
Vol.: (0123456789)
1 3

Cytotechnology (2022) 74:433–457 
https://doi.org/10.1007/s10616-022-00539-x

REVIEW

Status in molluscan cell line development in last one decade 
(2010–2020): impediments and way forward

Soumya Balakrishnan  · I. S. Bright Singh  · 
Jayesh Puthumana 

Received: 11 March 2021 / Accepted: 13 June 2022 / Published online: 24 July 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Keywords Molluscan cell culture · Culture 
medium · Decontamination · Cell line · 
Transformation · Transfection · Immortalization · 
Virus

Introduction

The molluscs, which comprise the invertebrates, 
represent the second-largest phylum of the animal 
kingdom, with more than 1,00,000 identified spe-
cies (Halanych and Kocot 2017). As of 2018, aqua-
culture provides income to 20.53 million people. 
Global aquaculture production in 2018 was, overall, 
82.1 million tonnes of food fish, of which 17.7 mil-
lion tonnes was contributed by molluscs alone (FAO 
2020). During the period from 2009 to 2014, 14% 
of the world-wide marine production came from 
bivalves, of which 89% was directly from aquacul-
ture, i.e. mustering an annual of 20.6 billion US dol-
lars (Wijsman et  al. 2019). These statistics pinpoint 
the significance of sustainable production of bivalve 
mariculture globally. Despite this fact, bivalve mari-
culture is prone to frequent setbacks due to viral out-
breaks that have resulted in mass mortalities since 
the early 1970s till date (Comps et  al. 1976; Hine 
and Thorne 1997; Segarra et  al. 2010; de Kantzow 
et  al. 2017). Many viral families have been identi-
fied, primarily relying on ultramicroscopy. Only a few 
viruses, mainly belonging to the Herpesviridae fam-
ily, have been studied in detail using molecular tools. 
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To isolate, characterize and cultivate the viruses 
in  vitro, and explore the host–pathogen interactions, 
the requirement of a suitable marine molluscan cell 
line is inevitable. The lack of the same is also the pri-
mary reason behind the lacunae in molluscan virol-
ogy (Mialhe et al. 1988; Arzul et al. 2017). 

Besides this, molluscan cell lines offer varied 
applications such as studies on ecotoxicology, and 
the effect of environmental stresses, transgenic stud-
ies, understanding of physiological processes, and 
innate immunity (reviewed by Rinkevich, 1999; 
Yoshino et al., 2013). While the attempts have started 
since the 1960s (Mialhe et al. 1988), not even a sin-
gle cell line of marine molluscs could be developed. 
The only molluscan cell line available to date is the 
Bge cell line that had originated from the embryos of 
Biomphalaria glabrata (freshwater snail) through the 
untiring efforts of Dr. Eder L. Hansen (1976).

There could be various factors hindering the estab-
lishment of a marine molluscan cell line, and it is 
essential to solve each one of them to bring about a 
successful outcome. The crucial aspects to be consid-
ered are proper decontamination procedures, choice 
of tissue, and the formulation of an appropriate cell 
culture medium to optimize the growth and division 
of the molluscan cells in vitro. The appropriate inter-
vention of gene transfer and cell hybridization tech-
niques may also be relied upon to bring about fruitful 
endeavours.

History of molluscan cell culture

The attempts at initiating marine invertebrate cell 
culture had gained popularity in the 1970s, and over 
the decades, researchers focused primarily on six 
phyla—Porifera, Cnidaria, Crustacea, Mollusca, 
Echinodermata and Urochordata (Rinkevich 1999). 
The earliest attempt on molluscan organ culture was 
using the gills of the freshwater mussel, Anodonta sp. 
in which the vibratile epithelium survived for 63 days 
in diluted Ringer solution (Zweibaum 1925). The 
earliest attempt on marine molluscan organ culture 
was from the mantle of the oyster, Pinctada radiata 
(Bevelander and Martin 1949), which reported the 
deposition of conchiolin and subsequent formation 
of crystals in vitro. Despite the strenuous efforts over 
the decades (Brewster and Nicholson 1979; Stephens 
and Hetrick 1979; Hetrick et  al. 1981; Wen et  al. 

1993a, b; Le Deuff et  al. 1994; Renault et  al. 1995; 
Chen and Wen 1999; Suja and Dharmaraj 2005; 
Suja et  al. 2007, 2014; Daugavet and Blinova 2015; 
Maselli et al. 2018; Potts et al. 2020), no marine mol-
luscan cell line could be developed till date. The ear-
liest attempt on the cultivation of virus in vitro was 
recorded by Nakatsugawa et  al. (1999), in which a 
virus of unknown aetiology was used to infect the pri-
mary culture of hemocytes from Japanese black aba-
lones, Nordotis discus discus. A detailed account of 
the cultivation attempts of viruses in vitro is provided 
separately in this review (refer to “Attempts on virus-
cultivation in vitro” section).

The Bge cell line was developed to study the host-
parasite (B. glabrata—Schistosoma mansoni) interac-
tions that were involved in the spreading of the infec-
tious disease, schistosomiasis. It is a spontaneous cell 
line of adherent, fibroblastoid cells. The primary cell 
culture was obtained initially from trypsin-based cell 
dissociation, grown in the modified Schneider’s Dros-
ophila medium and sub-cultured by gentle trypsiniza-
tion (Hansen 1976). The cell line was characterized 
by immunoelectrophoresis, karyotyping, microscopic 
observations, and electrophoretic enzyme assays 
(Bayne et al. 1978). The cell line is difficult to propa-
gate as the cells do not grow well as a monolayer or 
in suspension due to their tendency to form aggre-
gates (Bayne 1989). Even though the cell line was 
originally diploid (n = 18), it has currently under-
gone extensive aneuploidy (Odoemelam et al. 2009). 
Both structural and sequential differences have been 
reported between the genome of Bge cells and the 
reference genome- B. glabrata BB02 (Wheeler et al. 
2018).

The Bge cell line has been put to many appli-
cation-oriented studies such as the demonstration 
of larval schistosome development within the snail 
host cells (Yoshino and Laursen 1995; Ivanchenko 
et  al. 1999), genetic manipulation in  vitro (Lardans 
et al. 1996; Laursen et al. 1997; Yoshino et al. 1998; 
Rinaldi et  al. 2015) and as a model for understand-
ing the biology of molluscs (Davids et  al. 1999). A 
few notable attempts have been attained in the case of 
molluscan primary cell cultures. Cardiomyocyte and 
amoebocyte cultures, respectively developed from 
the heart of the oysters, Crassostrea gigas and Cras-
sostrea virginica, and cardiomyocytes from the heart 
of clam, Meretrix lusoria could be maintained for 
durations ranging from 3 to 6 months (Brewster and 
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Nicholson 1979; Domart-Coulon et  al. 1994; Chen 
and Wen 1999), and larval cell cultures of C. virgi-
nica and Mercenaria mercenaria could be maintained 
up to 8 months (Ellis and Bishop 1989). Longer dura-
tions of cell culture have been reported from the heart 
and gonad of B. glabrata (Bayne et  al. 1975), from 
the mantle of Pinctada margaritifera (Jayasankar 
et  al. 2018), Mytilus edulis (Daugavet and Blinova 
2015), and Haliotis varia (Suja and Dharmaraj 2005) 
(all of which survived for ≥ 1 year). The experiments 
on the transfection and immortalization of molluscan 
cells are dealt with separately in this review (refer 
to “Attempts on immortalization of molluscan cells 
in vitro” section).

Applications of molluscan cell culture

An overview of the applied studies of molluscan cell 
cultures is given here. Detailed reviews on the topic 
are available elsewhere (Rinkevich 1999; Yoshino 
et  al. 2013; Ladhar-Chaabouni and Hamza-Chaffai 
2016). The primary hemocyte culture has been used 
in studies concerning aquatic toxicology, and immu-
nology (such as host–pathogen interactions) (Morga 
et  al. 2011; Latire et  al. 2012; Ji et  al. 2017). The 
embryonic and larval cell cultures have been used in 
transgenic and physiological studies (Lardans et  al. 
1996; Yoshino et al. 1998; Boulo et al. 2000; Odint-
sova et  al. 2010; Rinaldi et  al. 2015; Boroda et  al. 
2019). The cell culture systems from the heart have 
been used in studies related to physiology, aquatic 
toxicology, and transgenesis (Cadoret et  al. 1999; 
Domart-Coulon et  al. 2000; Ödblom et  al. 2000; 
Hanana et  al. 2011; Droguet et  al. 2012). The man-
tle cell culture has been used to study biomineraliza-
tion processes, cell biology, and aquatic toxicology 
(Cornet 2007; Louzao et al. 2010; You et al. 2012b; 
Xiang et  al. 2014; Jayasankar et  al. 2018; Raghavan 
et al. 2019). The digestive gland and gill cell cultures 
have been subjected to studies such as aquatic cyto-
toxicity, genotoxicity, gene function analysis, and 
host–pathogen interactions (Mitchelmore et al. 1998; 
Domart-Coulon et al. 2000; Louzao et al. 2010; You 
et  al. 2012a; Pichon et  al. 2013). The neuronal cell 
culture has been used to demonstrate the physiology 
of nerve cells and factors affecting nerve function 
(Ridgway et  al. 1991; Syed et  al. 1992; Wildering 

et al. 1995; Leong et al. 2001). Gonad and labial palp 
cell cultures have been used for understanding mol-
luscan physiology (Pazos and Mathieu 1999; Hanquet 
et al. 2011).

A decade review on the attempts on cell culture 
from marine molluscs

The various considerations to be undertaken to 
develop cell culture systems are discussed in the fol-
lowing sections, with particular attention given to the 
activities during the decade 2010–2020. In total, 48 
publications during this decade (Table  1) have been 
selected based on the following criteria- adherence to 
the quality of the journals (based on SCOPUS indexed 
journals, SciMago Journal Rank indicator, and Clari-
vate Analytics-Journal Citation Reports-2019) and 
the omittance of unavailable manuscripts.

Of these 48 publications, 29% were purely basic 
studies on marine molluscan cell culture, 65% were 
purely applied studies, and 6% had basic as well as 
applied concepts in the studies undertaken. There is 
a rising trend towards applied studies using marine 
molluscan primary cell cultures and a lesser focus on 
developing cell lines from these.

Selection of suitable species

It has been reiterated by several authors that the 
choice of species has been limited over all these years 
(Rinkevich 2005; Yoshino et  al. 2013). The criteria 
for the selection of species have been related to the 
following attributes: success previously attained in 
primary cell cultures (Rinkevich 2005), the commer-
cial importance of the species (such as oysters, mus-
sels, clams, and abalones), medical significance (such 
as intermediate hosts (e.g., snail) of human parasites) 
(Yoshino et al. 2013), pathological importance (such 
as hosts (e.g., oysters and abalones) of the pathogens- 
Bonamia sp., Perkinsus sp. and Vibrio sp.) (Alavi 
et  al. 2009; Morga et  al. 2009, 2011; Pichon et  al. 
2013; Ji et al. 2017), role as model organisms (such 
as gastropods used to study neurobiology) (Yoshino 
et  al. 2013) and as bioindicators (such as oysters, 
mussels, clams, and abalones) (Domart-Coulon et al. 
2000; Droguet et al. 2012; Latire et al. 2012; Ladhar-
Chaabouni and Hamza-Chaffai 2016).
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Table 1  A decade review (2010–2020) on the attempts on cell culture from marine molluscs

Class Organism Purpose of study Remarks/conclusion References

Bivalvia Crassostrea gigas Basic (cell isolation method) A technique was developed 
for the isolation of sper-
matogonia and spermato-
cytes from the gonad

Franco et al. (2011)

Bivalvia Crassostrea gigas Applied (glucose uptake 
process)

The role of sodium glucose 
co-transporter (SGLT) 
in glucose uptake into 
vesicular cells was con-
firmed by the use of SGLT 
inhibitor, phlorizin

Hanquet et al. (2011)

Bivalvia Crassostrea gigas Applied (toxicology) Tributyltin was found to be 
cytotoxic to the heart cells 
and affected cell viabil-
ity, induced apoptosis, 
increased intracellular cal-
cium level and decreased 
beating rhythm

Droguet et al. (2012)

Bivalvia Crassostrea gigas Applied (mitochondrial 
apoptosis)

Unlike in the vertebrates, 
APAF-1 protein and BH3-
only subfamily proteins 
were not involved in the 
mitochondrial apoptosis 
pathway in oysters

Li et al. (2017)

Bivalvia Crassostrea gigas Applied (host-OsHV-1 
pathology)

OsHV-1 could quickly 
initiate the replication in 
oyster hemocytes in vitro

Morga et al. (2017)

Bivalvia Crassostrea gigas Basic (cell culture develop-
ment)

Cell culture initiated from 
the large explant method 
yielded cells with good 
viability

Potts et al. (2020)

Bivalvia Crassostrea virginica Applied (host-parasite 
pathology)

The initial infection by Per-
kinsus marinus induced 
caspase-independent apop-
tosis. The hemocytes were 
stimulated by the antigens 
on the parasite

Hughes et al. (2010)

Bivalvia Crassostrea virginica Applied (ocean acidifica-
tion)

Elevated  pCO2 resulted in 
the increased gene expres-
sion of four calcium-
binding proteins involved 
in biomineralization

Richards et al. (2018)

Bivalvia Crassostrea virginica Applied (toxicology) The phototoxicity assess-
ment using dicloran and 
its intermediates showed 
decreased cell prolifera-
tion and decreased produc-
tion of  SCPB peptide

Xu et al. (2018)

Bivalvia Pinctada fucata Applied (biomineralization) Cell-interactions involved 
in biomineralization were 
shown by way of histo-
logical and BrdU labeling 
methods

Awaji and Machii (2011)
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Table 1  (continued)

Class Organism Purpose of study Remarks/conclusion References

Bivalvia Pinctada fucata Applied (biomineralization) First report on the pre-
cipitation of amorphous 
calcium carbonate in vitro 
using primary mantle cell 
culture

Xiang et al. (2014)

Bivalvia Pinctada margaritifera Applied (biomineralization) The expression of biominer-
alization gene nacrein, was 
obtained in mantle cell 
culture. Nacre was also 
secreted in vitro

Jayasankar et al. (2018)

Bivalvia Mytilus galloprovincialis Applied (toxicology) A protocol for micronucleus 
cytome assay for the 
genotoxicity assessment in 
mussel was described

Bolognesi and Fenech (2012)

Bivalvia Mytilus galloprovincialis Applied (toxicology) The toxicity of CdS 
quantum dots (used in 
anti-cancer therapy), bulk 
CdS and ionic Cd were 
reported in hemocyte and 
gill cell culture

Katsumiti et al. (2014)

Bivalvia Mytilus galloprovincialis Applied (toxicology) BPA inhibited the lipid 
secretion of cells, and 
PFOS inhibited the lipid 
secretion and mitochon-
drial function

Balbi et al. (2017)

Bivalvia Mytilus galloprovincialis Applied (toxicology) Okadaic acid was uptaken 
by the digestive gland 
cells through simple diffu-
sion mechanism

Blanco et al. (2019)

Bivalvia Mytilus edulis Basic and Applied (cryo-
preservation; toxicology)

A protocol for the effective 
cryopreservation of cells 
was developed to be used 
for toxicological studies 
using the comet assay

Kwok et al. (2013)

Bivalvia Mytilus edulis Basic (functional characteri-
zation)

The motility and veloc-
ity of hemocytes were 
characterized by the use of 
videomicroscopy and cell 
tracking (using fluorescent 
probes)

Rioult et al. (2013)

Bivalvia Mytilus edulis Basic (cell culture develop-
ment)

The cells remained viable 
for 22 months and could 
be cryopreserved using 
5% DMSO with 50% cell 
survival post-thawing

Daugavet and Blinova (2015)

Bivalvia Mytilus edulis Basic (cell culture develop-
ment)

The cells remained viable 
for 7 days, after which 
these were contaminated 
by mycoplasma and yeast. 
Three types of hemocytes 
were characterized

Barrick et al. (2018)
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Table 1  (continued)

Class Organism Purpose of study Remarks/conclusion References

Bivalvia Mytilus trossolus Basic and Applied
(cell culture development; 

cell differentiation)

Extracellular matrix was 
involved in the regulation 
of muscle proteins, lead-
ing to cell differentiation 
(myogenesis) in larval cell 
culture

Dyachuk (2013)

Bivalvia Mytilus trossolus Applied (cell adhesion) β integrin-like protein was 
involved in cell-substrate 
adhesion and epithelial 
cell differentiation in lar-
val primary cell culture

Maiorova and Odintsova 
(2015)

Bivalvia Mytilus trossolus Applied (apoptosis and 
necrosis)

Apoptosis occurred in 24% 
of the cryopreserved cells 
after thawing. The cells 
cryopreserved using 5% 
DMSO retained 60–65% 
viability post-thawing

Odintsova et al. (2017)

Bivalvia Mytilus trossolus Applied (apoptosis) Apoptosis in the frozen-
thawed cells was regulated 
by the use of apoptotic 
inducers or inhibitors, and 
staurosporine markedly 
increased apoptosis in the 
cells

Boroda et al. (2019)

Bivalvia Perna viridis Basic (cell culture develop-
ment)

The cells showed the highest 
proliferative capacity in 
seawater medium. 10% 
FCS and 0.01% yeast 
extract could improve the 
cell size and proliferative 
capacity

Suja et al. (2017)

Bivalvia Meretrix meretrix Applied (gene function 
analysis)

First time report on the 
gene function analysis in 
bivalves using RNAi assay 
on ferritin gene

You et al. (2012a)

Bivalvia Meretrix meretrix Applied (apoptosis and cell 
adhesion)

The involvement of laminin 
receptor (MmeLR from M. 
meretrix) in cell apoptosis 
and adhesion was reported

You et al. (2012b)

Bivalvia Ruditapes decussatus Applied (toxicology) The ionic currents in cardio-
myocytes were identified. 
The pollutant, tributyltin, 
inhibited the potassium 
current, whereas okadaic 
acid did not

Hanana et al. (2011)

Bivalvia Mesodesma mactroides Applied (toxicology) Copper inhibited car-
bonic anhydrase and 
 Na+K+ATPase, competed 
with  Na+ ions in ion trans-
port, and affected anion 
regulation in mantle cells

Lopes et al. (2011)
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Table 1  (continued)

Class Organism Purpose of study Remarks/conclusion References

Bivalvia Mercenaria mercenaria Applied (toxicology) Acute hypercapnia had 
effects on the accumu-
lation of trace metal 
pollutants (cadmium and 
copper) in mantle cells

Ivanina et al. (2013)

Bivalvia Paphia malabarica Basic (cryopreservation) The cells cryopreserved 
with 15% glycerol 
retained enzyme activities 
(involved in biominerali-
zation), besides showing 
good cell viability post 
thawing

Dessai (2018)

Bivalvia Chlamys farreri Applied (immunology) Norepinephrine was 
involved in the regulation 
of nitric oxide produc-
tion at different stages of 
immune response; nitric 
oxide exerted feedback 
regulation on the level of 
norepinephrine

Jiang et al. (2014)

Bivalvia Chlamys farreri Applied (toxicology) Benzo(a)pyrene (BaP) at 0.8 
µg  L−1 caused significant 
DNA damage in diges-
tive gland cells. GST and 
SOD were involved in the 
reduction of the BaP-
induced toxicity

Cai et al. (2016)

Bivalvia Chlamys farreri Applied (host-OsHV-1/
vibrio pathology)

The expression of immune 
response gene QM was 
significantly higher 
post-infection with Vibrio 
anguillarum and OsHV-1 
in the hemocytes in vitro

Ji et al. (2017)

Bivalvia Argopecten purpuratus Applied (immunology) Reactive oxygen interme-
diates acted as signal-
ing molecules for the 
transcription of the 
antimicrobial peptide gene 
ApBD1 during an immune 
response

Oyanedel et al. (2016)

Gastropoda Haliotis tuberculata Applied (toxicology) The pollutant, triclosan was 
found to be cytotoxic to 
hemocyte and gill cell 
cultures  (IC50 6 µM)

Gaume et al. (2012)

Gastropoda Haliotis tuberculata Applied (biomineralization) The expression of genes that 
were involved in biominer-
alization could be obtained 
in mantle cell culture but 
not in hemocyte culture

O’Neill et al. (2013)

Gastropoda Haliotis tuberculata Applied (host-vibrio pathol-
ogy)

The cell interactions 
between host and vibrio 
were characterized by 
microscopic techniques 
(fluorescence and TEM)

Pichon et al. (2013)
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Our review of the 48 selected publications over the 
decade 2010–2020, listed in Table 1, indicated that the 

bivalves were the most-studied group (72.91%), fol-
lowed by gastropods (22.92%). Among the bivalves, 

Table 1  (continued)

Class Organism Purpose of study Remarks/conclusion References

Gastropoda Haliotis tuberculata Applied (toxicology) Cadmium exposure resulted 
in changed morphology in 
hemocytes, but no signifi-
cant toxicity was reported

Ladhar-Chaabouni et al. 
(2015)

Gastropoda Haliotis discus hannai Basic (cell culture develop-
ment)

Growth factors and media 
salinity were crucial for 
the development of cell 
culture from radula

Kim et al. (2014)

Gastropoda Haliotis discus hannai Basic (cell culture develop-
ment)

FBS and hemolymph were 
essential for the growth of 
ovary cells in vitro

Ryu et al. (2015)

Gastropoda Haliotis asinina Basic (cell culture develop-
ment)

First report on the cell cul-
ture from H. asinina using 
gills and heart tissue

Suwattana et al. (2010)

Gastropoda Haliotis midae Basic (cell culture develop-
ment)

Hemocyte culture was more 
favourable than larval 
cell culture due to lesser 
contamination

van der Merwe et al. (2010)

Gastropoda Haliotis varia Basic (depuration and 
decontamination of tissue)

More cell proliferation and 
lesser contamination in 
cell cultures from non-
depurated abalones (than 
those from depurated 
ones), with tissues being 
treated with penicillin, 
streptomycin and fungi-
zone prior to culture

Suja et al. (2014)

Gastropoda Haliotis diversicolor Basic (cell culture develop-
ment)

First report on the role of 
IGFBP7 protein in the 
proliferation of hemocytes 
in vitro

Wang et al. (2015)

Gastropoda Aplysia californica Applied (neurophysiology) The role of different PKMs 
in retaining persistent 
synaptic plasticity (that 
corresponds to long term 
memory) was identified

Hu et al. (2017)

Cephalopoda Octopus vulgaris Basic and Applied (cell 
characterization; antibacte-
rial activity of hemocytes)

The hemocytes were 
morphologically and 
functionally characterized. 
The hemocytes possessed 
anti-bacterial activity 
against different strains

Troncone et al. (2015)

Cephalopoda Octopus vulgaris Basic (cell culture develop-
ment)

The neuronal cell culture 
showed good survival 
and regenerative capacity 
when cultured in L-15 
medium with FBS on 
poly-D-lysine coated sub-
strate, following papain-
based cell dissociation

Maselli et al. (2018)
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mussels (27.08%) were the most preferred group, 
followed by oysters (25%) (Fig.  1/Online resource 
Table 1). A detailed analysis (Table 2) revealed that 
all the species used for cell culture attempts during 
the decade were commercial (68.75%), bioindicators 
(29.17%), or model organisms (2.08%), representing 
a similar trend as those of past attempts.

The species, for which physiological data are 
already available, offer an advantage in that the opti-
mal osmolality, growth factors, and other components 
are known and could be applied in developing cell 
cultures (Bayne 1998). The advantage over the lim-
ited choice of species is that cell culture techniques 
would improve as the number of attempts on the same 
group of animals increase. Since researchers primar-
ily focus on species that are of some importance, 
there will be a considerable advancement in the stud-
ies if cell lines of these species become available. 
The disadvantage is that there are chances of missing 
a suitable candidate species for molluscan cell line 
development when the choice is limited to a few.

Choice of organ/tissue and the life-stage

The choice of tissue for primary cell culture is usually 
influenced by the degree of obtaining aseptic cultures 
and the type of research question to be addressed 
(refer to “Applications of molluscan cell culture”  sec-
tion) (Mulcahy 2000). Stem cells are good candidates 

for cell line development. Fang’s research group 
(2008) had identified a proliferation hot spot of stem-
like cells in the outer epithelia of the mantle central 
zone of the oyster, P. fucata. Fast-proliferating cells 
have been reported in hemocytes as well as epithelial 
cells of gills and digestive gland of the hard clam, 
M. mercenaria (Hanselmann et al. 2000), and in the 
digestive gland cells of the mussel, Mytilus gallopro-
vincialis (Marigómez et  al. 1999). Neoplastic cells 
are also favoured due to the ability to proliferate fast. 
Neoplastic cells with a high mitotic index (MI) of 
3–12% were found in Mytilus trossolus and Mizuho-
pecten yessoensis (Odintsova et al. 2011). Cancerous 
clam hemocytes were successfully cultured from the 
clam Mya arenaria and maintained for three months 
(Walker et  al. 2009). Neoplasia could be induced in 
M. arenaria using 5-bromodeoxyuridine (5-BrdU), 
and neoplastic hemocytes were isolated and cultured 
in  vitro for four days (Oprandy and Chang 1983). 
Hemocytes are usually preferred for short-term stud-
ies as these are terminally differentiated and exhibit 
short longevity in  vitro (2–3  days; maximum up to 
2 weeks). Contamination-free cultures can be estab-
lished easily since hemolymph that lies within the 
hemocoel tend to be aseptic. The cells from mantle 
tissue exhibit good proliferation and can be main-
tained long-term in vitro (~ 2–5 weeks) (reviewed by 
Yoshino et al., 2013).

The attempts on the genetic transformation in 
molluscan cells in vitro have been restricted to those 
derived from the heart and embryos/larvae. The heart, 
being enclosed separately in a pericardial sac, tend 
to be aseptic. It is easy to obtain axenic cell cultures 
from the embryos and larvae developed in vitro. Also, 
the embryonic/larval cells are noted for high prolif-
erative potentials and the heart cells for retaining high 
viabilities. The heart and embryonic/larval cells have 
been maintained for extended periods (2–6  months 
in oysters; and 5 months in clam; 3–4 months in lar-
vae) (Brewster and Nicholson 1979; Odintsova and 
Khomenko 1991; Domart-Coulon et al. 1994; Naga-
numa et al. 1994; Chen and Wen 1999).

While it is challenging to obtain axenic cell cul-
tures from gills and digestive glands, a few have 
reported successful attempts on the short-term cul-
tures of highly viable cells (Robledo and Cajaraville 
1997; Faucet et  al. 2004; Gómez-Mendikute et  al. 
2005).
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It is to be noted that adult organisms mostly pos-
sess differentiated cells with limited capacity for 
proliferation. While it may be possible to develop a 
healthy primary cell culture system from adult cells, 
the chances are that cell proliferation will be lim-
ited. In this aspect, larval/embryonic cells outweigh 

the adult cells (except adult stem cells and neoplastic 
cells) as potential sources for continuous cell lines.

The analysis of the 48 publications (60 experi-
ments) showed that the hemocytes were the most 
preferred for studies in cell culture (18 numbers; of 
which 11 were purely applied studies Hughes et  al. 
2010; Bolognesi and Fenech 2012; Gaume et  al. 

Table 2  The choice of marine molluscan species used for cell culture development and their status (commercial, bioindicator or 
model organism) (In % of the selected publications)

Class Cat-
egory

Species Status of species chosen for the studies Total 
number of 
studies

References

Commercial Bioindica-
tor

Model organ-
ism

Pearl pro-
ducer

Edi-
ble

Bivalvia Oyster Pinctada fucata 2 12 Hughes et al. (2010), Awaji and 
Machii (2011), Franco et al. 
(2011), Hanquet et al. (2011), 
Droguet et al. (2012), Xiang 
et al. (2014), Li et al. (2017), 
Morga et al. (2017), Xu et al. 
(2018), Jayasankar et al. 
(2018), Richards et al. (2018) 
and Potts et al. (2020)

Pinctada margaritifera 1
Crassostrea gigas 5 1
Crassostrea virginica 1 2

Mussel Mytilus edulis 3 1 13 Bolognesi and Fenech (2012), 
Rioult et al. (2013), Dyachuk 
(2013), Kwok et al. (2013), 
Katsumiti et al. (2014), 
Daugavet and Blinova (2015), 
Maiorova and Odintsova 
(2015), Balbi et al. (2017), 
Odintsova et al. (2017); Suja 
et al. (2017), Barrick et al. 
(2018), Blanco et al. (2019) 
and Boroda et al. (2019)

Mytilus galloprovin-
cialis

4

Mytilus trossolus 4
Perna viridis 1

Clam Paphia malabarica 1 6 Hanana et al. (2011), Lopes et al. 
(2011), You et al. (2012b, a), 
Ivanina et al. (2013) and Dessai 
(2018)

Ruditapes decussatus 1
Mercenaria merce-

naria
1

Mesodesma mactroides 1
Meretrix meretrix 2

Scallop Chlamys farreri 2 1 4 Jiang et al. (2014), Cai et al. 
(2016), Oyanedel et al. (2016) 
and Ji et al. (2017)

Argopecten purpuratus 1

Gastropoda Sea 
snail

Haliotis tuberculata 2 2 11 Suwattana et al. (2010); van der 
Merwe et al. (2010), Gaume 
et al. (2012); O’Neill et al. 
(2013), Pichon et al. (2013), 
Kim et al. (2014), Suja et al. 
(2014), Wang et al. (2015), 
Ladhar-Chaabouni et al. 
(2015), Ryu et al. (2015) and 
Hu et al. (2017)

Haliotis discus hannai 2
Haliotis midae 1
Haliotis asinina 1
Haliotis diversicolor 1
Haliotis varia 1
Aplysia californica 1

Cephalopoda Octopus Octopus vulgaris 2 2 Troncone et al. (2015) and 
Maselli et al. (2018)

Total number of studies 33 14 1 48
Percentage (%) 68.75 29.17 2.08 100
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2012; O’Neill et al. 2013; Jiang et al. 2014; Katsumiti 
et  al. 2014; Ladhar-Chaabouni et  al. 2015; Oyane-
del et al. 2016; Ji et al. 2017; Li et al. 2017; Morga 
et  al. 2017), 5 were basic studies (van der Merwe 
et al. 2010; Rioult et al. 2013; Wang et al. 2015; Bar-
rick et al. 2018; Potts et al. 2020), and 2 were a mix 
of both (Kwok et  al. 2013; Troncone et  al. 2015)). 
This was followed by the mantle tissue (13 studies; 
of which 8 were purely applied Awaji and Machii 
2011; Lopes et  al. 2011; You et  al. 2012b; Ivanina 
et  al. 2013; O’Neill et  al. 2013; Xiang et  al. 2014; 
Jayasankar et  al. 2018; Richards et  al. 2018), and 5 
were purely basic (Suja et  al. 2014, 2017; Daugavet 
and Blinova 2015; Dessai 2018; Potts et  al. 2020)). 
Both applied studies and basic studies favoured the 
use of hemocytes, followed by the mantle tissue 
(Fig. 2/Online resource Table 2).

64% of the experiments dealt with adult ani-
mals (van der Merwe et al. 2010; Lopes et al. 2011; 
Franco et al. 2011; Hanana et al. 2011; Hanquet et al. 
2011; Bolognesi and Fenech 2012; You et al. 2012a; 
Droguet et al. 2012; Gaume et al. 2012; Kwok et al. 
2013; O’Neill et al. 2013; Pichon et al. 2013; Rioult 
et al. 2013; Kim et al. 2014; Suja et al. 2014, 2017; 
Ladhar-Chaabouni et al. 2015; Daugavet and Blinova 

2015; Ryu et  al. 2015; Wang et  al. 2015; Cai et  al. 
2016; Oyanedel et  al. 2016; Ji et  al. 2017; Li et  al. 
2017; Hu et al. 2017; Jayasankar et al. 2018; Maselli 
et al. 2018; Richards et al. 2018; Dessai 2018; Potts 
et  al. 2020), 14% with juveniles (Suwattana et  al. 
2010; Katsumiti et al. 2014; Xiang et al. 2014; Tron-
cone et  al. 2015; Balbi et  al. 2017; Hu et  al. 2017; 
Morga et  al. 2017), 9% with larvae (van der Merwe 
et al. 2010; Dyachuk 2013; Maiorova and Odintsova 
2015; Odintsova et al. 2017; Boroda et al. 2019) and 
the rest 13% (Hughes et al. 2010; Awaji and Machii 
2011; You et  al. 2012b; Ivanina et  al. 2013; Jiang 
et al. 2014; Barrick et al. 2018; Xu et al. 2018; Blanco 
et al. 2019) used animals for which the life-stage was 
not specified. The preference for adult animals was 
evident during the decade because a larger quantity of 
hemolymph (hemocytes, being the most widely used 
source of cells during this period) could be aspirated 
from adult animals. Hemocytes, being short-lived 
and differentiated cells, have been used in short-term 
studies during this decade, as detailed out in the fol-
lowing section (refer to “Subculture and longevity” 
section).

Subculture and longevity

The cell culture systems derived from molluscs that 
could be maintained for relatively long durations have 
been already dealt with in “History of molluscan cell 
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culture” section. In 2010–2020, 43 out of 60 cell-
culture experiments did not proceed to sub-cultures as 
these studies were of short-term duration that focused 
on applications (Figs.  3 and 4/Online resource 
Tables 3 and 4) (Hughes et al. 2010; Suwattana et al. 
2010; van der Merwe et al. 2010; Awaji and Machii 
2011; Hanana et al. 2011; Hanquet et al. 2011; Lopes 
et al. 2011; Franco et al. 2011; Bolognesi and Fenech 
2012; Droguet et al. 2012; Gaume et al. 2012; Ivanina 
et  al. 2013; Kwok et  al. 2013; O’Neill et  al. 2013; 
Rioult et al. 2013; Jiang et al. 2014; Katsumiti et al. 
2014; Kim et  al. 2014; Suja et  al. 2014, 2017; Lad-
har-Chaabouni et  al. 2015; Maiorova and Odintsova 
2015; Troncone et al. 2015; Wang et al. 2015; Oyane-
del et  al. 2016; Cai et  al. 2016; Balbi et  al. 2017; 
Hu et al. 2017; Ji et al. 2017; Li et al. 2017; Morga 
et al. 2017; Odintsova et al. 2017; Barrick et al. 2018; 
Maselli et al. 2018; Richards et al. 2018; Blanco et al. 
2019; Boroda et  al. 2019). The maximum number 
of subcultures have been conducted with cells origi-
nating from the gonadal tissue (5 times) (Ryu et  al. 
2015). Mantle cell culture has been subcultured four 
times (Jayasankar et  al. 2018), three times (Dessai 
2018), and two times (Daugavet and Blinova 2015) 
(Fig. 3/Online resource Table 3).

With regard to the longevity of cell cultures, 6 
experiments were cultured for a duration of less than 

1 day (Franco et al. 2011; Hanquet et al. 2011; Lopes 
et al. 2011; Bolognesi and Fenech 2012; Blanco et al. 
2019), 13 experiments for 1–2  days (Gaume et  al. 
2012; Ivanina et al. 2013; Katsumiti et al. 2014; Lad-
har-Chaabouni et al. 2015; Cai et al. 2016; Oyanedel 
et  al. 2016; Balbi et  al. 2017; Li et  al. 2017; Morga 
et al. 2017; Richards et al. 2018; Boroda et al. 2019), 
5 experiments for 3–4  days (Hughes et  al. 2010; 
Rioult et  al. 2013; Wang et  al. 2015; Maselli et  al. 
2018), 17 experiments for 1–2 weeks (van der Merwe 
et al. 2010; Awaji and Machii 2011; You et al. 2012b, 
a; Droguet et al. 2012; O’Neill et al. 2013; Jiang et al. 
2014; Kim et al. 2014; Maiorova and Odintsova 2015; 
Hu et al. 2017; Suja et al. 2017; Barrick et al. 2018; 
Xu et al. 2018; Potts et al. 2020), 12 experiments for 
1–3 months (2 cell cultures derived from mantle (Suja 
et  al. 2014; Xiang et  al. 2014), 1 from larva (Dya-
chuk 2013), 2 from hemocytes (Troncone et al. 2015; 
Ji et  al. 2017), 3 from heart (Suwattana et  al. 2010; 
Hanana et al. 2011; Potts et al. 2020), 1 from gonad 
(Ryu et al. 2015), and 2 from gills (Suwattana et al. 
2010; Potts et al. 2020)), 2 experiments for more than 
a year (both of which were derived from the man-
tle tissue) (Daugavet and Blinova 2015; Jayasankar 
et al. 2018), and 5 experiments for which the longev-
ity of the primary cell cultures have not been speci-
fied (Kwok et  al. 2013; Odintsova et  al. 2017; Des-
sai 2018; Potts et  al. 2020) (Fig.  4/Online resource 
Table 4).

Depuration of animals and decontamination of tissue

Microbial contamination (protozoa, bacteria, and 
fungi) is a recurring issue in the development of pri-
mary cell culture systems, specifically in filter-feeders 
as the tissues are in direct contact with the surround-
ing water (Mialhe et  al. 1988; Domart-Coulon et  al. 
1994; Bayne 1998; Chen and Wen 1999; van der 
Merwe et al. 2010). Of all the contaminants, thraus-
tochytrids (Heterokont protists) are the most difficult 
to eliminate and often confused with the desired cells 
under culture (Rinkevich 1999). The thraustochytrids 
may be identified by fluorescence detection, electron 
microscopy, and enzyme assays (Mulcahy 2000).

Hetrick et al. (1981) observed that both the pump-
ing activity of the oysters and several days of depu-
ration were essential to keep down the protozoan 
population. For effective decontamination, Stephens 
and Hetrick (1979) recommended the depuration 
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of animals for a week. However, abalones that were 
depurated for three days produced significantly lesser 
cell proliferation (24.96%) than the non-depurated 
ones (75.04%) (Suja et al., 2014) because prolonged 
periods of depuration would result in starved and 
stressed cells. Therefore, it is crucial to optimize the 
duration of depuration to obtain healthy cells free of 
contamination.

Decontamination of the tissues/ whole animal/ 
eggs is routinely carried out by employing chemi-
cals (iodine (Hansen 1976), benzethonium chloride 
(Hansen 1976), hydrogen peroxide (Suwattana et  al. 
2010), sodium hypochlorite (Ellis and Bishop 1989; 
Barrick et  al. 2018), ethanol (Stephens and Hetrick 
1979; Chen and Wen 1999; Daugavet and Blinova 
2015; Jayasankar et  al. 2018), etc.), antibiotics such 
as penicillin and streptomycin, and antifungals such 
as amphotericin B. However, the continuous use of 
amphotericin B is not recommended (Perlman 1976) 
as it is reported to be toxic to cells (van der Merwe 
et al. 2010; Barrick et al. 2018). In fact, all antimicro-
bials are recommended to be used only in the wash 
steps and initial culture medium and removed in the 
subsequent steps (Mulcahy 2000; van der Merwe 
et  al. 2010; You et  al. 2012b, a; Suja et  al. 2014, 
2017).

In 2010–2020, the majority of the experiments 
(24 numbers) (Suwattana et  al. 2010; Hughes et  al. 
2010; Lopes et al. 2011; Bolognesi and Fenech 2012; 
Rioult et  al. 2013; Ivanina et  al. 2013; Kwok et  al. 
2013; Jiang et  al. 2014; Katsumiti et  al. 2014; Kim 
et al. 2014; Troncone et al. 2015; Wang et al. 2015; 
Ladhar-Chaabouni et al. 2015; Oyanedel et al. 2016; 
Li et  al. 2017; Morga et  al. 2017; Odintsova et  al. 
2017; Hu et  al. 2017; Maselli et  al. 2018; Boroda 
et al. 2019; Potts et al. 2020) favoured cell culture ini-
tiated without depuration or antibiotic wash, of which 
13 experiments (Hughes et  al. 2010; Bolognesi and 
Fenech 2012; Rioult et  al. 2013; Kwok et  al. 2013; 
Jiang et  al. 2014; Katsumiti et  al. 2014; Troncone 
et al. 2015; Wang et al. 2015; Ladhar-Chaabouni et al. 
2015; Oyanedel et  al. 2016; Li et  al. 2017; Morga 
et al. 2017; Potts et al. 2020) utilized hemocytes that 
could be easily obtained without contamination (refer 
to “Choice of organ/tissue and the life-stage” sec-
tion). 21 experiments (van der Merwe et  al. 2010; 
Awaji and Machii 2011; Franco et al. 2011; Hanana 
et al. 2011; Hanquet et al. 2011; Droguet et al. 2012; 
Dyachuk 2013; Katsumiti et  al. 2014; Maiorova 

and Odintsova 2015; Ryu et  al. 2015; Daugavet and 
Blinova 2015; Cai et  al. 2016; Richards et  al. 2018; 
Xu et al. 2018; Dessai 2018; Jayasankar et al. 2018; 
Potts et  al. 2020) decontaminated the tissues using 
antibiotics without depurating the animals. Out of 
the 15 experiments that depurated the animals, only 
3 conducted depuration for a duration of 6–12 h (You 
et al. 2012b, a; Suja et al. 2017), whereas the rest of 
the experiments (12 numbers) conducted depuration 
for 1–3 days (van der Merwe et al. 2010; Gaume et al. 
2012; O’Neill et  al. 2013; Pichon et  al. 2013; Suja 
et  al. 2014; Xiang et  al. 2014; Balbi et  al. 2017; Ji 
et al. 2017; Barrick et al. 2018; Blanco et al. 2019). 3 
experiments were conducted by supplementing anti-
biotics during depuration (Xiang et  al. 2014; Balbi 
et al. 2017; Suja et al. 2017). The sterilization of tis-
sues using antibiotics is highly recommended and has 
been carried out by 55% (van der Merwe et al. 2010; 
Awaji and Machii 2011; Hanquet et al. 2011; Franco 
et al. 2011; Hanana et al. 2011; You et al. 2012b, a; 
Droguet et al. 2012; Gaume et al. 2012; O’Neill et al. 
2013; Pichon et  al. 2013; Dyachuk 2013; Katsumiti 
et al. 2014; Suja et al. 2014, 2017; Xiang et al. 2014; 
Maiorova and Odintsova 2015; Ryu et al. 2015; Dau-
gavet and Blinova 2015; Cai et  al. 2016; Jayasankar 
et  al. 2018; Richards et  al. 2018; Xu et  al. 2018; 
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Dessai 2018; Blanco et al. 2019; Potts et al. 2020) of 
the experiments (Fig. 5/Online resource Table 5).

Cell culture media and supplements

The availability of information on the hemolymph 
components offers significant advantages for the 
development of de novo medium for cell culture or 
the optimization of existing cell culture media. Based 
on this concept, Machii and Wada (1989) developed a 
cell culture medium (Pf35) based on the composition 
of hemolymph from Pinctada fucata. The de novo 
medium has not produced results different from that 
of modified commercial media. Therefore, research-
ers tend to prefer the latter due to the relative ease 
of use. Preferred commercial media include Eagle’s 
MEM, Medium 199, Leibovitz’s L-15, etc. (Domart-
Coulon et al. 1994).

The genome of several molluscan species is cur-
rently available (reviewed by Schell et  al. 2017; 
Sigwart et al. 2021). The genomic information com-
bined with transcriptomic data can be used to iden-
tify the species-specific and cell/tissue-specific genes 
and substrates that are required for cell survival and 
growth in vitro which in turn, can be used for the opti-
mization of the cell culture medium. Pérez-Fernández 
et al. (2021) have simulated an optimized cell culture 
medium based on the genome-scale metabolic net-
work of CHO-K1 (mammalian cell line). Though this 
is a relatively new field of research and so much yet 

to be explored, it offers feasible solutions towards the 
development of species-specific cell culture medium.

In 2010–2020, the majority of the experiments 
favoured Leibovitz’s L-15 as the cell culture medium 
(53%) (Fig.  6/Online resource Table  6) (Suwattana 
et al. 2010; Hanquet et al. 2011; You et al. 2012b, a; 
Gaume et al. 2012; O’Neill et al. 2013; Pichon et al. 
2013; Dyachuk 2013; Jiang et  al. 2014; Katsumiti 
et al. 2014; Kim et al. 2014; Maiorova and Odintsova 
2015; Ryu et  al. 2015; Troncone et  al. 2015; Dau-
gavet and Blinova 2015; Oyanedel et  al. 2016; Cai 
et al. 2016; Balbi et al. 2017; Ji et al. 2017; Li et al. 
2017; Odintsova et al. 2017; Hu et al. 2017; Barrick 
et al. 2018; Maselli et al. 2018; Richards et al. 2018; 
Xu et al. 2018; Dessai 2018; Blanco et al. 2019), fol-
lowed by the use of seawater (natural or artificial) 
(15%) (Hughes et  al. 2010; van der Merwe et  al. 
2010; Franco et al. 2011; Ivanina et al. 2013; Morga 
et al. 2017; Suja et al. 2017; Jayasankar et al. 2018; 
Boroda et al. 2019), a combination of L-15 and sea-
water (8%) (Hanana et al. 2011; Droguet et al. 2012; 
Potts et al. 2020), Hank’s balanced salt solution (5%) 
(Bolognesi and Fenech 2012; Kwok et al. 2013), and 
a combination of seawater and Opti-MEM® I reduced 
serum media (5%) (Potts et  al. 2020). The use of 
other media (Marine Molluscan Balanced Salt Solu-
tion (MMBSS), Dulbecco’s Modified Eagle Medium 
(DMEM), Medium 199, Basal Medium Eagle (BME), 
saline solution with a similar ionic composition of 
clam hemolymph, Marine Physiological Saline Solu-
tion (MPSS), a combination of L-15 and M-199, and 
a combination of seawater and M-199) were limited 
to an average of only one experiment each (Awaji and 
Machii 2011; Lopes et  al. 2011; Rioult et  al. 2013; 
Katsumiti et  al. 2014; Kim et  al. 2014; Suja et  al. 
2014; Xiang et  al. 2014; Ladhar-Chaabouni et  al. 
2015; Wang et  al. 2015). Cell culture systems that 
could be maintained for more than a year (in the dec-
ade 2010–2020) were cultured using the media-mod-
ified L-15 medium and sterilized seawater (supple-
mented with antibiotics and yeast extract) (Daugavet 
and Blinova 2015; Jayasankar et al. 2018).

The serum is a source of growth factors, adhesion 
factors, vitamins, minerals, lipids, proteins, and hor-
mones (Freshney 2010). Improved cell growth and 
viability have been observed by adding FBS/FCS 
and extract from molluscan hemolymph, larvae, and 
gonads (Hetrick et  al. 1981; Domart-Coulon et  al. 
1994; Chen and Wen 1999). However, the use of 
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Others

Fig. 6  Cell culture medium used for the development of 
marine molluscan cell culture. L-15-Leibovitz’s L-15 Medium, 
SW-seawater, HBSS-Hank’s Balanced Salt Solution, Opti-
MEM-Opti-MEM® I reduced serum media (results from 60 
experiments)
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FBS/FCS at a higher concentration (20%) has been 
reported to be toxic to cells (Domart-Coulon et  al. 
1994).

FBS/FCS being derived from a phylogentically 
different taxon, its functionality with respect to 
growth factors and hormones on cell culture derived 
from molluscs is questionable. However, sequence 
analysis of several growth factors, hormones and its 
receptors shows that these are homologous across dif-
ferent phyla (Ferkovich and Oberlander 1991; Reich 
1992; van Kesteren et  al. 1992; Herpin et  al. 2004; 
Mimoto et al. 2007; Stout et al. 2010). Homologs of 
vertebrate growth factors have been also reported in 
invertebrates (reviewed by Ottaviani et al. 1996; Kip-
ryushina et al. 2015) and the functional phylogenetics 
of these molecules have been discussed by Tettamanti 
et  al. (2006). The positive influence of vertebrate 
growth factors on invertebrate cell culture systems 
has also been reported (reviewed by Ferkovich and 
Oberlander 1991; Mckay et al. 1999; Tettamanti et al. 
2006). Moreover, researchers have discovered steroid 
hormones and its receptors in invertebrates (D’Aniello 
et al. 1996; Di Cosmo et al. 1998, 2002; Mimoto et al. 
2007; Stout et  al. 2010; Jones et  al. 2017) followed 

by experiments revealing that steroid hormone and 
receptor functions are conserved in vertebrates and 
invertebrates (Di Cosmo et  al. 2001; Mimoto et  al. 
2007; Stout et al. 2010; Jones et al. 2017).

In the decade 2010–2020, FBS/FCS was not used 
in 60% of the experiments (Fig.  7/Online resource 
Table 7), of which 72% involved applied studies. 82% 
of the experiments in the decade 2010–2020 did not 
use any extracts as supplements in the cell culture 
media, of which 61% (Hughes et al. 2010; Awaji and 
Machii 2011; Hanquet et al. 2011; Lopes et al. 2011; 
Hanana et  al. 2011; Bolognesi and Fenech 2012; 
Droguet et al. 2012; Gaume et al. 2012; Ivanina et al. 
2013; Kwok et al. 2013; O’Neill et al. 2013; Pichon 
et al. 2013; Dyachuk 2013; Jiang et al. 2014; Katsu-
miti et al. 2014; Xiang et al. 2014; Ladhar-Chaabouni 
et al. 2015; Maiorova and Odintsova 2015; Cai et al. 
2016; Balbi et  al. 2017; Li et  al. 2017; Morga et al. 
2017; Odintsova et al. 2017; Xu et al. 2018; Blanco 
et  al. 2019; Boroda et  al. 2019) involved applied 
studies.

Sera and extracts are not used in applied stud-
ies to prevent interference in the results. However, 
it is also to be noted that three cell culture systems 
could be maintained for 1–2 months without the addi-
tion of any extracts or FBS/FCS (Pichon et al. 2013; 
Potts et al. 2020). 10% of the experiments in the dec-
ade 2010–2020 used hemolymph extract (Kim et  al. 
2014; Ryu et al. 2015; Troncone et al. 2015; Oyane-
del et al. 2016; Hu et al. 2017; Ji et al. 2017), 7% used 
yeast extract (You et  al. 2012a, b; Suja et  al. 2017; 
Jayasankar et  al. 2018) and 1% used chicken serum 
(Richards et al. 2018).

In the decade 2010–2020, 82% of the experi-
ments have supplemented the cell culture media 
with antimicrobials (Suwattana et  al. 2010; van der 
Merwe et al. 2010; Awaji and Machii 2011; Hanana 
et  al. 2011; Hanquet et  al. 2011; You et  al. 2012b, 
a; Droguet et  al. 2012; Gaume et  al. 2012; Ivanina 
et  al. 2013; O’Neill et  al. 2013; Pichon et  al. 2013; 
Rioult et al. 2013; Jiang et al. 2014; Katsumiti et al. 
2014; Kim et al. 2014; Suja et al. 2014, 2017; Xiang 
et al. 2014; Ladhar-Chaabouni et al. 2015; Maiorova 
and Odintsova 2015; Ryu et al. 2015; Troncone et al. 
2015; Wang et al. 2015; Daugavet and Blinova 2015; 
Oyanedel et  al. 2016; Cai et  al. 2016; Balbi et  al. 
2017; Ji et al. 2017; Li et al. 2017; Morga et al. 2017; 
Jayasankar et al. 2018; Barrick et al. 2018; Richards 
et al. 2018; Xu et al. 2018; Dessai 2018; Blanco et al. 
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2019; Boroda et al. 2019; Potts et al. 2020). However, 
the use of antimicrobials is to be limited, as described 
earlier in “Depuration of animals and decontamina-
tion of tissue” section.

Attempts on virus‑cultivation in vitro

Only a few reports are available on the cultivation of 
viruses in molluscan cell culture. In a review article 
by Renault and Novoa (2004), cultivation of herpes-
like virus in the primary embryonic cell culture of the 
oyster and cell lines of the fish have been reported. 
Even though cytopathic effects (CPE) could not be 
observed in the tested fish cell lines, viral DNA could 
be detected in the infected oyster primary cell culture 
by way of PCR and in  situ hybridization. However, 
details on the experiments conducted are unavailable.

Nakatsugawa et  al. (1999) could isolate a virus 
from the primary culture of hemocytes of the aba-
lone, Nordotis discus discus affected by amyotrophia 
(atrophy of the foot muscle). The infected cell cul-
tures showed CPE, such as cell aggregation, followed 
by the detachment of cells. The disease could not be 
reproduced in healthy juvenile abalones by inject-
ing the virus-containing supernatant of the infected 
hemocyte cultures. However, it could be transmitted 
to healthy abalones by introducing the filtrate of the 
naturally infected abalones. The virus particles in the 
CPE-forming cultures were found to be icosahedral, 
120  nm in diameter, and resembled retro-like virus 
particles when examined by transmission electron 
microscopy (TEM).

During the decade 2010–2020, only two reports 
are available on the cultivation of virus in molluscan 
cells in vitro. In a study by Ji et al. (2017), hemocyte 
culture of the scallop Chlamys farreri was challenged 
with the ostreid herpesvirus 1 (OsHV-1). The CPE 
that could be observed was cell aggregation, followed 
by the detachment of cells. The TEM examination of 
infected cells revealed polygonal nucleocapsids (virus 
particles) of 130–150  nm in diameter and empty 
capsids inside the cell nucleus. The gene expression 
study of QM (QM, an immune response gene) of the 
infected hemocytes showed a significantly higher 
level of expression at 12  h and 24  h post-challenge 
with OsHV-1. A significantly higher level of virus 
DNA could be detected in the cells 48 h post-infec-
tion by way of real-time PCR.

In another study by Morga et  al. (2017), hemo-
cyte culture from the spat of C. gigas was challenged 
with OsHV-1. Post-infection, a time-based quantifica-
tion by real-time PCR showed a significant increase 
in the detection of virus DNA, differential patterns 
in the expression of 15 virus genes, and a significant 
upregulation of 2 host immune genes. These results 
suggested that the replication of OsHV-1 occurred 
in vitro. However, the CPE of the infected cells has 
not been specified. Moreover, virus particles could 
not be detected following the TEM examination.

Attempts on immortalization of molluscan cells 
in vitro

Normal cells usually have a finite life span. Still, 
certain cells under culture may show an enhanced 
growth rate and give rise to a continuous cell line, 
called spontaneous immortalization. Continuous cell 
lines are preferred over primary cultures as the for-
mer are homogeneous cultures, producing identical 
replicate cultures, and are relatively easier to handle. 
Immortalization can also be induced by the inhibition 
of cell cycle regulatory genes (like Rb and p53 genes) 
through transfection with the viral oncogenes (like 
SV 40 (Simian Virus 40) LT gene, human papilloma-
virus (HPV) E6 and E7 genes, and Epstein Barr Virus 
(EBV) gene). Other methods include transfection of 
the cells with telomerase gene and a regulatory pro-
moter to overcome the Hayflick limit and fusion of 
target cells with that of the established cell line to 
produce hybrid cells (Bolton and Spurr 1996; Mayne 
et  al. 1996; Peters et  al. 1996; Bayne 1998; Bodnar 
et  al. 1998; Vaziri and Benchimol 1998; Freshney 
2010).

Successful immortalization in cell culture from 
marine invertebrates is yet to be reported (Rinkevich 
2011). Four transfection techniques have been pri-
marily used in the bivalves-microinjection, lipofec-
tion, electroporation, and particle bombardment, of 
which particle bombardment seems to be the most 
suitable (reviewed by Cadoret et  al., 2000). There 
are also reports on the successful transfection of eggs 
and spermatozoa of bivalve molluscs using naked 
DNA (plasmid pGeneGrip containing GFP (green 
fluorescent protein)) (Guerra et al. 2005; Guerra and 
Esponda 2006).
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In the case of expression vectors, integrative vec-
tors are advantageous in that these can integrate the 
transfected DNA into host chromosomes and offer 
stable gene expression (Mialhe et  al. 1995). While 
heterologous oncogenes could be used for immortali-
zation experiments, homologous oncogenes have also 
been sought in the molluscs (Madaule and Axel 1985; 
Van Beneden et al. 1993; Van Beneden 1994; Kelley 
et al. 2001).

The experiments which have utilized heterologous 
promoters such as the Drosophila heat shock protein 
(hsp) 70, hsp82, and baculovirus IE1 promoter have 
shown efficiency in expressing transgenes in the mol-
luscan cell cultures (in the literature cited by Cadoret 
et  al., 2000). Researchers have also succeeded in 
expressing transgenes in the embryos and primary 
cell cultures of bivalves using homologous promoters 
(Cadoret et al. 1999; Yue et al. 2020).

The only cell culture systems that have been used 
to induce genetic transformation in molluscs were 
those that were derived from the heart and embryos/
larvae. Transformation experiments have been con-
ducted by Hetrick et al. (1981) on C. virginica by the 
injection of carcinogens (benzo(a)pyrene, 3-meth-
ylcholanthrene, and N-methyl-N’-nitrosoguanidine) 
into the animal as well as by the direct exposure of 
carcinogens on the oyster heart primary cell culture. 
Apart from observing large amoebocytes, no mitoti-
cally active cells could be attained. The primary heart 
cell culture from C. gigas was treated with the muta-
gens, ethyl methanesulfonate (EMS) and quercitin for 
different periods but yielded no fruitful results (Del-
sert and Cancela 1998). An induced culture of neo-
plastic hemocytes of M. arenaria has been reported, 
as described earlier in “Choice of organ/tissue and the 
life-stage” section (Oprandy and Chang 1983).

The successful transgene expression in the mol-
luscan cells marks a critical event prior to plausible 
attempts on the immortalization of the cells. The 
first transgenic bivalve was produced through the 
electroporation-mediated transfection of the fertilized 
eggs of the clam, Mulinia lateralis with the pantropic 
retroviral vectors (LSRNL-(VSV-G) incorporated 
with the neomycin resistance gene (neo), and Geo 4.8 
vector incorporated with the neo and β-galactosidase 
(β-gal) genes). The fertilized eggs were reared to 
adulthood, with the survival rate of the embryos 
being affected by stress due to electroporation rather 
than the introduction of retroviral vectors. Further 

experiments revealed the presence of an integrated, 
single copy of the provirus per transgenic offspring 
and that the transgenic germ-lines of the animals were 
mosaic for the provirus (Lu et al. 1996). Transfection 
experiments on the primary cell cultures of the heart 
and embryo of C. gigas were conducted using various 
heterologous promoters for the expression of lucif-
erase gene. Success was achieved using hsp70 and 
retroviral promoters (MoMLV LTR and RSV LTR) 
in heart and embryo cell cultures, respectively (Boulo 
et  al. 1996, 2000). Successful microinjection-medi-
ated transfection in the fertilized eggs of C. gigas 
has been achieved with the use of homologous gene 
promoter, elongation factor-1-α (EF-1α) of C. gigas, 
cloned into a pEGFP-1 vector that drives the expres-
sion of EGFP (enhanced green fluorescence protein) 
(Yue et al. 2020).

The attempts on the excision and transposition of 
the transposable elements, hobo and hermes, in the 
primary heart cell culture of the oyster, C. gigas by 
lipofection resulted in the incorrect excision of the 
transposons from the donor plasmid. This was sus-
piciously attributed to the low quantity of the trans-
posase enzyme expressed, and/or complete lack of or 
insufficient quantity of the co-factors required for the 
functionality of the transposase (Boulo 1997; Cadoret 
et al. 2000). The sperm-mediated transfection of the 
PiggyBac transposon vector with gGH (growth hor-
mone gene from orange-spotted grouper) and GFP in 
the eggs of C. gigas gave rise to larvae which exhib-
ited green fluorescence under an inverted phase con-
trast fluorescence microscope. The transgenesis was 
confirmed by PCR and genome walking analysis 
(Chen et al. 2018).

The electroporation-mediated co-transfection of 
the reporter genes (neo) and oncogenes (ras or myc) 
in the primary larval cell cultures from the oyster was 
carried out by Ellis (1991). Even though the trans-
fection was successful, it failed to induce mitotically 
active cells.

The lipofection-mediated transfection of the mus-
sel-specific expression vectors in the primary heart 
cell culture of C. gigas was undertaken by Delsert 
and Cancela (1998). The designed vectors contained 
mussel-actin promoter region (based on the genomic 
DNA library of M. galloprovincialis), and lacZ or 
luciferase reporter sequence incorporated into the 
commercial plasmid, pBgal-Basic vector. Similarly, 
transfection experiments using the insect expression 
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vector, A3lacZ (containing lacZ or luciferase reporter 
sequence under the control of actin A3 gene promoter 
of Bombyx mori) and the mammalian expression vec-
tor (containing lacZ reporter sequence under the con-
trol of viral promoter CMV) were conducted on the 
primary culture of oyster heart cells. Their study con-
cluded that the oyster cells could be transfected but 
with low efficiency. The attempts to transform oyster 
cells by placing SV40 LT oncogene under the control 
of mussel-actin promoter (using p.mac-4  T Ag vec-
tor) also failed to produce desirable results. The elec-
troporation-mediated transfection of the heterologous 
vector A3lacZ in the oyster eggs resulted in transfec-
tion efficiency of 1% in the developed trochophore 
and veliger larvae.

Similar to the work of Delsert and Cancela (1998), 
a homologous actin Gia1 gene promoter (1670  bp) 
was constructed from the genomic library of C. gigas, 
and a specific expression vector, Gia-L3 containing 
this promoter and luciferase gene, was produced. The 
lipofection-mediated transfection of this plasmid in 
the primary heart cell culture of C. gigas resulted in 
successful expression of the transgene (Cadoret et al. 
1999).

During the decade 2010–2020, experiments on 
the immortalization of molluscan cells in  vitro have 
not been reported. Despite reports on the success-
ful expression of transgenes in molluscan cells, the 
literature on immortalization-attempts of molluscan 
cells has been restricted to two failed attempts (Ellis 
1991; Delsert and Cancela 1998). Other attempts on 
the immortalization of molluscan cells may not have 
been published due to the resistance from scientific 
journals in accepting failed experiments, which is the 
same concern expressed by Rinkevich (1999) earlier.

Perspectives on the development of marine 
molluscan cell line

The promising candidates for the future molluscan 
cell line would be natural or induced pluripotent 
stem cells (iPSc) (Takahashi and Yamanaka 2006), 
adult stem cells (reviewed by Rinkevich, 2011) 
and neoplastic cells (Walker et  al. 2009; Odintsova 
et  al. 2011). The identification of genes and fac-
tors involved in cellular quiescence (Yoshino et  al. 
2013) and totipotency or pluripotency of stem cells 

(Yamanaka 2008) shall aid in enhancing the prolifera-
tive capacity of the cells in vitro.

In addition to the use of extracellular matrix 
(ECM) components, identification of apt growth pro-
moters (Cai et al. 2014), hemolymph and omics data 
analysis for the development of specific cell culture 
medium (Jayesh et  al. 2012; 2013; 2015), experi-
ments focusing on the immortalization of molluscan 
cells have to be taken forward. The identification of 
suitable promoter systems is crucial before attempting 
to transfect cells in vitro. The intron sequences in the 
candidate promoter sequence is not to be neglected 
wholly. For instance, in an experiment conducted 
by Yue et  al. (2020), the EF-1α promoter sequence 
induced the expression of EGFP in the fertilized eggs 
of C. gigas only when the first intron sequence was 
also inserted. The search for suitable heterologous 
and homologous promoters is to be continued until 
stable transgene expression is acquired in molluscan 
cells that would lead to immortalization.

Retroviral vectors and transposons are integrative 
vectors that are highly likely to produce integrated 
transgenes in the host chromosome rather than exist-
ing as episomal elements. This integration would 
offer a stable expression of transgenes. In addition 
to this, the pseudotyped retroviral vectors (with the 
envelope glycoprotein of vesicular stomatitis virus 
(VSV-G)) (Emi et al. 1991) are preferable due to the 
broad host cell range.

In the case of non-viral vectors, plasmids can be 
facilitated to enter the nucleus of non-dividing cells 
by the use of DNA nuclear targeting sequences 
(DTS) such as the enhancer sequence (72 bp) of the 
SV 40 genome and transcription factors (which con-
tain nuclear localization signals (NLS)) (Dean et  al. 
2005).

The fact that one out of the 700 primary embry-
onic cell cultures set up by Hansen (1976) had given 
rise to the spontaneous Bge cell line, the only mollus-
can cell line in the world to date, pinpoint the signifi-
cance of consistent and solidarized efforts required 
for the development of a marine molluscan cell line. 
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