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Abstract
In this review, animal cell lines are considered to have two classes of attributes: “before-the-fact” (ante factum) and “after-
the-fact” (post factum) properties. Fish cell lines from Actinopterygii (ray-finned fishes) are used to illustrate this distinction 
and to demonstrate how these properties can be used in various ways to categorize cell lines into groups or invitromes. 
Before-the-fact properties are set at initiation and are properties of the sample and species from which the cell line arose 
and of the scientist(s) who developed the cell line. On the basis of the Actinopterygii sample, invitromes exist for embryos, 
larvae, juveniles, adults, and spawning fish, and for most solid organs but rarely for biological fluids. For species, invitromes 
exist for only a small fraction of the Actinopterygii total. As to their development, scientists from around the world have 
contributed to invitromes. By contrast, after-the-fact properties are limitless and become apparent during development, 
characterization, use, and storage of the cell line. For ray-finned invitromes, cell lines appear to acquire immortality dur-
ing development, are characterized poorly for differentiation potential, have numerous uses, and are stored formally only 
sporadically. As an example of applying these principles to a specific organ, the skeletal muscle invitrome is used. For ante 
factum properties, the cell lines are mainly from trunk muscle of economically important fish from 11 orders, 15 families, 
19 genera, and 21 species of ray-finned fishes. For post factum properties, fibroblast-like and myogenic cell lines have been 
described but epithelial-like FHM is most widely used and curated. Considering cell lines by their before- and after-the-
fact properties should facilitate integration of new cell lines into the literature and help incorporate the discipline of cell 
biology into other research areas, particularly the natural history of fishes.
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Introduction

For the last 70 yr, the cells of multicellular animals, such as 
mammals and fishes, have been put into culture. The cultures 
can be considered one of two basic types: primary cell cul-
tures and cell lines. Primary cultures are initiated directly 

from the cells, tissues, or organs of an animal and typically 
are used within a few days of their preparation, or they can 
be sub-cultivated or passaged into new culture vessels. The 
sub-cultivation is the end of a primary culture and the start 
of a cell line (Bols et al. 2005). Cell lines can be serially 
sub-cultivated, cryopreserved, and used in a large number 
of ways. The topic of animal cell lines involves a complex 
interplay of methodologies, curation, and applications.

In an attempt to make relationships easier to see in 
a plethora of details, Bols et al. (2017) proposed three 
terms for in vitro biology: invitromatics, invitroomics, and 
invitromes. Invitromatics is defined as the science and history 
of establishing, characterizing, engineering, storing, and 
distributing animal cell lines. Invitromatics is broadly similar 
for both vertebrate groups, Mammalia and Actinopterygii 
(ray-finned fishes). The basal media, serum supplements, 
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antibiotics, and culture vessels are similar, although culture 
incubation temperatures obviously differ (Bols et al. 1992). 
On the other hand, the mammalian invitromatics is much 
more sophisticated in many areas, such as characterization, 
genetic engineering, and three-dimensional (3D) growth 
of cell lines. Invitroomics is defined as using cell lines for 
particular purposes, which range from basic research to 
commerce. The focus of invitroomics for mammals and ray-
finned fishes differs. Most mammalian invitroomics has a 
medical focus, and although fish cell lines are used in aspects 
of medical research (Hightower and Renfro 1988), the main 
focus of ray-finned fish invitroomics has been virology and 
ecotoxicology (Bols et al. 2005). However, because of the 
diverse and complex natural histories of Actinopterygii, 
which have approximately six times more species than 
Mammalia, ray-finned fish cell lines are progressively being 
used for more varied purposes.

Invitromes are defined as groups or catalogs of cell lines 
around themes. The most comprehensive total number of 
animal cell lines reported in the literature can be obtained 
from Cellosaurus, an online cell line resource (https://​www.​
cello​saurus.​org/) (Bairoch 2018). This would constitute 
the animal invitrome. According to the Cellosaurus data, 
the invitromes for mammals and ray-finned fishes differ 
profoundly. Mammalian cell lines number more than 100,000, 
whereas fewer than 1000 ray-finned fish cell lines exist. Most 
mammalian cell lines are from a few species, humans, and 
rodents, whereas the ray-finned cell lines are from hundreds 
of species. Subdividing these cell lines into invitromes is an 
attempt to see “forests among all the trees” and offers several 
advantages. Firstly, organizing cell lines into invitromes will 
show where efforts should be put toward developing new 
cell lines. Secondly, invitromes should stimulate searches for 
patterns in cell line groupings. The detection of patterns would 
raise new scientific questions to explore. For example, if the 
embryo invitrome for a species were found to differ from the 
adult invitrome in one or more properties, this would generate 
research into possible explanations, such as an epigenetic one. 
Another example could be in virology. If cell lines from the 
invitrome of one species were found to support the replication 
of a specific virus whereas the invitrome of another species did 
not, the explanation for this could be sought by using the two 
cell line groups to study antiviral restriction factors. Thirdly, 
cell lines as a resource for scientific experimentation would be 
easier to access. For example, if the experimental interest was 
in the liver, reviewing the liver invitrome would provide a quick 
overview of possible cell lines to use. Finally, categorization 
should help in documenting, storing, and distributing cell lines. 
In turn, this will help in understanding cell line availability. 
For example, the informally shared invitromes are cell lines 
that might be obtained from other researchers but the general 
usefulness of some of these might suggest that more of these 
should be in depositories.

This review uses cell lines from ray-finned fishes 
to develop a general framework for characterizing or 
categorizing animal cell lines and to illustrate the concepts 
specifically with cell lines from skeletal muscle. Cell lines 
are considered to have two types of descriptors: “before-the-
fact” or ante factum properties (Fig. 1) and “after-the-fact” 
or post factum properties (Fig. 2). Ante factum properties are 
the characteristics of the sample from which the cell line was 
initiated, of the species from which the sample was obtained, 
and of the scientists who established the cell line. Post factum 
properties appear during the development, characterization, 
use, and storage of the cell line. Thus, the post factum 
properties arise from both invitromatics (cell line preparation) 
and from invitroomics (cell line use). With modifications, this 
framework could be applied to any animal group for which 
there are a large number of cell lines, such as mammals and 
insects, and so might be broadly useful for in vitro biology. 
Invitromatics and invitroomics are not specifically reviewed 
here but are used to make the case for ante factum and post 
factum properties of cell lines and to present a broad picture 
of Actinopterygii cell line diversity.

“Before‑the‑fact” or ante factum properties and invit‑
romes  Ante factum properties are the characteristics of the 
sample, organism, and laboratory that led to the cell line. Fig-
ure 1 illustrates how the ray-finned invitrome can be subdi-
vided by applying “before-the-fact” properties. A discussion 
of this follows, organized around the properties of the samples, 
organisms, and scientists (laboratory).

Properties of the sample  Cell lines can be grouped into 
invitromes by using the properties of the biological sample 
that was used to prepare the primary cultures that initiated 
the development of the cell line (Fig. 1). These properties 
come from features of the life cycle stage, of the organ, and 
of the organism from which the sample was obtained.

Life cycle stage  Fish cell lines are usually described as 
being derived from either embryos, larvae or adults (Wolf 
and Mann 1980; Fryer and Lannan 1994; Thangaraj et al. 
2021), but other life cycle stages are also of interest. The 
choice of stage has often been dictated by availability, but 
in recent years cell lines have been sought specifically from 
embryos in order to study embryo stem cells (Hong et al. 
2011). In the future, comparing cell lines from different 
life cycle stages might be profitable for several research 
disciplines, with one being epigenesis. Patterns of global 
DNA methylation, which is one epigenetic mechanism, 
have been found to be similar between some human cell 
lines and their tissue of origin (Rodger et al. 2021). For 
some fish, global DNA methylation patterns change during 
their life cycle (Suarez-Bregua et al. 2021). Whether such 
patterns would be retained in fish cell lines is unknown. 
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Investigating this would be interesting and helped by having 
a collection of cell lines from all life cycle stages of a single 
species. Such a life stage invitrome would be expected 
for rainbow trout because this species has been studied 
so frequently. Indeed, rainbow trout cell lines have been 
reported from embryos and adults multiple times (Bols et 
al. 2017), and at least once from juveniles (Wolf and Mann 
1980). Also, spawning rainbow trout have been the source 
of cell lines from the pituitary, RTP-2 (Bols et al. 1995), 
and from reproductive fluids, RTmilt5 and RTovfl (Vo et 
al. 2015a). Yet, no cell line appears to have been reported 
from rainbow trout larvae. By contrast, larvae have been 
the source of cell lines for many other species (Thangaraj 
et al. 2021), such as PHL from Pacific herring (Ganassin 
et al. 1999) and GML-5 from the Atlantic cod (MacLeod 
et al. 2018).

Organ  Fish cell lines are usually listed as being from a 
particular organ or tissue (Wolf and Mann 1980; Fryer and 
Lannan 1994; Thangaraj et al. 2021), which have nearly 
always been taken from juvenile or adult fish. Although 

the intention is usually clear, the semantics can be puz-
zling. From a histological perspective, an organ is made 
of four basic tissues: epithelium, connective, muscle, and 
nervous. The samples that have been used to start nearly 
all fish cell lines have been started from organs rather than 
specifically from one of these four tissues. Another pos-
sible point of confusion revolves around the term muscle. 
Sometimes cell lines from skeletal muscle are referred as 
muscle cell lines, but of course these cell lines are from an 
organ, because skeletal muscle is in fact an organ (Pedersen 
2013). In the first listing of fish cell lines, Wolf and Mann 
(1980) noted whether the “tissue of origin” was normal or 
abnormal. Over the subsequent years, the practice has been 
to start cell cultures only from organs that appear normal on 
quick inspection. Tumors would be an interesting cell line 
source, but confirming a tumor in an abnormal-appearing 
organ requires histological examination, by which time 
material for starting cell cultures is usually no longer avail-
able. Despite this, tumors have been the source of a few fish 
cell lines, such as RTH149 from a rainbow trout hepatoma 
(Fryer et al. 1981).

habitat

biology
e.g. natural history

e..g.  freshwater invitrome

conserva�on
status
e.g. endangered invitrome

significance
to humans

Subdividing ray-finned fish invitrome by ‘before-the-fact’ proper�es

Genera (~3,000)
e.g. Oncorhynchus (11 species)

1 example 1 example

life cycle stage

organismEmbryo
Invitrome

Larvae
Invitrome

juvenile
Invitrome

Spawning
invitrome

Adult
invitrome

organ
e.g. liver 
invitrome

e.g. hepatoma
invitrome

fluid e.g. blood
Invitrome

normal

taxonomy
e.g. teleostsOrders (~70)

e.g. Salminoformes  (1 family)

Families (~500)
e.g. Salmonidae  (11 genera)

Species (~34,000)
e.g. O. mykiss  invitrome

sample 
proper�es

species 
proper�es

w
ith

 o
r w

ith
ou

t 
en

ric
hm

en
t

fo
r s

pe
cifi

c c
el

l t
yp

es

abnormal

1 example lab loca�on
e..g  Indian invitrome

scien�st 
proper�es

Figure  1.   An informal classification tree for grouping fish cell lines 
into different invitromes based on “before-the-fact” or ante factum 
properties. These are properties of the sample that was used to start 
the cell line (top center oval), of the species from which the sample 
was taken (middle center oval), and of the scientists who developed 
the cell line (bottom center oval). The sample properties are the organ-
ism from which the sample was taken, life cycle stage of the organ-
ism, and the organ or fluid that was sampled. The species properties 
are its taxonomy, significance to humans, and biological features or 

natural history. For taxonomy, invitromes could be constructed at any 
rank from order through to species. The significance of the species to 
humans could be many, with conservation status and an endangered 
fish invitrome being one example. Numerous biological features of the 
species could be used to construct invitromes, and habitat and fresh-
water fish invitrome is one example. The scientist properties could be 
the laboratory location, such as India and Indian fish invitrome.
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Fish cell lines are from either solid or hollow organs, 
with the exception of a few from biological fluids. For start-
ing cell lines from organs, the first step is to dissociate or 
fragment the organs into cells or cell clumps, put them into 
a growth medium within culture vessels, and allow them to 
attach and proliferate on the culture surface. For starting 
cell lines from biological fluids, the dissociation step is not 
needed but media and culture vessels are the same. Organ 
dissociation procedures, culture vessels, basal media, and 
supplementations of media with serum and other factors are 
the subjects of invitromatics (Bols et al. 2017). Fish invitro-
matics will not be reviewed here because the basic principles 
of dissociating organs and of culturing their cells are similar 
to those for mammals and can be found in basic cell cultur-
ing texts (e.g., Freshney 2005). For some of the broad adjust-
ments that have to be made for the ray-finned fishes, some 
of the early reviews specific to fish are still valuable (Wolf 
and Quimby 1969; Nicholson 1989; Bols and Lee 1994).

The exact number of fish organs from which cell lines 
have been developed depends on terminology, whereas the 
number of cell lines from a specific organ can usually be 
stated more precisely. According to Thangaraj et al. (2021), 
the period between 2010 and 2020 saw the development of 
fish cell lines from twenty different “tissues” (organs). Part 
of the problem is whether fins from different anatomical sites 
should be considered as being from one or multiple organs, 
and similarly, for skin and bone from different body regions. 
Fish cell lines have been established routinely from the fol-
lowing organs: brain, bone (vertebrae), eye, fin, heart, gill, 
gonad, intestine, kidney, liver, ovary, pituitary, skeletal mus-
cle, skin, spleen, swim bladder, testis, and thymus (Lakra et 
al. 2011; Thangaraj et al. 2021; Laizé et al. 2022; Goswami 
et al. 2022). Thus, conservatively, there are at least 18 fish 
organ invitromes.

Organ invitromes can be considered to have multiple 
properties. This idea will be illustrated with an internal 

A. Rela�onship
 to poten�al 
pathogens

Subdividing ray-finned fish invitrome
 by ‘a�er-the-fact’ proper�es

C. Many
addi�onal
experiments

B. Growth 
e.g. adherent 
invitrome

A. shape 
e.g.epithelial
 invitrome

B. Response to 
environmental 
contaminants

Availability
e.g.Zombie invitrome

e.g. epigenomics, 
transcriptomics & 
glycomics could lead 
to many cell groupings 

e.g.  Industrial
chemicals

e.g. gene�c 
engineering

C. Stemness or 
poten�al to 
differen�ate

e.g.  immune
invitrome

e.g. specific 
viruses

A. Cytoskeletal 
& junc�onal  
proteins

e.g.  fluorescent 
reporter 
invitrome

D. Omic profiles

e.g. acetylated 
tubulin 
invitrome

B. Func�onal 
& lineage
markers

e.g.  hepatocyte
        invitrome

 e.g. dioxin 
responsive
invitrome

e.g. suppor�ve 
viral invitrome

I. DEVELOPMENT

III. EXPERIMENTATIONII. CHARACTERIZATION

IV. STORAGE

Figure  2.   An informal classification tree for grouping fish cell lines 
into different invitromes based upon properties that become apparent 
after the start of the cell line. These after-the-fact or post factum prop-
erties can emerge as the cell line is being developed (I), characterized 
(II), experimented on (III), and stored (IV). During development (I), 
two common features that emerge are cell shape (e.g., epithelial invit-
rome) and the necessity for a solid support (e.g., anchorage or adher-
ent invitrome). Characterization (II) involves a mix of methodology 
and endpoints, and here will be considered to proceed along four paths 
(A, B, C, and D). For (A), variability in the presence, organization, and 
modifications of specific cytoskeletal and junctional protein can be 
used to group cell lines. As an example, the α tubulin cytoskeleton is 
acetylated in some but not all walleye cell lines. For (B), the expres-

sion of specific functional or lineage markers during routine cell cultur-
ing can define invitromes. An example is RTS11, which belongs to the 
immune invitrome. For (C), a cell line’s capacity to express stemness 
or to differentiate and acquire functional properties in response to spe-
cific changes in culture conditions would place them in stem cell and 
progenitor invitromes. An example would be the hepatocyte invitrome. 
For (D), application of omic procedures should lead to countless new 
groupings. Experimentation (III) with cell lines leads to them being 
grouped by their ability to support replication of specific viruses (A), 
respond to environmental contaminants (B), or to be genetically engi-
neered. Finally, with storage (IV), the availability of cell lines can 
change, and some might have an uncertain status (zombie invitrome).
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organ, the spleen, and an external organ, the fin, and two 
properties. One property is species diversity, which is the 
number of species from which cell lines have been devel-
oped from the same organ (e.g., spleen). Currently, spleen 
cell lines have been developed from 13 species: Asian sea 
bass (Parameswaran et al. 2006), black porgy (Tung et al. 
1991), Chinook salmon (Semple et al. 2018), Japanese 
flounder (Kang et al. 2003), mandarin fish (Dong et al. 
2008), orange-spotted grouper (Huang et al. 2018), rainbow 
trout (Ganassin and Bols 1998), red-spotted grouper (Huang 
et al. 2009), sea perch (Tong et al. 1998), silver perch (Ellen-
der et al. 1979), walleye (Vo et al. 2015b), white sturgeon 
(Hedrick et al. 1991), and zebrafish (Xing et al. 2009). The 
second property is size, the number of cell lines from a par-
ticular fish organ (e.g., fin). The fin invitrome appears to be 
the largest of the organ invitromes, with approximately 133 
cell lines (Laizé et al. 2022).

Only a few cell lines have been obtained from biological 
fluids. Most have been from blood. These include several 
immune cell lines from the channel catfish (Vallejo et al. 
1991; Miller et al. 1994). Others are from the American eel 
(DeWitte-Orr et al. 2006), catla (Chaudhary et al. 2012), 
and the common carp (Faisal and Ahne 1990). A few cell 
lines have been from rainbow trout reproductive fluids, milt 
(RTmilt5) and ovarian fluid RTovfl (Vo et al. 2015a, b).

Properties of the organism  In addition to these two types 
of “before-the-fact” properties, the organism or fish spe-
cies from which the sample was taken to start the cultures 
has numerous sets of properties. Discussed below are three 
examples: taxonomy, natural history, and significance to 
humans.

Taxonomy  Species of origin is a fundamental property of 
a cell line and can be used to categorize them, beginning 
with the broadest category “fish.” For the general public, 
“fish” means cold-blooded aquatic animals that have fins 
and breathe with gills. Scientifically, “fish” are vertebrates 
under the phylum Chordata and the term denotes primarily 
Agnatha (jawless fishes), Chondrichthyes (sharks and rays), 
Sarcopterygii (lobe-finned fishes), and Actinopterygii (ray-
finned fishes) (Ng et al. 2017). No cell lines appear to have 
developed from Agnatha and Sarcopterygii and only a few 
from Chondrichthyes (Parton et al. 2010). Therefore, this 
review is confined to the cell lines from ray-finned fishes, but 
in this paper fish, ray-finned fish and Actinopterygii will be 
used synonymously. The number of fish cell lines increases 
each year (Thangaraj et al. 2021; Laizé et al. 2022), and one 
way to keep track of the number is to consult Cellosaurus, an 
online cell line resource that monitors the scientific litera-
ture for new cell lines (Bairoch 2018). Based on Cellosaurus 
(https://​www.​cello​saurus.​org/), the fish invitrome currently 
has 864 cell lines (release 43, September 2022).

The Actinopterygii or ray-finned fish invitrome could 
potentially be subdivided around several phylogenetic terms: 
clade, class, subclasses, and infraclasses. Actinopterygii is a 
clade, which is a group of classes with a common ancestor. 
The Actinopterygii is made up of two classes: Cladistia and 
Actinopteri. The bichirs are the only living species in Clad-
istia and appear not to have been a source of any cell lines. 
The Actinopteri are made of two subclasses: Chondrostei 
and Neopterygii. The sturgeons belong to the Chondrostei 
and have been the source of several cell lines (Hedrick et al. 
1991; Ryu et al. 2018). The Neopterygii is divided into two 
infraclasses: Holostei and Teleostei. The only members of 
the Holostei are the bowfin and the gars. For the Holostei, 
one cell line, GARL, has been reported. GARL remains to be 
characterized thoroughly but has proven useful in compara-
tive immunology (Liu et al. 2019). The Teleostei contains 
more than 34,000 species (Dornburg and Near 2021), and 
except for GARL and the sturgeon cell lines, is the source 
of all other fish cell lines. Thus, by-and-large, fish cell lines 
are teleost cell lines.

The teleost invitrome can potentially be subdivided in 
different ways. With the advent of rapid, large-scale DNA 
sequencing of teleost genomes, new phylogenetic and taxo-
nomic relationships are being proposed (Santini et al. 2009; 
Betancur-R et al. 2017; Ravi and Venkatesh 2018). For 
example, teleosts are now thought to consist of three primary 
groups: Osteoglossomorpha, Elopomorpha, and Clupeo-
cephala (Takezaki 2021). Subdivisions could also be made 
around teleost clades, such as Otocephala, and subclades, 
such as Percomorpha (Dornburg and Near 2021). However, 
most invitromaticists, who are scientists focused on animal 
cell culturing (Bairoch 2018), are less familiar with these 
terms and have by-and-large used taxonomic ranks. A tax-
onomic hierarchy is a sequence of ranks in increasing or 
decreasing order and will be used here to categorize teleost 
cell lines (Fig. 1). This makes categorization easier to inte-
grate with past fish cell line compilations, which have been 
around a few taxonomic rankings, usually species and fam-
ily. Therefore, conventional hierarchical ranks will be used 
to subdivide the teleost invitrome. The precise numbers for 
each teleost rank vary in the literature because new fish spe-
cies are found each year and because of taxonomic debates. 
Consulting the previously mentioned reviews and an online 
resource for fish data (https://​www.​fishb​ase.​de/​home.​htm) 
will give an idea of the range. Here, the following num-
bers will be used for each teleost rank: ~ 70 orders, ~ 500 
families, ~ 3000 genera, and ~ 34,000 species (Fig. 1). These 
provide context for where cell lines have been obtained from 
in the past and for where they should be sought in the future.

The order Salmoniformes and the species Oncorhyn-
chus mykiss (rainbow trout) will be used to illustrate how a 
taxonomical hierarchy can be used to define invitromes and 
how most Salmoniformes cell lines come from just a few 
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genera and species. The Salmoniformes has 1 family, the 
Salmonidae or salmonids, 11 genera, and between 226 and 
252 species. The species numbers and number of species in 
particular genera occasionally are uncertain because teleost 
taxonomy continues to progress. The Salmoniformes has 
been the source of 129 cell lines (https://​www.​cello​saurus.​
org/; Bols et al. 2017; Pham et al. 2020). Of the 11 salmo-
nid genera, cell lines have been developed from 5 genera: 
Oncorhynchus (Wolf and Quimby 1962), Salmo (Nichol-
son and Byren 1973), Stenodus (Follett and Schmitt 1990), 
Salvelinus (Cheng et al. 1993), and Coregonus (Grunow et 
al. 2021). The genus Oncorhynchus has between 11 and 16 
species, depending on the status of subspecies (https://​www.​
fishb​ase.​de/​home.​htm). Cell lines from this genus have been 
developed from 6 species: O. mykiss (rainbow trout) (Wolf 
and Quimby 1962), O. tshawytscha (Chinook salmon) (Fryer 
et al. 1965), O. nerka (sockeye) (Lannan et al. 1984), O. keta 
(chum) (Watanabe et al. 1980), O. kisutch (coho) (Lannan 
et al. 1984), and O. masou (Masu) (Moritomo et al. 1988). 
Oncorhynchus invitrome has 99 cell lines. The bulk of these 
is in the rainbow trout invitrome, with 74 cell lines (https://​
www.​cello​saurus.​org/). These are from different life cycle 
stages and anatomical sites, as described later.

Currently, fish invitromes are expanding rapidly. Several 
fish cell line compilations have appeared in the literature 
over the last 45 yr. In 1980, cell lines were reported from 
36 species (Wolf and Mann 1980), and by 1994, cell lines 
had been developed from 74 species, including hybrids 
(Fryer and Lannan 1994). Relying on Cellosaurus (Bairoch 
2018), Goswami et al. (2022) reported that more than 590 
species had been the source of cell lines. The ray-finned 
fishes comprise more than 34,190 species with most being 
teleosts (Dornburg and Near 2021). Therefore, the species 
represented in cell lines is roughly 2% of the fish species, 
whether ray-finned fishes or teleosts. The usual justifications 
for obtaining cell lines from a new species have been based 
on the species having some biological properties and/or sig-
nificance to humans that is not captured with existing cell 
lines. Clearly, expecting to have cell lines from all fish spe-
cies is unrealistic. However, with improved understanding of 
fish phylogenetic relationships, cell lines from one species 
might be chosen to be representative of higher taxonomic 
groups.

Natural history  Grouping cell lines around properties of 
the starting organism is an attempt to begin assimilating 
information on cells with information on higher levels of 
biological organization. “An intact and functioning organ-
ism encompasses all levels of biological integration” and is 
a vehicle “into which a vast range of biological data can be 
fitted” (Bartholomew 1986). The organism properties will 
include genetics, development, morphology, and physiol-
ogy but also the natural history of species, such as habitat, 

distribution, and behavior (Greene 2005). In the past, cell 
lines have been grouped around habitat, but very few other 
properties. About 22% of the cell lines were noted in 1980 
to be from marine species (Wolf and Mann 1980), but now 
marine species are slightly more represented in cell lines 
than freshwater species (Laizé et al. 2022). In the future, 
habitat could be subdivided further, providing many other 
kinds of categorizations, with a cave fish invitrome being an 
exotic example. Another feature is the geographical distri-
bution of the species. This was done by Pham et al. (2020), 
with two examples being the Great Lakes Basin and North 
Pacific Ocean invitromes. Considering the diversity and 
complexity of life histories that arise from approximately 
34,000 fish species, cell lines can probably be grouped 
in hundreds of ways around the attributes of the starting 
organisms.

Significance to humans  The varying significances of fish 
species to humans also provide themes around which the cell 
lines can be grouped. One example is the cell lines estab-
lished from endangered fish species, which has been done in 
the hope of preserving their germplasm. The Yangtze stur-
geon (Liu et al. 2020) and mahseer (Yadav et al. 2012) are 
endangered and have been the source of cell lines. These and 
cell lines from other endangered fishes would constitute the 
endangered fish invitrome. Many other examples of catego-
rizing cell lines by their import to humans can be imagined. 
Categories could be the cell lines from fish species that are 
in aquaculture and the cell lines from fish species under 
jurisdictional control of a national government. Another 
could be the significance of the species to the indigenous 
people of the country of origin; for example, some fish spe-
cies are considered treasured (taonga) species to the Māori 
people of New Zealand. Again, these are just a few examples 
of how invitromes can be organized around the significance 
of the cell line species to humans.

Properties of the scientists  Cell lines can be grouped by 
using descriptors of the laboratory or scientists that first 
established and reported the cell lines. Multiple properties 
of the laboratory could be considered such as who was the 
principal investigator or what funding agency supported the 
cell line development. Lab location is one property that has 
been used recently to group fish cell lines. For the decade 
2010–2020, the Chinese and Indian invitromes for fish cells 
grew by 78 and 65 respectively (Thangaraj et al. 2021).

“After‑the‑fact” or post factum properties and invit‑
romes  Properties of a cell line that come into being after 
the start of the primary cell culture that gave rise to the line 
are being termed here “after-the-fact” or post factum proper-
ties. These properties are revealed through the development 
and characterization steps of invitromatics and from the 
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results of using the cell lines for different purposes (invit-
roomics). Post factum properties can range from something 
very general, like cell shape, to something very specific, 
like susceptibility to a particular virus. Categorizing cell 
lines on the basis of these properties gives post factum invit-
romes. Specific post factum invitromes are based on specific 
post factum properties. The potential number of post factum 
properties is probably very large, depending on how much a 
cell line has been used in the past and will be studied in the 
future. These properties are realized in different ways. For 
the sake of simplicity, these ways or processes are identified 
in this article as being of four types: development, charac-
terization, experimentation, and storage. Figure 2 illustrates 
how these four processes and post factum properties arising 
from them can be used to broadly subdivide the ray-finned 
fish invitrome. The categorization of fish cell lines based on 
properties acquired during development, characterization, 
experimentation, and storage is briefly discussed under these 
headings in the following sections.

Properties that appear during cell line development  From 
the initiation of primary cultures to begin the development 
of a cell line to the cryopreservation of the cell line, the cel-
lular morphology and growth characteristics of the cell line 
become apparent. These simple properties can be used to 
categorize cell lines.

Cell shape  The cellular morphology of fish cell lines is 
judged by examining cultures with an inverted phase con-
trast microscope, and usually is reported as belonging to one 
of a few shape categories. Most fish cell lines are reported 
as having either epithelial-like (epithelioid) or fibroblast-
like (fibroblastoid) shapes (see lists in Bols et al. (2017) for 
rainbow trout; Thangaraj et al. (2021) for other species). Yet 
other morphologies also have been noted frequently, such 
as spindle-shaped (Gignac et al. 2014) and endothelial-like 
(Vo et al. 2015a, b). The spindle-shape is associated with 
myogenic cells, as will be discussed later in the section on 
trunk skeletal muscle cell lines. The endothelial-like shape is 
often used synonymously with cobblestone shape and can be 
accompanied by the cells organizing on the culture surface 
into capillary-like tubes (Vo et al. 2015a, b). A few cell lines 
are described as monocyte or macrophage-like (Vallejo et al. 
1991; Bols et al. 2003).

Although simple to observe, cell shape as a property of 
cell lines can be problematic. The reported shape is sub-
jective and depends to a degree on when the culture is 
observed. During cell line development, early cultures often 
appear heterogenous, but with passaging, cultures become 
more homogenous, with one predominant cell shape. This 
evolution of culture appearance is most obvious when a cell 
line is started by outgrowth of organ fragments (explant 
outgrowth), but also is apparent even when attempts have 

been made to purify a specific cell type from an organ 
prior to putting them into primary cultures. In the case of 
the endothelial cell line eelB, the dominant shape did not 
emerge until late-passage cultures (Bloch et al. 2016). A 
mixture of cell shapes has been noted for some fish cell lines 
and appears to be a stable feature of them. This is discussed 
later in the section on the property of stemness, with RTL-
W1 as the example. The shape of cells also changes subtly 
within the life span of a single culture as cells grow from low 
cell density at the beginning to form a confluent monolayer 
at the end of the culture. The rainbow trout spleen stands out 
for having given rise to cell lines with a diversity of shapes. 
One is RTS11, which is macrophage-like (Ganassin and Bols 
1998). Others are the endothelial-like TSS (Fierro-Castro et 
al. 2012) and fibroblast-like RBS (Wolf and Quimby 1969). 
Yet for other spleen cell lines, cellular morphology appears 
more complex, with RTS being described as pleomorphic 
(Moritomo et al. 1990), and RTS34st as being a mixture 
of fibroblast- and epithelial-like cells (Ganassin and Bols 
1999).

Growth properties  Growth for most fish cell lines is anchor-
age dependent and described as continuous or immortal. 
However, a small invitrome of anchorage-independent cell 
lines exists. One member is RTS11, which rose from prog-
eny cells being released into the medium from an adherent 
spleen stromal layer (Ganassin and Bols 1998), and another 
is a CHSE-214 variant, which was adapted to grow in sus-
pension (Nakano et al. 1993). Some cell lines appear to be 
capable of growth in agar (Malhao et al. 2013), but this 
property is not routinely evaluated.

Nearly all fish cell lines appear to have arisen through 
“spontaneous immortalization” (Bols and Lee 1994), but 
the necessity for a period of culture deterioration or “crisis” 
for immortalization to emerge is unclear. A “crisis” has been 
noted in the establishment of only a few fish cell lines. In 
the development of catfish leucocyte cell lines, cultures were 
observed to deteriorate approximately 4 wk after they had 
been initiated (Barker et al. 2000). This was followed by 
the reactivation of telomerase activity and continuous cell 
proliferation (Barker et al. 2000). Culture deterioration was 
observed later, at 12–15 passages during the establishment of 
a goldfish cell line (Li et al. 2021) and at 37–43 passages for 
an Atlantic mackerel cell line (Saad et al. 2022). However, 
most often a “crisis” has not been mentioned in the context 
of fish cell line establishment, suggesting a period of culture 
deterioration either does not occur or fails to be noticed. 
As a transitory event whose timing, intensity, and duration 
might vary between species, a “crisis” might be missed. For 
the development of some rainbow trout and walleye cell 
lines, small patches of cells appeared to senesce and die in 
primary cultures but whether this constituted a “crisis” or 
senescence was difficult to decide (Vo et al. 2015a, b). The 
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results for senescence-associated β-galactosidase (SA β-Gal) 
staining were complex. During the development of some cell 
lines, the number of cells staining for SA β-Gal decreased 
from early to late passage cultures. On the other hand, a few 
endothelial-like cell lines, WEBA from walleye bulbus arte-
riosus (Vo et al. 2015c) and eelB1 from the American eel 
brain (Bloch et al. 2016), continuously stained for SA β-Gal. 
For other cell lines, cells rarely ever stained for SA β-Gal at 
any point during their development (Vo et al. 2015a, b). A 
molecular explanation for the apparent immortal behavior of 
some fish cells has been offered (Futami et al. 2022). This is 
the absence of the p16INK4a/ARF locus in the fish genome. 
Interestingly, senescence can be induced experimentally by 
treating an immortal cell line with 5-aza-2ʹ deoxycytidine 
(Futami et al. 2019).

Properties revealed during cell line characterization  The 
results of cell line characterizations done in the past by 
simple procedures and in the future with more sophisticated 
technologies should allow current and future cell lines to 
be categorized in numerous ways. Characterizations can 
be considered to proceed along four paths, defined in part 
by the cellular endpoint being evaluated and in part by the 
evaluation technology. These four characterization paths are 
briefly discussed below.

Cytoskeletal and junctional proteins  The cytoskeleton and 
cell junctions are complex protein structures of most cells 
but differences in their protein constituents and organiza-
tion can be revealed by the relatively simple techniques of 
fluorescent staining, making this one rout to characterizing 
and categorizing cell lines. The American eel brain cell line 
EelB-1 is an example of categorization through cytoskeletal 
and junctional proteins (Bloch et al. 2016). The cytoskel-
eton usually has been easier to examine because fluores-
cently conjugated phalloidin detects F-actin in all cells and 
several commercially available antibodies to mammalian 
cytoskeletal proteins detect their fish equivalents. However, 
the distribution of intermediate filament proteins in fish tis-
sues is more complex than in mammals (Herrmann et al. 
1996) and so the categorization of cell lines on this basis is 
less clear. Several monoclonal anti-bodies to α-tubulin and 
to acetylated α-tubulin work well. When applied to a set of 
eight walleye cell lines, these revealed a cytoplasmic tubulin 
network in all cell lines but strong acetylation of this net-
work in only three (Vo and Bols 2016). These might prove 
to be useful characterization parameters as more information 
becomes available with other cell lines.

Functional or lineage markers  During routine cell culturing, 
several fish cell lines appear to continuously express specific 
functional or lineage markers. Some examples are from the 
immune system and might be considered to belong to the 

immune invitrome. These include two from the rainbow 
trout: the monocyte/macrophage RTS11 from the spleen 
(Ganassin and Bols 1998), and the T cell HK1532 from the 
head kidney (Maisey et al. 2016). RTS11 express major his-
tocompatibility (MH) class II polypeptides (Kawano et al. 
2010), and HK 1532 are CD4 + (Maisey et al. 2016). Other 
examples of this category are likely to emerge as more anti-
bodies for cell surface markers and other proteins become 
available for fish.

Stemness and differentiation  Stem cells and stemness are 
both simple and sophisticated concepts, and if described 
more completely for fish cell lines, the cell lines could be 
categorized into “differentiation” invitromes and their util-
ity improved. For fish, most attention has been given to 
embryonic stem cells (ESCs). ESCs are cells from early-
stage embryos that are pluripotent, which means that they 
can generate cells of all three germ layers (ectoderm, meso-
derm, and endoderm). Although many cell lines have been 
established from fish embryos (see lists in Bols et al. (2017) 
for rainbow trout; Thangaraj et al. (2021) for other species), 
pluripotency has been evaluated in only a fraction of them. 
A few of these appear pluripotent by several in vitro and 
in vivo characteristics (Ma et al. 2001; Hong et al. 2011; 
Verges-Castillo et al. 2021). The status of other fish embryo 
cell lines remains to be delineated. However, an embryo cell 
line from the common killifish was found to be myogenic 
(Gignac et al. 2014), and another, ZEB2J from the zebrafish 
blastula, appeared to be nullipotent (Xing et al. 2008). With 
new knowledge being gained about pluripotent marker genes 
in fish (Li et al. 2022), many more embryo cell lines could 
be tested in the future for their differentiation potential.

Adult stem cells (ASCs) are intensively studied in mam-
mals where they appear later in development, persist in small 
numbers in organs throughout life, and retain the capacity 
to renew and differentiate. They also can be plastic. This 
makes identifying the origins of ASCs more complex. ASCs 
could be a stable property of a discrete cell population or a 
property acquired in a specific context (Zipori 2004; Clev-
ers and Watt 2018). A philosophical analysis by Laplane 
and Solary (2019) offers four types of properties that con-
stitute stemness: categorical, dispositional, relational, and 
systemic. As a categorical property, stemness is intrinsic 
and independent of any interaction with surrounding enti-
ties. As a dispositional property, stemness is also intrinsic 
but becomes apparent upon interaction with external stimuli. 
As a relational property, stemness requires interaction enti-
ties, such as a specific niche. Finally, as a systemic property, 
stemness is an extrinsic characteristic that is provided and 
maintained by the system.

Although much less studied in fish, ASCs possibly exist 
within the population of cells that make up some fish cell 
lines. The case for this involves four considerations. Firstly, 
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the presence of differentiated cells within cultures of the cell 
line needs to be established, as this constitutes the strong-
est evidence for the presence of ASCs or progenitors. The 
term progenitor cells could be used for situations in which 
only one differentiated cell type is evident in cultures. Sec-
ondly, consideration should be given to possible origins for 
ASCs/progenitors in cell lines. Thirdly, efforts to identify the 
ASCs/progenitors within the cell cultures by using molecular 
markers should be described. Finally, how stemness is main-
tained within cultures of the cell lines should be considered.

The case for some fish cell lines having ASCs/progenitors 
will be made by using as an example RTL-W1 which was 
established from the rainbow trout liver (Lee et al. 1993). 
Malhao et al. (2013) found that overall RTL-W1 did not 
share morphological features with differentiated hepato-
cytes. However, when allowed to aggregate into 3-dimen-
sional (3D) spheroids, which for many mammalian cell 
systems provides a stem cell niche and this leads to differen-
tiation (Forte et al. 2017), RTL-W1 displayed ultrastructural 
characteristics similar to those of differentiated hepatocytes 
(Lammel et al. 2019). Thus, the presence of progenitor cells 
is implied. As to their origin, at least two possibilities exist. 
One is bile preductular epithelial cells, which are thought to 
be stem cells in the rainbow trout liver (Okihiro and Hinton 
2000). However, hepatocytes are also possibility because 
mammalian hepatocytes have been reported to dedifferenti-
ate in culture to become stem cells (Chen et al. 2012). The 
nature of the stemness in RTL-W1 cultures is open to debate. 
An intrinsic and dispositional nature is suggested by two 
observations. Firstly, anti-cytokeratin monoclonal antibod-
ies, AE1/AE3, stained all cells in 2 D RTL-W1 cultures but 
in the liver stained only biliary epithelial cells (Malhao et al. 
2013), which are likely to be stem cells (Okihiro and Hinton 
2000). Secondly, hepatocytes formed in spheroid (3D) cul-
tures (Lammel et al. 2019).

However, during the conventional (2D) maintenance 
cycle of cell trypsinization, plating, and growth to conflu-
ency, RTL-W1 cultures show a heterogeneity that is stable, 
raising a question about the role of stem cells in this. In the 
original RTL-W1 description (Lee et al. 1993), cell shape 
was described as predominantly polygonal or epithelial-like, 
but as cultures became confluent, bipolar or fibroblast-like 
cells appeared and piled up into ridges between which were 
monolayers of epithelial-like cells. This behavior has now 
been observed over approximately 35 yr of RTL-W1 being 
maintained. Independently, Malhao et al. (2013) found two 
cell populations based on size and ultrastructure and also 
commented on the stability of appearance in RTL-W1 cul-
tures. These observations suggest that RTL-W1 cultures 
maintain an equilibrium among several cell populations 
and that perhaps the cell line should be considered a sys-
tem, regulating one or more stem cell populations. Although 
unraveling these questions is challenging, RTL-W1 is still 

extremely useful in environmental toxicology (Clemons et 
al. 1998) and more knowledge about their stemness should 
enhance their value and serve as a model for understanding 
the stem cell properties of other fish cell lines.

Omic profiles  Application of omic procedures to the char-
acterization of fish cell lines should lead to innumerable 
new groupings. Omics includes genomics, epigenomics, 
transcriptomics, proteomics, metabolomics, and glycomics 
(Blochl et al. 2021; Nevedomskaya and Haendler 2022), and 
these techniques are being applied singly or in combina-
tions to characterize large groups (< 500) of mammalian cell 
lines, especially those from tumors (Salvadores et al. 2020; 
Yang et al. 2020). At this time, the applications of omics to 
fish cell lines have been few. However, proteomics has been 
applied to a few fish cell lines (Wagg and Lee 2005; Martin 
et al. 2007; Goswami et al. 2015).

Properties revealed during experimentation with cell 
lines  As cell lines are used for different experimental pur-
poses, new properties of cell lines can become of interest 
and these properties can be used to categorize cell lines in 
new ways. This is illustrated below in brief overviews of the 
kinds of properties that can materialize as fish cell lines are 
used in virology, ecotoxicology, and genetic engineering.

Relationships to viruses  Adding viruses to cultures of cell 
lines can reveal the supportive, non-supportive, and partially 
supportive viral invitromes (Pham et al. 2020). For a par-
ticular virus, the supportive invitrome would be all the cell 
lines that were capable of producing infectious virions. Sup-
portive cell lines would be synonymous with permissive or 
susceptible cell lines, except that no infection mechanism, 
such as viral receptors, is implied. The partially supportive 
invitrome would be cell lines in which one or more genes of 
a particular virus are expressed but the virus is not produced. 
The non-supportive viral invitrome would constitute cell 
lines that express no viral genes and produce no virus and 
might also be called non-susceptible. For some important 
fish viral pathogens, such as infectious pancreatic necrosis 
virus (IPNV), the supportive invitrome is reasonably well 
known (Lorenzen et al. 1999; Bols et al. 2017; Ruiz-Palacios 
et al. 2020). By contrast, in fish virology, little attention has 
been paid to the non-supportive cell lines, which might be 
noted only in passing but rarely are the focus of investiga-
tion. The exception is piscine reovirus (PRV), which has 
a large non-supportive invitrome that consists of 31 cell 
lines from 14 species and from multiple organs (Pham et 
al. 2020). In this case, PRV appears “uncultivable” in cell 
lines. However, the case can be made that even for “cultiva-
ble” viruses attention should be paid to the non-supportive 
invitrome. Firstly, grouping cell lines into supportive and 
non-supportive invitromes can give insight into the cell and 
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species tropism of a virus. Secondly, non-supportive cell 
lines can be used as surrogates for bystander cells (Pham 
et al. 2020). In the course of an infection, fish will have 
both infected cells and non-infected cells (bystanders). Non-
supportive cell lines will allow study of how bystanders from 
different organs interact with and respond to virus-infected 
cells.

Responses to ecotoxicants  Fish cell lines are generally use-
ful for evaluating the relative toxicity of environmental con-
taminants (Segner 1998; Schirmer 2006), but contaminants 
belong to different chemical classes and some cell lines 
share properties that make them uniquely helpful for study-
ing specific classes (Bols et al. 2005; Stadnicka-Michalak 
et al. 2018). An example is the halogenated aromatic com-
pounds. These include polychlorinated biphenyls (PCBs) 
and polychlorinated dibenzo-p-dioxins (PCDDs), of which 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) is 
the most studied. Many halogenated aromatic compounds 
exert their toxicity through the aryl hydrocarbon receptor 
(AhR) signaling pathway and are referred to as dioxin-like 
compounds (Zhang et al. 2021). Some fish cell lines express 
the AhR and respond to dioxin-like compounds with the 
induction of CYP1A1 (Billiard et al. 2002; Bols et al. 1999; 
Clemons et al. 1998) but others do not (Bloch et al. 2016). 
Thus, cell lines can be considered to belong or not to the 
dioxin-responsive invitrome.

Genetic engineering  Cell lines can be grouped on the basis 
of their common genetically engineered properties. Increas-
ingly sophisticated engineering techniques are being applied 
to a few fish cell lines (Gratacap et al. 2020). Often the engi-
neered cell lines express a fluorescent marker, such as a form 
of green fluorescence protein (GFP) (Dehler et al. 2016), and 
can be used for a variety of purposes, such as in co-culture 
experiments (Xing et al. 2008), and be considered to belong 
to the fluorescent reporter invitrome.

Property of cell line availability from storage  Although most 
fish cell lines are easily cryopreserved, their availability will 
depend on the administration of their long-term storage. To 
account for this, Bols et al. (2017) proposed that cell lines 
can be categorized as belonging to one of three main stor-
age invitromes: curated, informally shared, and zombie. The 
curated invitrome is all the cell lines that are in national 
and international repositories, such as the American Type 
Culture Collection (ATCC), and are available for a fee. The 
informally shared invitrome is all the cell lines that scien-
tists develop and make available to others through informal 
agreements. The zombie invitrome is the cell lines that have 
been noted in the literature but whose storage status and thus 
availability are uncertain. Zombie cell lines might or might 

not be in some liquid nitrogen dewar waiting to be thawed 
so that they can serve science.

Fish skeletal muscle invitromes  Fish skeletal muscle will be 
used as an example of how the cell lines from a specific organ 
can be categorized into invitromes. The skeletal muscle of 
fishes, as in other vertebrates, consists of the head and trunk 
skeletal muscles. These have different embryonic origins and 
distinctive functions. Paraxial somitic mesoderm gives rise 
to the skeletal muscle of the trunk, whereas head skeletal 
muscle is largely derived from pre-chordal and non-somitic 
paraxial head mesoderm (Shih et al. 2008). Trunk skeletal 
muscle is responsible for locomotion. By contrast, the func-
tions of head skeletal muscle are varied. For example, facial 
musculature is involved in food capture and gill ventilation 
(Datovo and Rizzato 2018), and extraocular muscles control 
movements of the eye (Spencer and Porter 2006).

Fish cell lines have been developed from both the head 
and trunk skeletal muscles. However, the head skeletal mus-
cle invitrome is small. Two cell lines were established from 
below the mouth. These are SHMS from the snakehead and 
BTMS from the bluefin trevally (Zhao et al. 2004; Zhao 
and Lu 2006). Additionally, the extraocular muscle of the 
eye appears to have been the origin of a snow trout cell line 
(Kumar et al. 2020). By contrast, the trunk skeletal muscle 
invitrome is much larger. In the following sections, this invit-
rome is used to illustrate how “before-the-fact” (Table 1) and 
“after-the-fact” (Table 2) properties can be used to organize 
the cell lines from an organ.

Fish trunk skeletal muscle invitromes by before‑the‑fact or 
ante factum properties  The samples that have been used 
to start skeletal muscle cell lines have been from fish of 
different life cycle stages and from variable regions of the 
trunk, although the descriptions have sometimes been vague 
(Table 1). One (KFE-5) was from a late-stage embryo, sev-
eral were from young or juvenile fish, and most were from 
adult fish. Trunk sampling sites often have been described 
rather imprecisely, such as simply “muscle.” However, 
regional differences can be found along the trunk axis, 
for example, fewer fast-twitch fibers in the caudal region 
(Altringham and Ellerby 1999). Also, the distribution of cel-
lular components in trunk skeletal muscle can differ between 
fish species, for example, adipocytes (Kaneko et al. 2016). 
In the past, describing the starting material in detail might 
have been overlooked in the excitement of initiating a cell 
line or been overwhelmed by all the subsequent details of 
cell line development. In the future, more careful sample 
descriptions should enhance the value of the cell lines that 
arise from trunk skeletal muscle.

The fish trunk skeletal muscle invitrome has a very 
limited taxonomic range (Table 1). Cell lines have been 
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Table 1.   Skeletal trunk muscle invitromes by “before-the-fact” or ante factum properties

Fish cell line desig-
nation; reference

Subdivisions based on properties of the sample and of the species

Properties of skeletal muscle sample Some species properties

Organism Life cycle stage 
or age or sex if 
known

Body site Maximum life 
span (see text 
for references)

Significance to 
humans

TAXONOMY: 
Subclass or Infra-
class; 
Order;
Family

WSBM; Wang et al. 
2003

Acipenser trans-
mountanus (white 
sturgeon)

Young white 
sturgeon

Body muscle 104 yr Sports fishing; 
aquaculture

Chondrostei;
Acipenseriformes;
Acipenseridae

FHM; Gravell and 
Malsberger 1965

Pimephales promelas 
(fathead minnow)

Adult (male and 
female)

Caudal trunk 2 yr Toxicity testing Teleostei;
Cypriniformes;
CyprinidaeDRM; Kumar et al. 

2016
Danio rerio 

(zebrafish)
Juvenile Dorsal muscle 5 yr Model organism; 

aquarium fish
GFM; Rougee et al. 

2007
Carassius auratus 

(goldfish)
Juvenile Muscle 41 yr Aquarium fish

CAM-44A; CAM-
44B; CAM-45A; 
CAM-45B; CAM-
47A; Li et al. 2021

Carassius auratus 
(goldfish)

2 mo old Muscle tissue 
above lateral line

Aquarium fish

Catmus1PFR; 
Chong et al. 2022

Chrysophrys auratus 
(Australasian snap-
per)

Juvenile Tail muscle 35 yr Capture fishery; 
sports fishing

Teleostei;
Perciformes;
Sparidae

KFE-5; Gignac et al. 
2014

Fundulus heteroclitus 
(killifish)

Late stage 
embryo

Mid trunk 3 yr Model organism Teleostei;
Cyprinodonti-

formes;
Fundulidae

BB; Wolf and Mann 
1980

Ictalurus nebulosus 
(brown bullhead)

Adult Caudal trunk 7 yr Sports fishing Teleostei;
Siluriformes;
Ictaluridae

WAM; Dubey et al. 
2015

Wallago attu (helicop-
ter catfish)

Fingerling Muscle Not available Wild capture 
fishery; sports 
fishing

Teleostei;
Siluriformes;
Siluridae

ASF-1; Wolf and 
Mann 1980

Alosa sapidissima 
(American shad)

Adult? Caudal trunk 12 yr Sports fishing Teleostei;
Clupeiformes;
Clupeidae

RTT; Fernandez et 
al. 1993

Oncorhynchus mykiss 
(rainbow trout)

Adult? Tail muscle 11 yr Aquaculture; 
sports fishing

Teleostei;
Salmoniformes;
Salmonidae

GP; Wolf and Mann 
1980

Trichogaster trichop-
terus (golden 
gourami)

Adult? Peduncle Not available Aquarium fish Teleostei;
Anabantiformes;
Osphronemidae

TMF; Gao et al. 
2019

Scophthalmus maxi-
mus (turbot)

Juvenile Dorsal muscle 
tissue

26 yr Wild capture fish-
ery; aquaculture

Teleostei;
Pleuronectiformes;
Scophthalmidae

POMSCS(2n); 
POMSCS(3n); Peng 
et al. 2016

Paralichthys olivaceus 
(olive flounder)

Adult Dorsal white 
muscle

Not available Aquaculture; cap-
ture fishery

Teleostei;
Pleuronectiformes;
Paralichthyidae

OUC-SebSc-Skm-1; 
Kong et al. 2021

Sebastes schlegelii 
(rockfish)

Juvenile White muscle 20 yr Sports fishing Teleostei;
Scorpaeniformes;
Scorpaenidae

Mac1; Mac2; Saad 
et al. 2022

Scomber scombrus 
(Atlantic mackerel)

Adult (?) Epaxial white 
muscle

17 yr Capture fishery Teleostei;
Scombriformes;
Scombridae
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obtained from 21species. WSBM is from the white sturgeon 
Acipenser transmountanus, which belongs to the subclass 
Chondrostei. The Chondrostei has approximately 30 spe-
cies in two orders and three families. All the other skeletal 
muscle cell lines are from species in the infraclass Teleostei. 
These species belong to 19 genera (Table 1, second column), 
15 families, and 11 orders (Table 1, last column). Thus, fish 
skeletal muscle cell lines have been developed from < 0.1% 
of the species, < 1.0% of the genera, < 3% of the families, 
and < 15% of the orders for teleosts.

The cell lines from trunk skeletal muscle are from spe-
cies with different biological features or natural histories. 
These might allow the establishment of correlations between 
cell line properties and organismal properties and begin 
the “integration and reciprocal illumination” between cell 
and organismal biology, to quote a phrase about molecu-
lar biology and organism diversity (Greene 2005). Cur-
rently, the number of species, twenty, is too restricted to 
encompass the full range of some organismal properties, 
such as swimming behavior. Fish can swim in many differ-
ent ways (Wardle et al. 1995), with two locomotion groups 
being median-paired fin (MPF) gaits and body-caudal fin 
(BCF) gaits. Unfortunately, most of the species in Table 1 
have BCF gaits (Friedman et al. 2021) and the status of the 
other species is uncertain. Instead, Table 1 shows another 
organismal property, maximum longevity. This shows a 

much greater range among the species in Table 1, with both 
short- and long-lived fishes, though this information is not 
available for some species. For white sturgeon, fathead min-
now, zebrafish, goldfish, American shad, turbot, largemouth 
bass, rainbow trout, bluegill, spotted sea trout, and Atlan-
tic croaker, values for maximum longevity were from the 
AnAge Database (https://​genom​ics.​senes​cence.​info/​speci​es/​
index.​html) and the value for the brown bullhead was from 
the Animal Diversity Web (https://​anima​ldive​rsity.​org). The 
primary literature was a source of values for Korean rockfish 
(Kolora et al. 2021) and only an average lifespan is given 
for the killifish.

Most of the species represented in the trunk skeletal mus-
cle invitrome are important in capture fisheries, in aqua-
culture, or in sports fishing (Table 2), which has also been 
noted as recreational or game fishing. The exceptions are a 
few species widely used as research models: fathead minnow 
in aquatic toxicology (Ankley and Villeneuve 2006), killi-
fish in evolutionary physiology (Crawford et al. 2020), and 
zebrafish in multiple disciplines (Meyers 2018b, a).

Fish trunk skeletal muscle invitromes by after‑the‑fact or 
post factum properties  Currently, the cell lines from fish 
trunk skeletal muscle are very poorly characterized and the 
only parameter consistently noted for all of them is their 
cellular morphology (Table 2, second column), which is 

Table 1.   (continued)

Fish cell line desig-
nation; reference

Subdivisions based on properties of the sample and of the species

Properties of skeletal muscle sample Some species properties

Organism Life cycle stage 
or age or sex if 
known

Body site Maximum life 
span (see text 
for references)

Significance to 
humans

TAXONOMY: 
Subclass or Infra-
class; 
Order;
Family

B2-2; Wolf et al. 
1966

Lepomis macrochirus 
(bluegill)

Juvenile Caudal trunk 10 yr Sports fishing Teleostei;
Perciformes;
Centrarchidae

LBF-2; Wolf et al. 
1966

Micropterus salmoides 
(largemouth bass)

Juvenile Caudal trunk 23 yr Sports fishing

BM; Lai et al. 2008 Lates calcarifer (bar-
ramundi)

Adult Muscle Not available Aquaculture; 
sports fishing

Teleostei;
Perciformes;
Latidae

CAM; Wang et al. 
2020

Cromileptes altivelis 
(humpback grouper)

Adult Muscle Not available Aquaculture Teleostei;
Perciformes;
Serranidae

CyN; Middlebrooks 
et al. 1979

Cynoscion nebulosus 
(spotted sea trout)

Adult (female) Base of caudal fin 18 yr Game fish or rec-
reational fishing

Teleostei;
Acanthuriformes;
SciaenidaeCyA-1; CyA-2; Mid-

dlebrooks et al. 
1981

Cynoscion arenarius 
(sand sea trout)

Adult (male) Trunk Not available Game fish or rec-
reational fishing

CrF; Middlebrooks 
et al. 1980

Micropogon undulatus 
(Atlantic croaker)

Adult (male) Muscle from base 
of dorsal and 
caudal fins

5 yr Sports fishing
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Table 2.   Skeletal trunk muscle invitromes by “after-the-fact” or post factum properties

Fish cell line des-
ignation; reference

Subdivisions based on properties of the cell line once established

Invitromatics Invitroomics

Development Characterization Storage Experimentation

Growth mode1/
shape2

Cytoskeleton and/
or lineage markers

Stemness3 Virology Other purposes

WSBM; Wang et 
al. 2003

Spindle nd4 nd Informally shared nd None found

FHM; Gravell and 
Malsberger 1965

Epithelial nd nd Curated Supportive of 
many fish 
viruses

Many

DRM; Kumar et 
al. 2016

Spindle-shaped 
fibroblast

Vimentin/nd nd Informally shared nd None found

GFM; Rougee et 
al. 2007

Principally epi-
thelial

nd nd Informally shared Supportive of fish 
viruses

None found

CAM-44A; Li et 
al. 2021

Polygonal nd nd Informally shared nd Transfection

CAM-44B; Li et 
al. 2021

Bipolar, spindle 
like

CAM-45A; Li et 
al. 2021

Bipolar, spindle 
like

CAM-45B; Li et 
al. 2021

Fibrous

CAM-47A; Li et 
al. 2021

Multi-polar 
cytoplasmic 
pseudopods

CAtmus1PFR; 
Chong et al. 
2022

Fibroblastic Smooth muscle 
actin, f-actin, 
vimentin

Myofibroblast 
progenitor cells

Informally shared nd Response to growth 
factors

KFE-5; Gignac et 
al. 2014

Spindle shaped α-Actinin, desmin, 
myosin

Myogenic Informally shared nd Response to steroids

BB; Wolf and 
Mann 1980

Epithelioid nd nd Curated Supportive for 
many viruses

Toxicology

WAM; Dubey et 
al. 2015

Fibroblastic nd nd Informally shared nd Toxicology

ASF-1; Wolf and 
Mann 1980

fibroblast nd nd Zombie nd None found

RTT; Fernandez et 
al. 1993

Fibroblastic nd nd Informally shared Supportive for 8 
viruses

None found

GP; Wolf and 
Mann 1980

Epithelioid nd nd Zombie nd None found

TMF; Gao et al. 
2019

Fibroblast-like Desmin/Pax-7 nd Informally shared nd TOR signaling 
pathway

POMSCS(2n); Peng 
et al. 2016

Spindle-like Desmin/Pax-7b  satellite stem 
cells; committed 
satellite stem 
cells

Informally shared nd Muscle growth

POMSCS(3n); Peng 
et al. 2016

Spindle-like

OUC-SebSc-
Skm-1; Kong et 
al. 2021

Spindle F-actin myogenic/
MyoD

Myogenic Informally shared nd Muscle growth

Mac1; Mac2; Saad 
et al. 2022

Spindle (?) Pax7
MHC

Myogenic and 
adipogenic

Commercial nd Cellular agriculture

BF-2; Wolf et al. 
1966

Fibroblast  nd  nd Curated Supportive for 
many viruses

Toxicology

LBF-2; Wolf and 
Mann 1980

Fibroblast nd nd Zombie Supportive for at 
least 3 viruses

None found
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usually described as being either spindle-shaped, fibroblast-
like, or epithelial-like. For cell cultures initiated from verte-
brate skeletal muscles, spindle-shaped cells are often noted, 
implying the presence of myoblasts. Thus, on the basis of 
cellular morphology, the fish trunk skeletal muscle invitrome 
appears to be made up of myogenic, fibroblastic, and epithe-
lial cell lines. However, this simplicity hides the complexity 
of trunk skeletal muscle as a source of cell lines.

Adherent cell lines could arise from several compart-
ments of vertebrate skeletal muscle and from different stem 
cells. Myofibers are one compartment. Beneath the basal 
lamina of myofibers in both mammals and fishes is a popula-
tion of stem cells known as muscle stem cells (MuSCs) or 
satellite cells (Baghdadi and Tajbakhsh 2018; Sultan et al. 
2021). Another compartment is the stromal space between 
myofibers. This contains connective tissue cells, such as 
fibroblasts, and mesenchymal progenitor cells (Wosczyna 
et al. 2019; Ritso et al. 2022). Among possible mesenchymal 
progenitors, most is perhaps known about fibro/adipogenic 
progenitor cells (FAPs). FAPs can differentiate into adipo-
cytes, myofibroblasts, osteocytes, and chondrocytes (Contre-
ras et al. 2021). A third compartment is the skeletal muscle 
vascular network (Ritso et al. 2022). This has endothelial 
and mural cells (Ritso et al. 2022). Mural cells include 
vascular smooth muscle cells and pericytes. Pericytes are 

possibly multipotent progenitor cells (Cappellari and Cossu 
2013; Birbrair et al. 2017). Except for myogenic cells that 
differentiate into myotubes, distinguishing these different 
cell populations in cultures is difficult, even for mammalian 
cells where multiple markers are available. Despite this, the 
myogenic, fibroblastic, and epithelial nature of fish skeletal 
muscle cell lines is discussed below.

Only six of the fish skeletal muscle cell lines have been 
characterized sufficiently to be considered myogenic, with 
most being described as having a spindle shape (Table 2). 
Figure 3A illustrates an example of cells with a spindle shape 
in cultures of the myogenic cell line KFE-5 from the kil-
lifish (Gignac et al. 2014). Other myogenic cell lines are 
POMSCS (2n) and POMSCS (3n) from the olive flounder (Peng 
et al. 2016), OUC-SebSc-Skm-1 from the black rockfish 
(Kong et al. 2021), and Mack1 and 2 (Mack cells) from 
the Atlantic mackerel (Saad et al. 2022). KFE-5 expressed 
α-actinin and desmin, and formed multinucleated, striated 
cells that stained for myosin. POMSCS (2n) and POMSCS (3n) 
expressed pax7B, which is a transcription factor associated 
with myogenesis, and desmin, which is a muscle-specific 
intermediate filament protein. When the cells were switched 
to a differentiation medium, which contained basic fibroblast 
growth factor (bFGF), they formed myotubes and were posi-
tive for myosin heavy chain (MyHC). Thus, these cell lines 

1 All cell lines are adherent
2 Shape in the authors’ words
3 Potential to form myotubes
4 nd, not determined or no data

Table 2.   (continued)

Fish cell line des-
ignation; reference

Subdivisions based on properties of the cell line once established

Invitromatics Invitroomics

Development Characterization Storage Experimentation

Growth mode1/
shape2

Cytoskeleton and/
or lineage markers

Stemness3 Virology Other purposes

BM; Lai et al. 
2008

Mostly fibroblastic nd nd Informally shared Supportive for 1 
virus

Apoptosis

CAM; Wang et al. 
2020

Fibroblast nd nd Informally shared nd Bacterial infection

CyN; Middle-
brooks et al. 
1979

Fibroblast-like nd nd Zombie Supportive for 3 
viruses

None found

CyA-1; Mid-
dlebrooks et al. 
1981

Fibroblastic nd nd Zombie Supportive for 2 
viruses; non-
supportive for 11 
viruses

None found

CyA-2; Mid-
dlebrooks et al. 
1981

Fibroblastic

CrF; Middlebrooks 
et al. 1980

Fibroblast-like nd nd Zombie Supportive for 1 
virus; non-
supportive for 5 
virus

None found
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have been thought to represent a mixture of satellite stem 
cells and committed satellite cells of skeletal muscle (Peng 
et al. 2016). The black rockfish cell line expressed MyoD, 
myoblast determination protein 1, and was considered to be 
predominantly composed of myoblasts (Kong et al. 2021). 
When cultures were switched to a differentiation medium 
(DMEM/F12 with 2% horse serum), myotubes were pre-
sent by 72 h afterwards. Mack1 expressed Pax 7 and MyHC 
but did not stain for MYOD and MYOG (Saad et al. 2022). 
In adipogenic medium, Mack1 accumulated lipids and thus 
appear to be capable of both myogenesis and adipogenesis. 
For mammals, myogenic cell lines have been found to dif-
fer from each other in their transcriptome and metabolism 
(Abdelmoez et al. 2020). As more fish myogenic cell lines 
become available in the future, heterogeneity among them 
will be interesting to watch for.

On the basis of shape, most of the fish trunk skeletal mus-
cle cell lines are fibroblast-like (Table 2). Figure 3B illus-
trates an example of fibroblast-like cells in cultures of 
the cell line CAtmus1PFR from the Australasian snapper 
(Chong et al. in press). As noted earlier, this morphology 
could encompass several cell types from the connective 
tissue and vascular network of skeletal muscle and could 
include stem cells. For example, on occasion myoblasts 
appear to have shapes similar to fibroblasts (Swailes et al. 
2006). Efforts to characterize the fibroblast-like cells of 
Table 2 for cytoskeletal and surface markers and for their 
capacity to differentiate into different cell types should 
make the skeletal muscle invitrome much more useful as a 
research tool. For example, CAtmus1PRF recently has been 
shown to differentiate into myofibroblasts. This is based on 
their response to transforming growth factor β1 (TGF β1). 
TGF β1 increased the expression of smooth muscle actin 
(SMA) and the formation of actin bundles but impeded cell 
migration (Chong et al. in press). Myofibroblasts are criti-
cal cells in skeletal muscle architecture and repair and thus 
could contribute to flesh quality in fish aquaculture.

The fish trunk skeletal muscle invitrome has four epi-
thelial-like cell lines (Table 2). These have been subjected 
to few studies on their basic cellular properties or to lit-
tle speculation about their possible origins among skel-
etal muscle cell populations. Two possible origins will be 
speculated upon here, but research focused on this question 
will be needed to find answer(s). The first speculation is 
that one or more of these cell lines started out fibroblast-
like but with passaging became epithelial-like. This is the 
mesenchymal-epithelial transition (MET) and has been 
observed during the development of some human cell lines 
(Becerril et al. 2021). However, a MET appears not to be 
responsible for FHM because during their development the 
FHM cells were always described as epithelial (Gravell and 
Malsberger 1965). Another speculation is that one or more 
of these cell lines could have arisen from vascular smooth 
cells. In cultures, these cells can have variable shapes and 
with passaging the dominant shape can change (Chamley 
et al. 1977). Interestingly, FHM cells were capable of gap-
junction mediated-cell communication (Slater et al. 1983). 
This is a feature of vascular smooth muscle cells, although 
also a property of other cell types.

At least three of the cell lines from fish trunk skeletal 
muscle are curated, and one (Mack1) has just been made 
commercially available, but the availability and storage 
status for most of the others is uncertain (Table 2). FHM, 
BB, and BF-2 are held in several cell banks. For example, 
the American Type Culture Collection (ATCC) sells FHM 
as CCL-42, BB as CCL-59, and BF-2 as CCL-91. Since 
their development over 40 yr ago, these cell lines have been 
used consistently. By contrast, cell lines that appear not to 
have been used since they were described over 40 yr ago are 
referred to zombie cell lines. Whether zombie cell lines are 
still cryopreserved and can be made available to researchers 
is unknown and difficult to investigate. Cell lines that have 
been developed in the last 40 yr but have not been curated 
are listed in Table 2 as being part of the informally shared 

Figure 3.   Phase-contrast 
appearance of cultures of two 
muscle cell lines, KFE-5 and 
CAtmus1PRF. Phase-contrast 
photomicrographs of a culture 
of the myogenic KFE-5 
from killifish embryos show 
many spindle-shaped cells 
(A), whereas in a culture of 
CAtmus1 PRF from the skeletal 
muscle of the Australasian 
snapper, fibroblast-shaped 
cells dominate (B). Scale 
bar = 200 μm.
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invitrome. For these cell lines, the scientists who developed 
them can probably be contacted and asked about their stor-
age status and their availability to other researchers.

To date the main use of the fish trunk skeletal muscle invit-
rome has been in virology. The Manual of Diagnostic Tests 
for Aquatic Animals 2021 recommends FHM and BF-2 for 
the detection of several viral pathogens. Many other fish skel-
etal muscle cell lines also support the replication of viruses 
(Table 2). These have been either epithelial or fibroblast-like 
lines. In the future, myoblast cell lines also might be interest-
ing subjects for virology. Sleeping disease virus (SDV) or sal-
monid alphavirus 2 causes necrosis and atrophy of red skeletal 
muscle in rainbow trout (Biacchesi et al. 2016). Through the 
use of primary cultures, Biacchesi et al. (2016) were able to 
show that SDV had a tropism for satellite cells. A myoblast 
cell line might allow this to be investigated further.

Outside of virology, the fish trunk skeletal muscle 
invitrome has been applied to only a few other disciplines 
(Table 2, last column). Most applications have appeared 
in the first publication of the cell line and have been done 
for the purpose of showing the potential utility of the cell 
line. For example, the myogenic cell lines from the Atlan-
tic mackerel, olive flounder, and rock fish can be used to 
study fish muscle growth and differentiation and in cellular 
agriculture. They could become the fish equivalents of the 
widely used mammalian myogenic cell lines L6 from the 
thigh muscle of newborn rats (Yaffe 1968) and C2C12 from 
the thigh muscle of mice (Blau et al. 1983). A feature of L6 
and C2C12 is that they have been used in thousands of stud-
ies by hundreds of independent research groups for a diver-
sity of purposes. A few recent review articles illustrate this. 
These summarize the contribution of L6 and C2C12 to stud-
ies on the cell biology of skeletal muscle exercise (Carter 
and Solomon 2019), the actions of vitamin D in skeletal 
muscle function and metabolism (Montenegro et al. 2019), 
and the role of adipokines in skeletal muscle inflammation 
(Nicholson et al. 2018). By contrast, many publications on 
cell lines from fish skeletal muscle are cited as examples of 
cell line development but follow-up studies on their use(s) 
are few. The exceptions are the skeletal muscle cell lines 
FHM, BB, and BF-2, which have developed traction in sev-
eral research communities. All three have been used inten-
sively in toxicology (Babich and Borenfreund 1987; Tan et 
al. 2008; Poornavaishnavi et al. 2019). Additionally, FHM 
has been applied to a wide range of research problems, such 
as cell to cell communication (Slater et al. 1983), heat tol-
erance (Merz and Laudien 1987), the impact of fish oil and 
lipid peroxidation (Gregory et al. 2011), the pathogenicity 
of the intracellular bacteria Nocardia seriolae (Hou et al. 
2020), and responses to oxidative stress (Chen et al. 2020).

In the future, the skeletal muscle cell lines should have 
many more applications but currently several things appear 
to hold back their use. The applications could range from 

basic research on muscle metabolism and physiology to 
applied research on in vitro fish meat. Each of these basic and 
applied areas would have multiple subdisciplines. For the use 
of cell lines in these areas/subdisciplines to gain momentum 
requires more independent researchers to use them. However, 
researchers are held back from doing this by most of the cell 
lines being only characterized superficially and being avail-
able only informally, although this might change with the 
availability of Mack cells commercially (Kerafast). In vitro 
approaches to fish skeletal muscle research would also be 
enhanced by having more skeletal muscle cell lines from the 
same species so that they can be used in co-cultures to build 
up a picture of how they interact in muscle as a whole. Also, 
skeletal muscle cell lines from multiple anatomical sites 
with a range of differentiation potentials would allow for the 
creation of more advanced in vitro models as has been done 
for human skeletal muscle (Jalal et al. 2021). These could 
include three-dimensional cultures such as organoids and the 
use of scaffold-based platforms.

Conclusions

A framework has been developed to categorize the cell lines 
from ray-finned fishes but it should be applicable to cell 
lines from other vertebrates, such as mammals, and even 
invertebrates, such as insects. The categories or groupings 
are termed invitromes. Invitromes can be defined by two 
property classes: before-the-fact or ante factum properties 
and after-the-fact or post factum properties.

Before-the-fact groupings are based on properties of three 
things: the sample that was used to start the cell line, the spe-
cies from which the sample was taken, and the cell culturists 
who did the work. Each of these three can have numerous 
subdivisions. One that has received relatively little attention 
to date is the natural history of the species, which includes 
biological, behavioral, and reproductive characteristics, as 
well as habitat, ecology, and zoogeography. Grouping cell 
lines by these properties can help cell line research in the 
future reach a state of integration and reciprocal illumination 
with organismal research.

After-the-fact groupings are based on properties that 
become apparent during cell line development, characteriza-
tion, experimentation, and storage. The development of nearly 
all the cell lines arises from spontaneous immortalization. 
The characterization and experimentation are open ended 
with many subdivisions possible as new characterization tech-
niques and experimental uses are developed. For example, 
omic profiles promise to make up possible powerful cell line 
characterization in the future. One of the fastest growing uses 
is in toxicology. Storage includes many informally available 
cell lines but relatively fewer in curated cell banks.
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The cell lines from trunk skeletal muscle of ray-finned 
fishes are used to illustrate how a specific organ invitrome 
has both before-the-fact and after-the-fact properties. Cell 
lines have been obtained from both short- and long-lived 
species. For after-the-fact properties, six cell lines are myo-
genic: they form myotubes. These are from the Atlantic 
mackerel, olive flounder, black rockfish, and killifish and 
were established relatively recently, and so are yet to be 
widely used. By contrast, the trunk skeletal muscle epithelial 
invitrome contains four cell lines, and has one of the most 
widely used fish cell lines, FHM.
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