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Abstract
A huge progress has been achieved in mammalian in vitro technique. Instead, of the many trials to develop marine 
invertebrate cell cultures, only a few have obtained them and only from few tissues. Since in vitro cell culture of 
invertebrates could be very useful for many aspects of basic and applied science, in this work we investigate and describe 
the development of a technique for the establishment of cell cultures from gill, mantle and gonadic tissue of the Manila 
clam (Ruditapes philippinarum). We maintained viable cultures for up to 25 days. Culture viability and proliferation were 
tested with 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) and with trypan blue, while an anti-
body against the ATP-dependent RNA helicase VASA, a protein expressed in the germline, and in multipotent stem cells 
of some animals, was used to verify the presence of these cell types. Following the described protocol: 1) explant resulted 
the better source to obtain cell cultures, when compared to enzymatic dissociation; 2) cultures of suspended cells were 
viable for longer period than adherent cells; 3) cell cultures obtained from tissues sampled in September-October 
performed better compared to other periods of the year, regarding maintenance and growth; 4) the tissue from which 
we obtained longer-lived cell cultures was gonadic tissue, especially form samples that show more undifferentiated germ 
cells and more VASA-stained cells. This study describes the challenges concerning the development of in vitro culture 
techniques for aquatic invertebrates.
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Introduction

The aquatic environment is the final recipient of 

contaminants that result from industrial, agricultural 

and urban wastes. The complex mixture of these 

contaminants affects the environment and ecosys-

tems, living organisms, and a wide range of pro-

cesses, such as organ function and the reproductive 

status, thus influencing species survival, population 

size and ultimately biodiversity (Bickham et al. 

2000; Dixon et al. 2002). Among the most proble-

matic contaminants are carcinogenic and mutagenic 

compounds, since their effects may extend far from 

individual lifespan, acting across generations. The 

chemical analysis of water and sediment is one of 

the direct methods for the environmental evaluation 

of toxicity of complex mixtures which is limited by 

the availability of detection methods. Xenobiotics 

lead to variations in cellular or biochemical compo-

nents, processes, structures or functions (“biomar-

kers”) in sentinel organisms (“bioindicators”) 

(Shugart et al. 2003). Different strategies have 

been applied using a number of biomarkers in dif-

ferent bioindicators to evaluate the pollutant- 

induced stress syndrome in aquatic environments 

(Viarengo et al. 2007; Cappello et al. 2018, 2019; 

Gornati et al. 2019; Caricato et al. 2019).

The genotoxic effect of the polluted environment 

in fishes (e.g., Lazzari et al. 2017, 2019) and 
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bivalves was investigated applying different pro-

grams. In bivalve, for example, although a lot of 

genotoxicity biomarkers were examined in marine 

mussels, only a limited number were verified on 

a broad range of laboratory and field conditions 

(Dixon et al. 2002). The Manila clam Ruditapes 
philippinarum is another example from bivalves. It 

was utilized in biomonitoring environmental con-

taminants in the Lagoon of Venice (Da Ros & 

Nesto 2005; Matozzo et al. 2010, 2013; Matozzo 

& Marin 2010), and recent DNA microarray studies 

allowed to set up reliable gene-expression markers 

associated to chemical contamination (Moschino 

et al. 2012; Papo et al. 2014). R. philippinarum is 

used as marine bioindicator for heavy metals in 

marine ecotoxicology being it a sentinel animal 

with wide distribution, ease to collect, with a long- 

life cycle, and high tolerance to harsh environment 

for salinity and temperature.

One example of biomarker is the micronucleus 

(MN) test. This biomarker shows the accumulation 

of genetic damage during cell life, and it is one of the 

most commonly applied biomarkers for genotoxicity 

in aquatic animals. In bivalves, the MN test has 

been applied under various conditions. Applying 

the MN assay in the field is useful in discrimination 

and identification of genotoxicity events along 

a pollution gradient (e.g. polycyclic aromatic hydro-

carbons, heavy metals, organochlorinated com-

pounds) (Bolognesi & Hayashi 2011). This and 

similar types of assessments are perfect for biomoni-

toring certain substances directly in the field, how-

ever, to test the effects of particular substances/ 

conditions, without the interference of other vari-

ables also present in the field, the animals must be 

transferred to the lab and kept for the duration of 

the experiment. Moreover, biofiltering animals, such 

as bivalves, need specific feeding and tanks con-

nected to the sea or supplied with big filters to 

renew the water along the time of the experiment 

in the laboratory.

Applying in vitro methods is highly recommended 

but rarely considered (Laville et al. 2004). 

A number of efforts have been done in improving 

and applying in vitro techniques in aquatic ecotox-

icology for economic and scientific considerations. 

Firstly, the application of in vitro models reduces the 

requirement of organisms, consequently reducing 

the need for complex apparatuses to recreate their 

original habitat. Secondly, in vitro techniques can be 

employed as useful, rapid, low cost and reliable 

screening (Olabarrieta et al. 2001). Furthermore, 

in vitro techniques allow to classify the toxic poten-

tial of various xenobiotics and to compare their 

impacts on distinct species at the cellular level 

under comparable toxicant exposure environments. 

Lastly, a major advantage of these methods is their 

importance in understanding the mechanisms of 

action in response to environmental pollutants at 

the cellular and molecular level (Gagnaire et al. 

2004). Cell culture can therefore help in guiding 

and justifying in vivo studies with whole organisms 

or mesocosms (Blaauboer 2008; Gura 2008).

There are two approaches to develop primary cell 

cultures: enzymatic dissociation or migration of cells 

from tissue parts (explants) into culture. Cells may 

proliferate in vitro, although the number of cell divi-

sion for differentiated cells is usually limited, at least 

this is what has been known in mammals (Cristofalo 

et al. 2004; Lorenzini et al. 2005). On rare occa-

sions, primary cells replicate indefinitely likely deriv-

ing from single cellular lineages, and are referred to 

as cell lines (Yoshino et al. 2013). Against the suc-

cessful establishment of cell cultures, frequent pro-

blems are cellular damages occurring during tissue 

isolation and contamination with microorganisms. 

Overcoming these constraints is a hard task and 

has resulted in the study of a relatively small subset 

of tissues and cell types.

A lot of difficulties in mollusc cell cultivation 

explain the relatively low number of published 

reports involving primary-cell cultures from their 

tissues (Rinkevich 1999, 2005). Few mollusc species 

have been used for cell-culture studies, those with 

specific characteristics, for example: commercial 

value (e.g., oysters, clams, mussels, abalones), med-

ical importance (snails hosts of human disease, e.g., 

Biomphalaria), or considered as model organisms for 

specific aspect (e.g., the gastropods Aplysia, 
Lymnaea and Helisoma in neurobiology). The 

sources for cell isolation have been representatives 

of the classes Bivalvia (Odintsova & Khomenko 

1991; Renault et al. 1995) and Gastropoda (van 

der Merwe et al. 2010; Latire et al. 2012). Cell- 

culture establishment has been attempted from 

both larval (Odintsova & Khomenko 1991; van der 

Merwe et al. 2010) and adult tissues: gills (Domart- 

Coulon et al. 2000), heart (Pennec et al. 2002), 

hepatopancreas (Le Pennec & Le Pennec 2001), 

hemocytes (Latire et al. 2012), and mantle (Awaji 

& Suzuki 1998; Barik et al. 2004; Suja & Dharmaraj 

2005; Endoh & Hasegawa 2006). There are a few 

studies in which the mussel Mytilus edulis was 

employed to make cell culture of mantle cells 

(Daugavet & Blinova 2015), gills and digestive 

glands (Faucet et al. 2004).

The physiology of marine bivalves and their 

response to environmental stimuli have attracted 
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much interest from scientists (Venier et al. 2006; 

Chapman et al. 2009, 2011; Milan et al. 2011). 

With the observation of the exceptional longevity 

of the ocean quahog Arctica islandica (Ridgway & 

Richardson 2011), bivalves are becoming also an 

attractive model for ageing studies (Abele et al. 

2009). Comparative biology of longevity determi-

nants is an informative field that is progressively 

expanding its observations at the cellular level 

(Stuart et al. 2013; Croco et al. 2016, 2017b).

The aim of the present work is to develop in vitro cell 

culture of the Manila clam R. philippinarum, an impor-

tant economic source, as it is largely consumed as 

seafood, and a model to study germline development 

(Milani et al. 2011, 2015a, 2015b, 2017, 2018), as 

well as a member of the same order, Veneroida, as 

A. islandica. The Manila clam is a filter-feeding organ-

ism with a worldwide distribution, that, differently 

from the sessile Mytilus, inhabits sandy-mud bottoms. 

We used gills, mantle, and gonadic tissue for the iso-

lation of cells by explant or enzymatic dissociation. 

This protocol allowed us to obtain cell cultures with 

a good viability up to 25 days, in which the presence of 

putative, multipotent stem cells was documented by 

the immunological detection of VASA protein, 

a protein expressed in germline cells and in multipo-

tent stem cells, with a broad function in developmental 

regulation (Yajima & Wessel 2011, 2015). 

Interestingly, the existence of putative multipotent 

stem cells was documented in all the produced cell 

cultures. In summary, we addressed the following 

issues: (1) optimize the best method of cell isolation, 

(2) determine cell activity during cultivation (ability of 

adhesion to the surface of culture vessels and MTT 

crystal formation), (3) use a specific anti-VASA anti-

body for R. philippinarum VASA homolog (anti- 

VASPH) (Milani et al. 2015a, 2015b) to detect of 

putative stem cells (Gustafson & Wessel 2010; 

Milani et al. 2018).

The described protocol can be used to obtain cell 

cultures useful for investigations in different fields of 

science: e.g. longevity determinants (Rabinowitz 

2010) or germline cell differentiation and reproduc-

tive biology (Reunov et al. 2019).

Materials and methods

Sample collection and maintenance

Adult Manila clams were collected in 2017 (Goro 

Lagoon, Po River Delta, Ferrara, Northern Italy). 

Clams were transported to the laboratory where they 

were kept at constant temperature (19 ± 1°C) in 

4-liter tanks (one clam per liter), with water of 

25.00 ppt salinity (Reef salt, Aqua Medic GmbH, 

Bissendorf, Germany, used as marine salt mix) and 

aeration, for 1 day before making the tissue culture.

Tissues used in cell culture

Mantle. The mantle edge consists of three folds. The 

inner fold contains muscles (Richardson et al. 

1981). The middle mantle fold bears tentacles and, 

presumably, fulfills sensory functions (Paillard & Le 

Pennec 1993). Cells in the groove between the mid-

dle and exterior folds secrete an organic material of 

the outermost shell layer-periostracum (Saleuddin 

1974; Richardson et al. 1981). The epithelium of 

the exterior fold that faces toward the shell is 

involved in generation of the prismatic layer com-

posed of an organic matrix and crystals of calcium 

carbonate (Bubel 1973; Richardson et al. 1981). 

Mantle has one physiological feature advantageous 

for maintenance in axenic culture (pure culture): the 

mantle edge is in permanent contact with the ambi-

ent medium and may be a place of parasite invasion 

(Allam et al. 2000), but it is also the site of synthesis 

of several antimicrobial peptides, as evidenced by 

some studies in Crassostrea gigas (Gonzalez et al. 

2007; Schmitt et al. 2012) and in the larvae of 

Mytilus galloprovincialis, in which the expression of 

immunity-related genes takes place precisely in the 

cells of the mantle edge (Balseiro et al. 2013).

Gills. Gills are the filter feeding apparatus and the 

respiratory organ. Proliferating gill cells are more 

affected by genotoxic agents if compared with hae-

mocytes due to the direct contact to 

pollutants (Bolognesi & Hayashi 2011). Gill cells 

have been analyzed in several species: freshwater 

mussels, Pyganodon cataracta, Utterbackia imbecillis 
and Ligumia substrata (Unionid mussels) (Kays 

et al. 1990; Schwartz & Dimock 2001); in vivo and 

in vitro analyses were performed using gill epithe-

lium of the seawater mussel M. galloprovincialis 
(Gomez-Mendikute et al. 2005). Gills hold 

a considerable interest for the development of 

in vitro models due to the direct effect, in the paleal 

cavity of aquatic pollutants, on cell membranes of 

the outer epithelial layer of gills (Bigas et al. 2001; 

Le Pennec & Le Pennec 2001; Lopes et al. 2011a, 

2011b).

Gonadic tissue. In mussels (e.g., Mytilus), the gona-

dic tissue develops inside the mantle, while in clams 

(e.g., R. philippinarum) it develops inside the visceral 

mass. In fact, in the Manila clam, during the repro-

ductive season, there is a strict association between 

the intestine and the gonad, that develops as a soft, 

incoherent mass located inside the connective tissue 
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intermingled to intestinal loops at the base of the 

foot (Devauchelle 1990; Milani et al. 2014). This 

species, as other gonochoric bivalves, exhibits seaso-

nal gonad rebuilding: the gonad is absorbed after the 

spawning season, leaving no clue about the sex of 

the specimen, and is regenerated at the beginning of 

the following spawning season (Milani et al. 2015a, 

2018). Organ-culture methods were established for 

gonads of the scallop Patinopecten yessoensis (Osada 

et al. 2003; Nakamura et al. 2007). In addition, 

Otani et al. (2017) studied the role of sex steroids 

in scallops and Manila clam gonadal development, 

establishing a gonad culture system that was main-

tained for 14 days.

Procedure for cell culture. Animals were washed in 

fresh calcium- and magnesium-free artificial sea-

water solution (CMFSS): prepared by dissolving 

salts in deionized Super-Q water: 25.5 g/L NaCl, 

0.8 g/L Na2SO4, 2.86 g/L HEPES (Daugavet & 

Blinova 2015). Shells were wiped with alcohol and 

were opened under sterile conditions. For other 

details see Supplementary Material.

Culture medium. The culture medium that gave the 

better results was L 15 medium (MP Biomedicals, 

United States) with 2% fetal bovine serum (FBS) 

and 0.6 mg/mL glutamine. Osmolarity was adjusted 

to 25 ppt by addition of salts: 18.05 g/L NaCl, 

0.29 g/L KCl, 5.48 g/L MgCl2 6H2O, 4.28 g/L 

MgSO4 7H2O, 2.86 g/L HEPES (Sigma, United 

States), and 1.2 g/L CaCl2 2H2O. The pH was 

adjusted to 7.4–7.5 with 2 N NaOH. The medium 

was then filtered under sterile conditions through 

a membrane filter with 0.22 μm pore size. The cul-

ture medium and CMFSS were supplemented with 

100 units/mL penicillin, 100 μg/mL streptomycin, 

2.5 μg/mL amphotericin and 80 μg/mL gentamicin 

(based on Daugavet & Blinova 2015).

During preliminary trials, the following complex 

media were also tested. However, the medium 

described above gave the better results.

Tunicate Medium (cell culture medium com-

posed as following):

Basic Medium (Modified Seawater): 

Natural seawater 180 mL, MilliQ H2O 60 mL, 

1 M HEPES 2.4 mL, Antibiotics (200×) 1.2 mL 

[Antibiotics stock solution 200× (Penicillin 

G 200,000 U, Streptomycin 200 mg, 10 mL H2 

0)]

RPMI 1640 with additives (RPMT 1640 (Gibco), 

7.5% NaHCO3 50 mM 2-mercaptoethanol 

(MeEtOH).

Growth medium (RPMI 1640 with additives 

85 mL + FBS 15 mL)

Growth medium mixture (immediately before the 

use, we mixed the Basic medium with the Growth 

medium in the 5:1 ratio).

Enzymatic dissociation. To obtain gill and mantle 

cells by enzymatic dissociation we have attempted 

different approaches: trypsin 0.1% (as in Daugavet 

& Blinova 2015) in PBS, down to a concentration 

40 times lower, and collagenase 0.06 U/mL (as in 

Venier et al. 1997) in 2× Hank’s Balanced Salt 

Solution (HBSS), up to a concentration 200 times 

higher. The best result was obtained when single 

tissue fragments were placed in 1 mL of collagenase 

solution at the lowest concentration (0.06 U/mL) 

per tube. Samples were incubated for 5 min at RT 

in a shaker. The cell suspension was filtered through 

a nylon filters (180 μm and 80 μm) in sequence. 

Cells were collected by centrifugation at 300 g for 

5 min. Supernatant was discarded, and the cell pel-

let was resuspended in the culture medium. Cell 

number and viability were determined by trypan 

blue (see below) and cells were seeded in 12- 

multiwell plates at 10,000 viable cells/cm2 according 

to the results of the viability determination. Cells 

were maintained in the growth medium (see above).

Explant. The mantle edge was excised from the pos-

terior end of the mollusc with a sterile scalpel. Both 

mantle edge and isolated excised gills were washed 

sequentially in 3 wells containing sterile Alsever’s sal-

ine solution (NaCl 4.2 g/L, Citric Acid•3Na•2H2 

O 8.0 g/L, Citric Acid•H2O 0.55 g/L, D-Glucose 

20.5 g/L, pH 7.5) (Venier et al. 1997), then trans-

ferred in 3 wells containing sterile CMFSS, and next 

cut into fragments (1–2 mm). To obtain cells from the 

explant culture, mantle and gill fragments were placed 

individually in 6-multiwell plates. Seven hundred 

microliters of culture medium (based on Daugavet & 

Blinova 2015, see above) were then added to each 

well. The gonadic tissue is located in the visceral 

mass above the foot and wrapped around the intestine. 

Whitish, gonadic tissue and small part of intestine, 

which may contain some putative primordial stem 

cells (Milani et al. 2017, 2018), were taken and posi-

tioned in 6-multiwell plates with 500 μl of media per 

well. After one week, we removed the tissues, seeded 

the cells at 10,000 viable cells/cm2 (gill, mantle, and 

gonadic cells) after evaluating viability with trypan 

blue.

Procedure for cell viability and proliferation. The sus-

pended gill, mantle, and gonadic cells in culture 

were obtained by both explant cultures and 
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enzymatic dissociation. However, due to the poor 

results obtained from enzymatic dissociation, we 

decided to proceed further only with cells derived 

from explants. Also, adherent cells were initially 

obtained from all the three tissues, but only for 

gonadic cells it was possible to keep them up to 

two weeks. For these reasons, we analyzed only 

suspended cells for viability and proliferation.

MTT viability test. This colorimetric assay is based on 

the reduction of the yellow tetrazolium salt to blue 

formazan by mitochondrial enzymes. The 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide (MTT) cell viability assay was developed by 

Mosmann for screening lymphocyte stimulation 

(Mosmann 1983) and was also adapted to measure 

the viability of invertebrate cells (Downs et al. 2010), 

including cultures of bivalve cells (Domart-Coulon 

et al. 2000). A stock solution was prepared by dissolving 

MTT in PBS at a 5 mg mL−1 final concentration. This 

solution was sterilized by filtration through a 0.22 μm 

filter, and stored at 4°C. MTT stock solution, 50 μL, 

was added directly to 500 μL of cell suspensions pre-

viously distributed into 24-multiwell plates and incu-

bated for (24, 48, 72 h) at 10°C. At the end of the 

incubation, the precipitated formazan produced by the 

cells was dissolved by adding to each well 500 μL of 

SDS and left overnight at RT. Then, the amount of 

formazan was measured at = 570 nm (with a reference 

wavelength = 690 nm) with a spectrophotometer. All 

experiments were repeated three times.

Statistical analysis. All results are expressed as 

mean ± standard error of the mean (SEM). For 

the analysis of the vitality with MTT test among 

tissue, we used the one-way analysis of variance 

(ANOVA) for unpaired data, followed by Tukey 

test for multiple post comparison. All the statis-

tical analyses were performed using Prism 

Software 7.

Trypan blue exclusion. Trypan blue exclusion was 

used to detect the viability of haemocytes in cell 

culture of bivalves and other invertebrates (Cao 

et al. 2007; Quinn et al. 2009; Downs et al. 

2010). In a sample of cells suspension, trypan 

blue (TB) dye (0.4%) was added in a 1:1 ratio 

(1 of TB and 1 of the media containing suspended 

cells). The number of viable cells (excluding the 

dye) were counted with a Bürker chamber on an 

inverted microscope. Viability was measured when 

the cells were initially placed in suspension and up 

to 21 days. All experiments were repeated three 

times.

Protocol for VASA immunodetection in gill, mantle and 
gonad samples

Procedure for anti-VASA staining. The suspension 

was centrifuged at 200 g for 5 min. Then, the pellet 

was resuspended in 100 μL of L 15 medium, and the 

cytospin (32 g for 10 min) was used to allow the 

cells adhere to the slides.

Adherent gonadic cells. The medium with suspended 

cells was removed. Adherent cells were washed with 

new medium to verify they were actually adherent 

cells. For every well of 6–well plate, 200 μl collagenase 

(0.06 U/mL) was added and after 2 min 1 mL of L 15 

medium was added to resuspend and pick up the cells. 

The suspension was centrifuged at 200 g for 5 min. 

Then, the pellet was resuspended in 100 μ of L 15 

medium, and the cytospin (32 g for 10 min) was used 

to allow the cells adhere to the slides.

3-day immunocytochemistry procedure

DAY 1. Slides with attached cells (as prepared 

above) were fixed in 4% paraformaldehyde for 

10 min at RT. Next, samples were washed in PBS 

(pH 7.4; Sigma-Aldrich) for 20 min with 3 changes. 

Antigenic sites were unmasked using 0.01% Pronase 

E in PBS, pH 7.2, for 4 min at RT. Samples were 

washed for 20 min, firstly with PBS, then with Tris- 

Buffered Saline (TBS) (pH 7.4; 10 mM Tris–HCl, 

155 mM NaCl) with 0.05% Triton X-100 (TBS- 

0.05%T), and then permeabilized by leaving sam-

ples overnight at 4°C in TBS-0.1%T, pH 7.4.

DAY 2. Samples were placed in TBS-0.05% 

T. Non-specific protein-binding sites were blocked 

with 10% Normal Goat Serum (NGS) and 1% 

Bovine Serum Albumin (BSA) in TBS-0.1% T, 

pH 7.4, for 30 min at RT. Then, samples were 

incubated with an anti-VASA antibody specific for 

R. philippinarum VASA homologue (anti-VASPH- 

KFG; for antibody production, specificity and appli-

cations see (Milani et al. 2015a, 2015b, 2017, 

2018), diluted 1:30,000 with TBS-0.05%T contain-

ing 3% BSA, pH 7.4. The incubation lasted 1 h 

30 min at RT, followed by washes with TBS- 

0.05%T for 3 h. After washing, samples were incu-

bated in the dark for 1 h at RT with the secondary 

antibody [1:400 polyclonal goat anti-rabbit Alexa 

Fluor 488 in TBS-0.1% T containing 1% NGS 

and 1% BSA, pH 7.4]. Samples were then washed 

for 1 h in TBS-0.05%T pH 7.4, left overnight at 4° 

C and washed again the day after.

DAY 3. The nuclear staining was performed with 

0.5 μM TO-PRO-3 nuclear dye in PBS, pH 7.2, for 
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2 min at RT, in the dark, then the dye was washed 

for 4 h, firstly with PBS and then with TBS-0.05% 

T pH 7.4. Then, samples were mounted in anti-fade 

medium (2.5% DABCO, 50 mM Tris base pH 8, 

90% glycerol). Slides were stored horizontally at 4° 

C in the dark and observed the day after. Images 

were recorded with a confocal laser scanning micro-

scope (Leica confocal SP2 microscope), using Leica 

software.

Results

Cell-culture establishment from explant resulted the best 
performing method, with cell culture from gonadic 
explant being the most viable and metabolically active 
cells

Enzymatic dissociation was not as successful as the 

explant culture. We used trypsin and collagenase inde-

pendently and at different concentrations. The viabi-

lity of dissociated cells with all trypsin concentrations 

and with the higher collagenase concentration was 

lower than 50% for all the three tissues. Among the 

enzymatic dissociation approaches, the lowest collage-

nase concentration used (0.06 U/mL) seemed the 

gentler approach since it effected only slightly cell 

viability; this except for the gonadic tissue, for which 

the viability was less than 50% (data not shown). 

However, following enzymatic dissociation, cells took 

more time for growth when compared to explants and 

we did not see any adherent cells (Figures 1(d),2(c)).

The culture became highly contaminated when 

using tunicate cell medium. Instead, L 15 medium 

with additives resulted in a better cell-culture main-

tenance, especially in September-October, for all 

tissues and especially for gonadic tissue.

To obtain cells from the gonad, the colorless crys-

tals that contain hydrolytic enzymes were discarded 

since these may damage the cells.

We found large differences in viability depending 

on the sampling period, especially for samples 

obtained from gonadic tissues. September-October 

resulted to be the better period for cell-culture main-

tenance and growth, and, in this period, between 3 

Figure 1. Gill cells. (a) Explant of gills from the Manila clam after 4 days in culture showing migration of fibroblast-like (black arrow) and 

oval-shaped cells cells (red arrow) (Quinn et al. 2009). (b) Formazan crystals formed with gill cells after 3 weeks in culture. These crystals 

formed after 72 h of incubation with MTT and dissolved with SDS. (c) Explant of gills after 4 days in culture showing migration of explant 

cell (white arrow) and oval-shaped cells (red arrow). These cells were visible in culture around the tissue in the first days, and after the 

explants were removed they increased in number. (d) Example of dissociated gill cells after 4 days in culture; oval-shaped cells (red arrow) 

and suspended cells (green arrow). (e) Cells from gill explant after 2 weeks in culture; (f) after 4 weeks in culture. Clusters of cells 

suggesting proliferation (white arrow), oval-shaped cells (red arrow), and suspended cells (green arrow).
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and 7 days after making explant culture of gills, 

mantle, and gonad, the cells began to migrate 

around the explant (Figures 1–3).

We observed different types of cells (Table I). We 

examined cell morphology directly with an inverted 

microscope. In all cell cultures derived by the three 

different tissues, cells were found to adhere to the 

dishes (Figures 1–4). Indeed, in the first days from 

the explant, adherent cells were epithelial or fibro-

blast-like cells (Figures 1(a),2(a),3(e)). In the case 

of gonad explants, adherent cells are present for 

a longer period when compared to somatic cells 

(Table I), and some of these fibroblast-like cells 

also appear to interact with growing cellular masses 

Figure 2. Mantle cells. (a) Explant of mantle from the Manila clam after 4 days in culture showing migration of explant cells (white arrow), 

and fibroblast-like (black arrow). (b) Formazan crystals formed with mantle cells after 3 weeks in culture. These crystals formed after 

incubation 72 h with MTT. (c) Example of dissociated mantle cells after 4 days in culture; oval-shaped cells (red arrow), and suspended 

cells (green arrow). (d) Cells from mantle explant after 2 weeks in culture; (e) after 4 weeks in culture. Clusters of cells suggesting 

proliferation (white arrow), oval-shaped cells (red arrow), and suspended cells (green arrow).
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Figure 3. Gonadic cells. (a) Growth curve of gonadic cells from the Manila clam from three different animals for three weeks. (b) Viability of 

gonadic cells in suspension 4 weeks in culture measured using the trypan blue exclusion test. Percentage of viable cells per square on a 1 mm3 

graticule. Average counts from two different animals. (c) Suspended gonadic cells. Distribution of cells on a well surface after 4 days in culture; 

oocytes (green arrow); oval-shaped cells (red arrow). (d) Formazan crystals formed with gonadic cells after 3 weeks in culture. These crystals 

formed after incubation 72 h with MTT. (e) Epithelial or fibroblast-like cells (black arrow) from gonadic explant after 7 days. (f) Cells from 

female gonad explant after 2 weeks in culture; oocytes (green arrow). (g) Cells from male gonad explant after 2 weeks in culture; spermatozoa 

(green arrows). (h) Cells from female gonad explant after 4 weeks in culture, showing cluster suggesting proliferation (white arrow).

Table I. Cell types obtained.

Cell types Gills Mantle Gonads

Suspended cells green arrows; Fig. 1d,e green arrows; Fig. 2c-e green arrows; Fig. 3c,f,g

• floating cells, sometimes in clusters 

• removed easily by washing

Attached cells (oval-shaped cells) 

• around the tissue in the first days 

• increased in number after explant removal

red arrows; Fig. 1a,c-f red arrows; Fig. 2c-e red arrows; Fig. 3c

Adherent cells (fibroblast-like cells) 

• present only in samples of September–October 

• collagenase is needed to remove them 

• short permanence in somatic culture, longer permanence 

(up to 2 weeks) in gonadic culture.

black arrows; Fig. 1a black arrows; Fig. 2a black arrows; Fig. 3e
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of oval-shaped cells, with which they make contact 

with structure like pseudopodia (Figure 4(c-e)). 

After 2 weeks from the gonad explant, the disinte-

gration of such masses is accompanied by the dis-

appearance of connected adherent cells. Thus, 

adherent gonadic cells were maintained in culture 

up to two weeks, while the period between appear-

ance and disappearance of adherent cells in gill and 

mantle samples was very short.

Besides the adherent cells, other cells were in 

suspension, floating, forming clusters. Some cells 

were specific to each tissue: for example, rounded 

gill cells with cilia, and oocytes and spermatozoa 

among gonadic cells (Figure 3(c,g)), distinguishable 

for shape and dimensions.

In the cell cultures of all the three tissues, we 

observed clusters of cells suggesting proliferation 

(Figure 1(c,e,f); Figure 2(a,d); Figure 3(h)).

The growth of mantle and gill suspended cells 

reached the maximum after 2 weeks from the 

beginning of the explant culture (data not shown), 

then began to decrease. Also, the growth of gonadic 

suspended cells reached the maximum growth after 

3 2 weeks from the beginning of the explant culture 

(Figure 3(a)). The rate of growth was higher in 

gonadic cells (Figure 3(a)) than in mantle and gill 

cells.

Gill, mantle and gonadic cells were viable for 

25 days (Figure 3(b); Figure 5), according to the 

appearance of blue formazan crystals which were 

abundant after 24 to 72 h of incubations with yellow 

tetrazolium salt (Figures 1(b),2(b),3(d)). We had to 

use a long incubation time since incubation of few 

hours, as routinely done for mammalian cells, did 

not yield formazan crystals. The crystals increased 

with increasing incubation time (48–72 h). Cells of 

gonadic origin resulted significantly more viable 

than those of somatic lineages (gills and mantle) 

(p-value: gills vs gonads 0.0061; mantle vs gonad 

0.0173); gills and mantle, instead, did not show 

significant difference between each other (p-value: 

mantle vs gills 0.8987). We also used trypan blue 

exclusion to detect the viability (e.g., Figure 3(b)); 

however, this test was complicated by the presence 

of a high number of naturally coloured cells.

In April-August and November-December, we 

did not see any adherent cells for gills and mantle, 

and for gonadic cells the growth was scarce. Instead, 

in September-October, it was possible to obtain 

adherent cells for all three tissues, especially in gona-

dic samples in which adherent cells were present in 

culture for 2 weeks.

Immunodetection with anti-VASA antibody of putative 
multipotent stem cells

We used anti-VASPH (Milani et al. 2015b) to 

document the presence of VASA-expressing multi-

potent cells in the Manila clam R. philippinarum 
cultures. For such analysis we used samples from 

Figure 4. Adherent cells. (a) Phase contrast image of adherent cells in mantle cell culture. (b) Phase contrast image of adherent cells in 

germ cell culture. (c-d) Phase contrast images of adherent cells in germ cell culture: explants are surrounded by a plenty of fibroblast-like 

cells. (c) Some smaller masses of cells appear to detach from the explant. (d) Fibroblast-like cell pseudopodia appear to be connected with 

the cell masses. (e) The same sample of (d), but a slightly different field, at phase-contrast.
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September–October, given the best results 

obtained in cell isolation and maintenance in that 

period. We tested three samples for each tissue. We 

found cells stained with anti-VASA in all the three 

tested cultures: gill, mantle, and gonadic cells. The 

VASA-staining was usually localized at one side of 

the nucleus, as previously reported for VASA- 

positive cells (Milani et al. 2015a, 2015b, 2017, 

2018). We tested VASA immunostaining in sus-

pended cells from the three tissues, and in gonadic 

adherent cells, since somatic adherent cells sur-

vived for a very short time.

In more detail, in gill samples at 2 weeks from the 

beginning of the explant culture, sparse cells are pre-

sent (Figure 6(a)), while, after 4 weeks, clusters of cells 

were detected (Figure 6(b)). Some cells were VASA- 

positive (Figure 6(c,d)) some forming tight groups 

(Figure 6(d)). At the culture set up utilized, gills 

appeared to contain abundant VASA-stained cells 

compared to mantle.

In mantle samples after 2 weeks from the beginning 

of the explant culture (Figure 6(e)), some cells were 

VASA-positive (Figure 6(g)) similar to what was 

observed for gill samples. After 4 weeks (Figure 6(f)), 

masses of cells slightly labelled with anti-VASA are 

present, with a few cells showing a bright staining 

(Figure 6(h)).

In samples from September–October, the best per-

iod to obtain cell culture, we got better results for the 

female gonadic samples than the male samples. 

Indeed, male germ cell culture (Figure 7(a,b)) gener-

ally showed fewer VASA-stained cells and survived in 

culture for about 2 weeks, and then became contami-

nated, especially with fungi. Female specimens of the 

same sampling showed oocytes of 70–80 μm of dia-

meter (Figure 7(c)), dimension compatible with 

mature oocytes (Milani et al. 2018), but samples also 

included several VASA-stained cells (Figure 7(d-i)). 

Oocytes did not show evident VASA labelling (Figure 

7(d,e)). Nonetheless, several VASA-positive cells were 

found (Figure 7(f-i)). Indeed, during the first two 

weeks in culture, female gonadic cells appear to have 

proliferated (Figure 3(a)) and clusters of VASA- 

positive cells were found (Figure 7(f-i)). In addition, 

groups of VASA-positive adherent cells, some with 

a strong labelling, were also detected (Figure 8(f-k)).

Discussion

To optimize the in vitro culture protocol, we worked 

on the culture media, on different cell-culture estab-

lishment techniques, and on different samplings over 

a period of 9 months (April–December 2017) in 

order to select the best conditions to obtain cell cul-

ture from three selected tissues: mantle, gills and 

gonadic tissue. The use of trypsin and of collagenase 

to dissociate cells was not as successful as letting the 

cells migrate from the explants. Following enzymatic 

dissociation, even at the lower collagenase concentra-

tion, which seemed to be the least harsh procedure, 

cells took more time for growth when compared with 

the cells migrating from the explants, and we did not 

observe adherent cells (Figures 1d,2c), suggesting 

Figure 5. MTT viability test. Results are expressed as mean ± standard error of the mean (SEM). The results of MTT test between tissues 

were performed with the one-way analysis of variance (ANOVA) for unpaired data, followed by Tukey test for multiple post comparison. 

Statistically different values were obtained between gonadic cells and mantle cells (*) and between gonadic cells and gill cells (**). 

*P < 0.05, **P < 0.01, ***P < 0.001.
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that for enzymatic dissociation other less aggressive 

enzymes or enzyme cocktails should be tested.

In the first days after placing the explants in cul-

ture, we obtained adherent epithelial or fibroblast-like 

cells from all tissues tested. Migration from explant 

culture resulted in the best method for cell-culture 

production and the more consistent results were 

obtained with gonads, whose adherent cells were 

maintained in culture for 2 weeks. Although this 

approach to cell culture has generally a lower initial 

yield compared with enzymatic dissociation, in this 

case, explant culture seems the best approach to 

Figure 6. VASA-immunostaining in somatic cells: gill (a-d) and mantle (e-h) cell cultures. (a,b) Phase contrast images of suspended cells 

obtained from gill explants: (a) 2 weeks, (b) 4 weeks. (c,d) Gill cells at confocal microscope: nuclear dye in green, VASA-staining in red. 

(d) A magnification of a cluster of VASA-stained cells from (c). (e,f) Phase contrast images of suspended cells obtained from mantle 

explant: (e) 2 weeks, (f) 4 weeks. (g,h) Mantle cells at confocal microscope: nuclear dye in green, VASA-staining in red. (g) At 2 weeks, 

sparse VASA-positive cells are visible (one cell magnified in the inset). (h) At 4 weeks, clusters of VASA-stained cells, with a faint labelling, 

are present in the culture (one cluster magnified in the inset).
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obtain viable and metabolically active cells from the 

three tissues of Manila clam.

The growth of somatic cells (from mantle and 

gills) and gonadic cells reached the maximum after 

20 days and 2 weeks, respectively, then began to 

decrease (Figure 3(a)). The rate of growth was 

higher in gonadic cells than in somatic cells. We 

can hypothesize that the gonadic tissue contains 

a greater amount of undifferentiated cells and/or 

stem cells, with higher capability of proliferating, 

when compared to somatic cell lineages, such as 

mantle and gill cells.

Gill, mantle and gonadic cells were alive for about 

25 days, according to the formation of blue forma-

zan crystals (Figures 1(b),2(b),3(d)). To obtain for-

mazan crystals, we had to use longer incubation 

times (48–72 h) than what is usually done for 

mammalian cells (few hours) (Croco et al. 2017a); 

this suggests a considerably lower metabolic activity 

in clam cells, compared to mammalian cells.

The selection of the suitable season for making 

culture of aquatic marine animals resulted to be 

extremely important, since huge differences in cell- 

culture parameters were documented during the 

tested period (e.g., growth of cells, type of cells 

recognized, and general condition of the culture). 

For example, in April–August and November– 

December, we did not see any adherent cells for 

gills and mantle, and for gonadic cells the growth 

was scarce. In April–August, the culture condition 

was possibly affected by the presence of easily recog-

nizable, differentiated gametes that underwent 

degradation in the culture. In November– 

December, the animals were entering the sexual 

Figure 7. VASA-immunostaining in gonadic cell cultures. (a-h) 10 days in culture. (a) Phase contrast image of male germ cells (mainly 

spermatozoa). (b) Male germ cells at confocal microscope: nuclear dye in green, VASA-staining in red. In the inset, a magnification of 

a VASA-stained cell. (c) Phase contrast image of female germ cells (many large, round cells, i.e. oocytes, are visible). (d,e) Oocytes at 

confocal microscope (meiotic chromosomes compatible with n = 19, 2 n = 38, submetacentric chromosomes, as previously described for 

R. philippinarum) (nucleus perimeter = dotted oval). Oocytes did not show a clear VASA-staining in their cytoplasm, but adjacent cells, 

with characteristic rounded nuclei with compact chromatin, show the VASA labelling (magnification of one of these cells in the inset in 

(d). (f-h) In germ cell cultures, both cells with VASA-staining and cells with no VASA-staining are visible. The VASA-staining is present as 

granules localized in the cytoplasm, at one side of the nucleus. (g) a cluster of VASA-stained cells (magnification of the dotted square in 

(f). (h) A VASA-stained cell adjacent to a putative early oocyte (both circled in dotted line). The VASA-staining at one side of the nucleus 

is well evident in the two cells in the inset. (i) After 3 weeks in culture, a majority of VASA-stained cells are present in the samples.
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rest and it was difficult, almost impossible, to find 

and sample gonadic tissue. Instead, in September– 

October, it was possible to obtain adherent cells for 

all the three tissues, with adherent cells being pre-

sent in the culture for few days in case of somatic 

samples and up to 2 weeks for gonadic samples, and 

suspended cells viable to about one month from all 

the three tested tissues (Figure 3(a,b); Figure 5).

We documented the presence of putative, VASA- 

expressing multipotent cells in the Manila clam cell 

cultures. Interestingly, we found cells stained with 

anti-VASA in all the three tested cultures–gill, man-

tle and germ cells–using samples in September– 

October. In previous studies, VASA-positive cells, 

detected at the basal portion of the intestinal epithe-

lium of R. philippinarum and of other bivalve species, 

that appear to proliferate during the reproductive 

season, were proposed to be multipotent cells able 

to migrate and differentiate into diverse cell types 

(Milani et al. 2015a, 2015b, 2017, 2018). The 

obtained finding appears to support a broader action 

of VASA (Yajima & Wessel 2011, 2015), as other 

studies have recently pointed out for other animals, 

suggesting that, in these cases, multipotent stem 

cells are maintained during the animal life span by 

expressing germline multipotency program genes, 

such as vasa, nanos and piwi (Juliano et al. 2010).

With the culture set up utilized, gills appeared to 

contain abundant VASA-stained cells compared to 

mantle, the other somatic tissue tested. This can be 

in some way related to the presence of particularly 

active niche of stem cells in such tissue, as docu-

mented in oysters (Jemaà et al. 2014).

In gill samples at 2 weeks, sparse cells are present 

while, after 4 weeks, clusters of cells were detected 

(compare Figure 6(a and b)). Interestingly, some 

cells were VASA-positive (Figure 6(c,d)) and 

formed tight groups suggesting ongoing cell prolif-

eration (Figure 6(d)). In mantle samples after 

4 weeks (Figure 6(g)), cells appeared to have prolif-

erated as masses of cells slightly labelled with anti- 

VASA, with a few cells showing a bright staining 

(Figure 6(h)). This observation further supports 

the proliferation of VASA-stained cells also in man-

tle culture.

Cell culture from gonadic explant resulted in the 

most viable and metabolically active cells. Differences 

in the stage of gonad differentiation, depending on 

the sampling period, appear to have influenced the 

large differences in the viability of cells from gonadic 

tissues. We sampled from April to December because 

in this species no clear gonadic tissue is usually 

detectable from January to March that, in the north 

Adriatic Sea, is the period of sexual rest (the precise 

range of time can change year by year due to, for 

example, temperature oscillation and consequent 

food availability). Instead, the period of gametogen-

esis in the Goro Lagoon usually ranges from May to 

Figure 8. VASA-immunostaining in gonadic adherent cells. (a,b) Adherent cells of germ cell culture at confocal microscope: nuclear dye in 

green, VASA-staining in red. Both cells with VASA-staining and cells with no VASA-staining are visible. However, only few of them show 

VASA labelling. The inset in (b) shows a magnification of the VASA-stained cell in the dotted oval: the VASA-staining is present as 

granules localized in the cytoplasm. (c) The same cell is circled in a transmitted-light image of the same field, highlighting the oval shape of 

the cell. (d,e) Another example of adherent cells in germ cell culture at confocal microscope, description as in (a-c).

636 A. Attaallah et al.



September, with spawning that happens normally in 

June–August. The prevalence of differentiated germ 

cells during the spawning season could have pre-

vented cell-culture maintenance. Of course, when 

there is an abundance of differentiated cells, the pro-

liferation activity should be at least slowed down by 

the presence of other cells, some of which, in the 

meanwhile, begin to degrade. This would actually 

affect the viability, maintenance and proliferation of 

still undifferentiated cells. For this reason, our expec-

tation was a higher chance of culture establishment 

from proliferation of undifferentiated cells at the 

beginning of the reproductive season. Instead, the 

best result was obtained from sampling in 

September–October. This could be due to 

a particular responsiveness of undifferentiated germ 

cells at the end of the reproductive season. In fact, the 

presence of fewer undifferentiated germ cells in male 

samples (Figure 7(b)) could have reduced the viabi-

lity of male germ cell culture when compared to 

female germ cell culture of the same period (Figure 

7(f-i)): male samples showed few VASA-stained cells 

and survived in culture for only about 2 weeks; 

instead, female samples included several VASA- 

stained cells (Figure 7(f-i)). Thus, this difference 

observed between the two sexes might be due to 

differences in the proportion of differentiated/undif-

ferentiated cells in the analyzed specimens, being 

gametogenesis not synchronous between males and 

females (spermatogenesis completion usually pre-

empts oogenesis; Devauchelle 1990). All these vari-

ables should be considered when starting a cell 

culture of germ cells.

Among gonadic adherent cells, groups of VASA- 

positive cells, some with a very strong labelling, were 

detected (Figure 8(a,b,d,e)). For their shape, these 

VASA-positive adherent cells were similar to the oval- 

shaped cells that initially formed growing cellular 

masses and then dispersed (Figure 4(d,e)). We can 

hypothesize that the VASA-stained cells were actually 

multiplying cells. Also, the morphology of the nuclei is 

compatible with cells that have recently divided (“tel-

ophase-like” stage; see inset in Figure 8(a,b)). Overall, 

these immunological observations appear to support 

the multiplication of multipotent, VASA-stained cells. 

Additionally, in female germ cell culture, oocytes with 

meiotic-like chromosome set (as suggested by the 

chromosome number and appearance) were still 

detectable after 10 days in culture (Figure 7(d,e)), 

supporting the possibility of maintaining oocytes in 

culture. Oocytes, normally blocked in prophase I (Yi 

et al. 2002), are described to dye shortly after spawn-

ing; in our experimental conditions, oocytes appeared 

with a normal morphology and chromosome structure 

up to 10 days. Their actual viability and fertilization 

performance should be tested in future studies on 

bivalve gamete and embryo preservation.

Conclusions

In summary, based on the present study, the explant 

culture using supplemented L15 medium resulted 

the most efficient approach to establish Manila 

calm culture. Among mantle, gills and gonads, the 

tissue more suitable to obtain cell culture, showing 

cells metabolically active for longer periods, is the 

gonadic tissue. Suspended cells thrive for longer 

time than adherent cells. September–October (at 

the end of the gametogenic period) resulted to 

be the best period for cell-culture establishment, 

maintenance and growth. The presence of VASA- 

stained cells in culture may indicate the presence of 

stem-like cells, and this surely deserves additional 

investigation. In the future, bivalve cell cultures 

obtained following the technique here reported 

could be used for genotoxicity test, for application 

in reproductive biology, or for the study of longevity 

determinants, thus allowing to have a more precise 

control of all experimental conditions.
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