeling (160 µM Kg-1 of tissue) (Magavi et al., 2008). 437 

FACS analysis. The entire mantle and gills were harvested from oysters (15-20 g of meat, 438 

n=6). Tissues were minced and incubated with Pronase (20 µg mL-1) in 1100 mOsm-Hank’s 439 

buffer containing no Ca2+ or Mg2+ with a gentle shaking overnight at 4°C. Supernatant was 440 

filtered (50 µm mesh) and debris were eliminated by several washes and centrifugations at 441 

low speed (100 g) in Hank’s buffer at 4°C for 10 mn. Cells were then fixed on Davidson’s 442 

fixative for 20 mn at room temperature and washed in PBS after centrifugation at 100 g for 10 443 

mn. Pellets were resuspended in Propidium Iodide (50 µg mL-1) in 0.1% (w/v) D-glucose in 444 

PBS supplemented with 1 μg mL-1 (w/v) RNAse A and incubated for 30 min at 37°C and then 445 

overnight at 4°C. FACS acquisitions were performed using a FACSCalibur (BD Biosciences, 446 

San Diego, CA, USA) equipped with a 70 μm nozzle and data were statistically evaluated 447 
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using the CellQuestTM (Becton Dickinson, Pont de Claix, France). Only the events 448 

characterized by normal forward scatter (FSC) and side scatter (SSC) parameters were gated 449 

for inclusion in the statistical analysis (Vitale et al., 2013). 450 

Chromatin extraction. Tissues were frozen in liquid nitrogen, pulverized in a press and 451 

homogenized using a tissue homogenizer in modified RIPA buffer [25 mM Tris HCl, 7.4; 150 452 

mM NaCl ; 5 mM EDTA ; 1% Triton ; 10 % Glycerol ; 50 mM NaF ; 10 mM Na 453 

Glycerophosphate] at which the following were added before use [2 mM DTT; 1 mM Na3 454 

VO4 ; Protease inhibitor cocktail ; 1 mM PMSF and 1 mM Benzamidine (both from fresh 455 

stock in Isopropanol)]. All steps were carried out at 0°C. The extract was clarified at low 456 

speed for 5 mn and the resulting supernatant was centrifuged at 10 000 g for 30 mn in a SS34 457 

rotor (ThermoFisher, Waltham, MA, USA). Aliquotes of the supernatant were frozen at -80°C 458 

for control. Pellet was submitted to sonication (Branson 450D, Danburry, CT, USA) until 459 

resuspension. The extract was then submitted to several rounds of French press in order to 460 

further homogenize the oyster chromatin.  Protein concentration of the chromatin extract was 461 

determined using the Bradford assay. Chromatin fractions were frozen at -80°C until further 462 

use. Chromatin samples were incubated in Laemmli buffer containing 50 mM Iodoacetate and 463 

again submitted to sonication before heating at 94°C for 10 mn. Sample was loaded on a 12% 464 

SDS-PAGE and transferred to PVDF membrane (MerckMillipore, Darmstadt, Germany).  465 

Purification of the oyster FLN. Oyster tissues were frozen in liquid nitrogen and ground to 466 

powder in a press. Particular attention was brought to prevent protein degradation since this 467 

large protein (323 kDa) is labile. Typically, 30 g of powder were homogenized using a 468 

Polytron in 50 mL of 300 mM KCl in buffer A [20 mM Hepes/KOH (7.5); 1 mM MgCl2; 0.1 469 

mM EDTA; 10% (vol/vol) Glycerol; 1 mM dithiothreitol; 0.5 mM Phenyl Methyl Sulfonyl 470 

Fluoride (PMSF) and 1 x Protease inhibitor cocktail]. The extract was clarified by low speed 471 

centrifugation into 50 mL Falcon tubes to pellet remaining tissue fragments. The supernatant 472 

was then submitted to 100 000g ultracentrifugation on SW28 rotor (Beckman Coulter, 473 

Villepinte, france) at 4°C for 1 hr. The typical concentration for the S100 extract was 10 mg 474 

mL-1. All chromatography resins were from GE Healthcare (Fairfield, CT, USA). Briefly, 2 475 

mL of a S100 oyster protein extract were incubated in a 20 mL batch of SP Sepharose FF 476 

cation exchanger, rinsed with 35 mM KCl in buffer A and eluted with 6 mL of 250 mM KCl 477 

in buffer A. Supernatant was diluted to 35 mM KCl in buffer A before injection in Q 478 

Sepharose HPLC. After rinse with 35 mM KCl in buffer A, elution was carried out with a 479 

linear gradient from 35 to 400 mM KCl in buffer A. The elution peak, detected through 480 

absorbance at 280 nm, corresponded to the 250 mM KCl fractions. Analysis of the protein 481 
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elution peak was done on Coomassie-stained 8% SDS-PAGE. Fractions containing an intense 482 

and high molecular weight band over the 250 kDa marker were pooled and diluted to 35 mM 483 

KCl in buffer A before injection on SP Sepharose FF cations exchanger and further rinsed 484 

with 35 mM KCl in buffer A and eluted with a linear gradient from 35 to 400 mM KCl in 485 

buffer A.  Fractions of the main peak eluted at 250 mM KCl were pooled and analyzed as 486 

above. Positive elution fractions were diluted at 35 mM KCl in buffer A before injection on a 487 

heparin Affigel column and rinsed with 35 mM KCl in buffer A. Elution fractions 488 

(corresponded to 200 mM KCl) were confirmed to contain the high molecular band as above 489 

(Fig. 6A). Positive fractions were precipitated with 70% Ammonium Sulfate at 4°C. Pellet 490 

were solubilized in electrophoresis buffer and denatured in Laemmli buffer without ß-491 

mercapto ethanol before electrophoresis on a 7% preparative SDS-PAGE. A unique band over 492 

250 kDa was revealed using colloidal blue. The band was cut off the gel and it was analyzed 493 

through Mass Spectrometry (Table S4), which provided an unambiguous signature for FLN.  494 

FLN analysis on SYNAPT mass spectrometer 495 

The MS and MS/MS analyzes were performed on the SYNAPT™ an hybrid quadrupole 496 

orthogonal acceleration time-of-flight tandem mass spectrometer (Waters, Milford, MA) 497 

equiped with a Z-spray ion source and a lock mass system. The capillary voltage was set at 498 

3.5 KV and the cone voltage at 35 V. Mass calibration of the TOF was achieved using 499 

phosphoric acid (H3PO4) on the [50; 2000] m/z range in positive mode. Online correction of 500 

this calibration was performed with Glu-fibrino-peptide B as the lock-mass. The ion (M+2H) 501 

2+ at m/z 785.8426 is used to calibrate MS data and the fragment ion (M+H)+ at m/z 502 

684.3469 is used to calibrate MS/MS data during the analysis. 503 

For tandem MS experiments, the system was operated with automatic switching between MS 504 

and MS/MS modes (MS 0.5 s/scan on m/z range [250; 1500] and MS/MS 0.7 s/scan on m/z 505 

range [50; 2000]). The 3 most abundant peptides (intensity threshold 60 counts/s), preferably 506 

doubly and triply charged ions, were selected on each MS spectrum for further isolation and 507 

CID fragmentation with 2 energies set using collision energy profile. Fragmentation was 508 

performed using argon as the collision gas. The complete system was fully controlled by 509 

MassLynx 4.1 (SCN 566, Waters, Milford, MA). Raw data collected during nanoLC-MS/MS 510 

analyses were processed and converted with ProteinLynx Browser 2.3 (Waters, Milford, MA) 511 

into .pkl peak list format. Normal background substraction type was used for both MS and 512 

MS/MS with 5% threshold and polynomial correction of order 5, and deisotoping was 513 

performed. 514 

Image Quantification.  515 
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Manual counting of H3P-positive cells (Red) and DAPI (blue) was performed using the 516 

analyze/cell counter plugin of the ImageJ software on several confocal images acquired using 517 

the x 20 objective.  Total H3P-positive cells and total nuclei were summed for each animal. 518 

At least 1000 cells were counted for both gill and mantle for each animal (n= 3). Error bars 519 

are s.e.m. 520 

Microscopy. IHC were viewed using a Zeiss Axioimager Z2 (Oberkochen, Germany) with 521 

Zeiss 20X Plan Apo 0.8 and Zeiss 40X Plan Apo 1.3 Oil DIC (UV) VIS IR. Micrographs 522 

were collected using a Coolsnap HQ2 CCD camera (Roper Scientific, Evry, France) driven by 523 

Metamorph 7.1 software (Molecular Devices). Confocal microscopy was performed using a 524 

Zeiss LSM780 Confocal with Zeiss 40X PLAN APO 1.3 oil DIC (UV) VIS-IR. Series of 525 

optical sections were collected. Histology was viewed using a Nanozoomer (Hamamatsu, 526 

Massy, France) to provide both an overview and a detailed structure of GB. Images were 527 

analyzed through the NDP view software (Hamamatsu, Massy, France).  528 

 529 

 530 
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structures, SOD, Superoxide dismutase 784 

 785 

 786 

 787 

 788 

 789 

FIGURE LEGENDS 790 

Fig. 1.  Detail of an IFS region. A. Scanning at low magnification shows the presence of 791 

stacks of tubules (Tu) and convoluted structures (CS). Higher magnification (insets) revealed 792 

nuclei intensely stained with hematoxylin and surrounded with a thin and barely detectable 793 

eosin stained cytoplasm. Note that nuclei are packed in the ECM of the epithelium and at the 794 

extremities of the tubules. B, C. Details of convoluted structures at higher magnification B. 795 

Small pear-shaped cells (inset, arrow) were seen burgeoning out of the ECM (E) into the 796 

hemolymph. C. Long cytoplasmic extension of stem-like cells (inset, arrow) in the 797 

hemolymph of a tubule, in contact with the ECM (E). CS convoluted structures, Tu tubules, E 798 

ECM. 799 

 800 

Fig. 2. Intense DNA replication in IFS. A, B. Tissue was incubated for 16 hrs with BrdU in 801 

oyster cell culture before fixation and IHS. A. Fluorescent microscopy at low magnification 802 

revealed a widespread and intense BrdU labeling in IFS (1-2) and in a few areas of the 803 

regularly folded gill (3-4). Higher magnification of a filament vessel (V, white outline) 804 

containing BrdU labeled cells (Bar, 25 µm) (5). No BrdU detection in control section (6). B. 805 

Tissue section treated as above and with cytoplasm staining (green, Alexa 488-Phalloidin).  806 

Confocal image reveals that small stem-like cells (arrow head) and large hemocyte-like cells 807 

(arrow) are labeled with BrdU in a gill vessel (V, white outline). Arrow head, stem-like cell, 808 

arrow, hemocyte-like cell, CR, chitine rod; Phall., phalloidin; V, vessel. 809 

 810 

Fig. 3. DNA replication in stem-like cells inside a tubule lumen. Images were acquired by 811 

Confocal microscopy of tissue cross-sections after incubation with BrdU (25µM), fixation 812 

and IHC using BrdU mAb and Alexa 488-Phalloidin for cytoplasm visualisation. A. 813 

Observation after a 16 hr BrdU-incubation revealed masses of cells dislaying BrdU-labeling 814 

and a thin phalloidin-labeled cytoplasm inside the tubule lumen. B. Observation at higher 815 

magnification (box in panel A) shows a mass of oblong stem-like cells in the tubule lumen 816 

(Continuous and dotted lines delimit a tubule and its lumen, respectively), which are lined up 817 
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(Panel Phall., dotted line). C. Observation of an IFS section showing a vessel (V, delimited by 818 

white lines) after a short (2 hrs) BrdU-labeling. Note that the small cells with a thin cytoplasm 819 

are BrdU-labeled (arrow heads) while the larger hemocyte-like cells are not (arrows). Ep 820 

epithelia, Lu lumen, V vessel. 821 

 822 

Fig. 4. Mitoses in the oyster gill and mantle tissues. Cross-sections were submitted to IHC 823 

using a rabbit anti-H3P antibody (red) and DAPI (blue) and were analyzed through Confocal 824 

microscopy. A. Image of a section of the mantle that reveals a few H3P-labeled cells (red) in 825 

this tissue, which is essentially made of a few scattered large cells. B. Image of a section of 826 

the regularly folded gill showing a high density of nuclei (DAPI) of which a fair proportion 827 

are H3P-positive (red). C. Image of a control gill section treated as above while no anti-H3P 828 

antibody was used. D and E. Quantification of the H3P-labeled cells in mantle and gill 829 

sections. Counting was done on at least 1000 nuclei on representative views for each animal 830 

(n=3). D. Mitotic index in the oyster gill and mantle. The percentage of mitotic nuclei is 831 

21.7 % and 4.7% in gill and mantle, respectively. E. Density of mitotic nuclei per 100µm2. 832 

The density of mitotic nuclei is much higher in the gill (0.192 +/- 0.034) than in the mantle 833 

(0.005 +/- 0.0009).  834 

 835 

Fig. 5. Abundance of precursor cells in the IFS. Images acquired through fluorescence (C) or 836 

confocal microscopy (A, B, D) following IHC using a rabbit Sox2 antibody (red) and DAPI 837 

(blue). A. Numerous IFS epithelial cells are Sox2-positive. Please not that long cytoplasmic 838 

extensions as described on Fig. 1 C (inset) are occasionally decorated with Sox2. B. At higher 839 

magnification, Sox2 decorates the nucleus of gill epithelial cells as well as the cytoplasm of a 840 

few small teardrop shaped cells similar to the stem-like cells on Fig. 1B (inset). C. Groups of 841 

Sox2-labeled cells (stars) loosely associated inside the hemolymph lumen (Lu, outlined in 842 

white) of an IFS tubule. D. Tissue section treated as above but without primary Sox2 antibody. 843 

Ep epithelium, Lu lumen. 844 

 845 

Fig. 6. Small cells displaying markers for stemness and for hemocytes in the IFS. A. 846 

Hemocyte progenitors co-stained with Sox2 and SOD. IHC was carried out using a rabbit 847 

Sox2 antibody (red), a mouse SOD antibody specific for hemocytes (green) and DAPI (blue). 848 

IFS structure composed of several layers of Sox2-positive cells in the tubules region (Tu) 849 

whereas SOD-positive cells, the hemocytes, are essentially located in a nearby vessel (V, 850 

white outline). Similarly, cells co-labeled for Sox2 and SOD (stars) are mostly located in the 851 
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vessel (V), which suggests that progenitor cells may differentiate into hemocytes as they 852 

move towards the vessel (see also Fig. S5). B. Precursor cells replicate DNA and differentiate 853 

into hemocytes in the gill. A 10 mm-thick cross-section of the gill was incubated with 25 µM 854 

BrdU for 16 hrs before fixation and IHC. BrdU-labeled DNA (blue) and FLN (red) were 855 

revealed as described above. Fluorescent microscopy revealed an abundance of large cells 856 

labeled for BrdU and FLN in the hemolymph of a main vessel (V) at the base of the gill. C. 857 

High magnification of B Box. FLN-stained cells harbor a typical punctuated nuclear BrdU-858 

labeling. Ep epithelium, Tu tubules, V vessel. 859 

 860 

 861 

SUPPLEMENTARY FIGURE LEGENDS 862 

Fig. S1. General structure of the oyster gill. A. Oyster gills are both made of two V-shaped 863 

demi-branches each composed of an ascending and a descending lamella delimiting a water 864 

tube and linked by inter-lamellar junctions. B. Each lamella is a succession of folded 865 

structures, termed plicas, which are made of the repetition of a tubular structural unit called 866 

filament. The central part of the filament is occupied by a sinus, a space filled with 867 

hemolymph, while the basal part of the filament consists of a more or less regular layer of 868 

tightly-packed and non-ciliated cells usually referred to as epithelium. C. Hematoxylin/eosin 869 

stained cross-section of the oyster gill and its attachment region scanned at low magnification 870 

using a Nanozoomer (Hamamatsu, Massy, France). Id inner demi-branch, IFS irregularly 871 

folded structure, Il inter-lamellar junction, M mantle, Lg left gill, Od outer demi-branch, Rg 872 

right gill. Credit for the drawings to Maryland Sea Grant, The American oyster Crassotrea 873 

virginica, editors: VS Kennedy, RIE Newell, AF Eble, Mechanisms and physiology of 874 

feeding, RIE Newell and CJ Langdon, illustrated by D Kennedy, modified from Galtsoff 875 

(1964).  876 

Fig. S2. Relative BrdU incorporation in the oyster gill and mantle cells. Oysters were injected 877 

with BrdU (n= 3) or seawater (controls, n= 3) into the sinus of the adductor muscle. The 878 

animal body was fixed in Davidson’s fixative 16 hours later. Fluorescence micrographs were 879 

recorded at low magnification (x 20) in the Cy3 channel for BrdU while the GFP channel is 880 

used to outline the tissues through autofluorescence (AF). Images (A, C, E) are representative 881 

of the BrdU-injected animals (n= 3) and (B, D, F) of the control animals (n=3) A. BrdU-882 

labeling appears evenly spread in IFS section. (Inset). Intense and punctuated BrdU-labeling 883 

shown at higher magnification. Inset scale bar, 20 µm. B. No BrdU signal on this IFS section 884 

from a control oyster injected with seawater. C. Labeling of a region of the regularly folded 885 
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gill. D. No BrdU signal on section of the regularly folded gill from a control oyster injected 886 

with seawater. E. BrdU labeling of a mantle area including a large vessel (V) section. A few 887 

scattered positive cells appear on the vessel vicinity. F.  No BrdU signal on this section of the 888 

mantle from a control oyster injected with seawater. V vessel. 889 

Fig. S3. FACS analysis of the cell cycle distribution of the oyster gill and mantle cells. Gills 890 

and mantles from oysters (n= 6) were minced and digested with Pronase in Hank’s buffer for 891 

dissociation into individual cells. Cells were fixed and DNA was stained with propidium 892 

iodide (PI). A. Samples were analyzed through Flow Activated Cell Sorting. The gating 893 

procedure to isolate a population of individual cells consists in sequentially separating events. 894 

Cells were sorted through a normal light scattering to exclude bacteria and debris (granularity 895 

versus size; left panel) (50.000 to 44.600 events). Then fluorescent cells were gated according 896 

to their size in order to exclude doublets (central panel) (44.6000 to 38.200 events). Gated 897 

populations of fluorescent cells are figured according to their cell cycle profile (right panel), 898 

the peak of replicative cells corresponding to S and G2/M. B.  Cell cycle profiles for gill and 899 

mantle, which are representative of the data obtained through 5 independent experiments. 900 

Green peak, replicative cells. C. Percentage of replicative cells in the gill and mantle cells, 901 

which are 17.3% +/-5 and 7.2% +/-3 for gills and mantles (n=6), respectively. Results are 902 

reported as means +/- SD. * p < 0.01(two-tailed Student’s �-test).  903 

 904 

Fig. S4. Antibody specificity for oyster proteins. Immunoblots were carried out against oyster 905 

chromatin (A) or tissue extracts (B and C) (50 and 10 µg of total proteins, respectively) 906 

transferred to PVDF membrane. A.  H3P rabbit antibody revealed a unique band for histone 907 

H3 (15 kDa) on oyster chromatin extract (Chr) while no band was detected on the cytosolic 908 

extract (Sup). B. Rabbit Sox2 antibody revealed a unique band (36 kDa) of the predicted 909 

molecular weight for Sox2 (EKC24855) on protein extract. C. An in-house immuno–purified 910 

FLN rabbit antibody revealed a unique band migrating well over the 250 kDa marker in 911 

agreement with the predicted molecular weight for the oyster FLN (323 kDa; EKC28512). 912 

 913 

 914 

Fig. S5. Precursor cells differentiate into hemocytes in the oyster gill. Confocal images of the 915 

tubules (A) and convoluted structures (B) of an IFS region using Sox2 (red) and SOD (green) 916 

antibodies and DAPI (blue). Sox2-labeled cells are essentially in the tubules region while 917 

SOD-labeled cells are essentially in the underlying connective tissue (Co) and vessels (V, 918 

white outline). Cells co-labeled for Sox2 and SOD are located in the underlying connective 919 
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tissue (Co) under the tubules (Tu) and in the neighboring vessel (V). Co connective tissue, V 920 

vessel, Tu tubule. 921 

Fig. S6. Filamin antibody specificity for a sub-population of hemocytes. A. Oyster FLN was 922 

purified to homogeneity on FPLC. An aliquote of a purified fraction was electrophoresed on a 923 

7% SDS-PAGE. Colloidal Coomassie staining revealed a unique band (panel 1) migrating 924 

well above the 250 kDa marker (Thermofisher, Waltham, MA, USA). Western blot using an 925 

in-house immuno-purified rabbit FLN antibody (FLNAb) revealed a unique band (panel 2) 926 

corresponding to the Coomassie stained band. B. Oyster cross-section encompassing the 927 

gonad submitted to IHC using FLNAb (red) and DAPI (blue). Axillary cells surrounding the 928 

oocytes were specifically and intensely labeled for FLN. Autofluorescence (Alexa 488) to 929 

outline the tissue structures. C. Tissue sections stained using the FLN (red) and SOD antibody 930 

(green) and DAPI (blue). Image on confocal microscopy of hemocytes in a gill vessel. FLN 931 

(red) strongly stained the cytoplasm of a sub-population of hemocytes also stained for SOD 932 

(green). D. Confocal image of a tissue section treated as in B and C but with no primary 933 

antibodies.  934 

Table S1. FACS analysis of the DNA content of oyster gill and mantle cells. 935 

Table S2. Counting of the H3P-positive nuclei on representative regions of the mantle. 936 

Table S3. Counting of the H3P-positive nuclei on representative regions of the gill. 937 

Table S4. MS/MS data interpretation. The peak list has been searched against a 938 

UniProtKB/Swiss-Prot database of Crassostrea gigas combined target-decoy database 939 

(created 2013-07-30, containing 26945 target sequences plus the same number of reversed 940 

decoy sequences) using Mascot (version 2.4.1, Matrix science, London, England). The 941 

database contained sequences of human proteins including common contaminants (human 942 

keratins and porcine trypsin) and was created using an in-house database generation toolbox 943 

(http://msda.u-strasbg.fr). This analysis unambiguously identifies the purified protein as the 944 

oyster FLN. 945 

 946 
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