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Abstract: Establishing muscle lineage cell lines from fish will provide a great opportunity to study
muscle development, which can eventually contribute to the improvement of the fish quality in the
aquaculture industry. However, there has been a lack of the development of proper fish muscle lineage
cell lines so far. Here, we report the establishment of a skeletal muscle-derived myogenic cell line from
black sea bream (Acanthopagrus schlegelii). For this, we first attempted to find the optimal conditions
for the primary explant culture of A. schlegelii muscle tissues and then established muscle-derived cell
lines. After that, cell lines were characterized for their muscle-specific gene expression, growth, and
myogenic differentiation. We found that the primary explant culture was effective when the tissue
fragments were cultured in Dulbecco’s Modified Eagle Medium supplemented with fetal bovine
serum and antibiotics on gelatin-coated dishes. Additionally, we confirmed that the addition of basic
fibroblast growth factor was necessary to establish the cell lines. One of three cell lines established
was capable of long-term culture, expressed three major myogenic regulatory genes including Pax7,
MyoD, and Myog, and differentiated to myotubes in the condition using low concentration of horse
serum, demonstrating that this cell line was a skeletal muscle-derived myogenic cell line.

Keywords: fish; black sea bream; muscle satellite cells; myogenic cell line; cell culture

1. Introduction

Muscle tissue is of great importance as a food ingredient for humans. Understanding
muscle growth at the cellular and molecular levels provides an opportunity to improve the
production of high-quality animal muscles in the aquaculture and livestock industries [1,2].
In addition, this can lead to the development of the field of artificial cultured meat, which
has been actively studied and developed in recent years [3,4]. Similar to cultured meat from
livestock animals, cultured meat from fish also has a significant potential as an eco-friendly
food that can solve the future issue of marine food resource depletion by providing an
alternative to existing fish meat [5]. The challenges will be the establishment of a sustainable
production system with low cost and high safety, optimizing detailed technologies such as
the culture of muscle lineage cells and scaffold manufacture. Muscles are formed through
a series of processes involving proliferation and differentiation of muscle lineage cells,
including muscle satellite cells and myoblasts [6]. Thus, the establishment of muscle lineage
cell lines will provide a valuable model for better understanding the mechanisms involved
in muscle growth [7].

Previously, it was reported that a number of muscle lineage cell lines were established
in mammals. For example, the rat L6 and the mouse C2C12 myoblast cell lines were
established in 1968 and 1977 [8,9], respectively, and they have been used as important
experimental models to identify pathogenic and pathophysiological mechanisms in various
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neuromuscular diseases, as well as in therapeutic drug discovery approaches [10,11]. In
pigs, the establishment of a porcine myoblast cell line with a proven differentiation capacity
to myotubes was reported [12], along with the isolation of pure muscle satellite cells and
their characterization [13]. Similarly, several studies targeting bovine muscle satellite cells
demonstrated the feasibility of their isolation, culture, and in vitro differentiation [14,15]. In
the case of teleost, it was reported that several studies used the primary cells derived from
muscle tissues for the study of myogenic regulatory mechanism [16–19] and for in vitro
system development [20]. For cell lines, the establishment of myoblast cell lines of olive
flounder (Paralichthys olivaceus) [21], black rockfish (Sebastes schlegelii) [22], silver seabream
(Chrysophrys auratus) [23], and Atlantic mackerel (Scomber scombrus) [24] was reported.
Recently, Xu et al. reported the establishment and characterization of muscle satellite
cell lines in large yellow croaker (Larimichthys crocea) and demonstrated the feasibility of
manufacturing artificial cultured meat using the established cell lines [25].

Despite these efforts to target teleost muscle lineage cell lines, there is still a lack of
culture cases compared to mammalian studies, and the information regarding culture
technology is not well organized. This indicates that further research should be carried
out to establish and characterize cell lines of the muscle lineage of teleost. Especially,
considering the biological diversity of teleost according to various aquatic environments, it
will be important to develop species-specific culture techniques for various species. In this
study, we focused on black sea bream (Acanthopagrus schlegelii) which is one of the major
aquaculture species in China, Japan, Korea, and many parts of Southeastern Asia [26]. As
a high-value fish in the market with a good taste, its demand and productivity increase
continuously [27]. Thus, establishing muscle lineage cell lines from this fish and utilizing
them as a research model will be valuable for the research and to improve the quality of
this fish as a food. Therefore, the study to establish A. schlegelii muscle lineage cell lines was
performed here. For this, we first evaluated the efficiencies of the primary explant culture
of A. schlegelii muscle tissues and the following first subculture, depending on different
types of substrates, media, and serum with or without growth factors. After that, muscle-
derived cell lines were established and their characteristics and differentiation potential
were investigated. Finally, we attempted to find efficient conditions for differentiation into
the myotubes of the cell line according to serum types and concentrations.

2. Materials and Methods
2.1. Fish

Black sea bream (A. schlegelii) of 12 months old were managed in a 1-ton tank installed
in the Laboratory of Cell Biotechnology, Pukyong National University (Busan, Republic of
Korea). They were fed 2 times a day with blue chip No. 4 (Woosung, Daejeon, Republic
of Korea), ad libitum, until apparent satiation. Water temperature and salinity were
maintained at 18 ◦C and 33 psu, respectively. All procedures dealing with animals complied
with the guidelines provided by Pukyong National University, and the Institutional Animal
Care and Use Committee (IACUC) of Pukyong National University approved our research
proposal (approval No. PKNUIACUC-2021-32).

2.2. Primary Explant Culture and Subculture

For the primary explant culture, fish were sacrificed via anesthesia with
2-phenoxyethanol (Sigma-Aldrich, St. Louis, MO, USA) and wiped with 70% (v/v) ethanol.
After removing the skin, almost all skeletal muscle tissues including white and red muscle
were isolated from the fish body, washed 3 times with 1X Dulbecco’s phosphate buffered
saline (DPBS; Gibco, Grand Island, NY, USA), and cut into small pieces of 1–2 mm size
using a surgical blade. In this study, the type of muscle was not distinguished. Then, 10
to 15 tissue fragments were seeded on a well of 6-well plate (SPL Life Sciences, Pocheon,
Republic of Korea) coated with 0.1% gelatin (Sigma-Aldrich) or Matrigel (Corning Life
Sciences, Bedford, MA, USA) and covered with cover glass. Three different basal media
were used in this study: Leibovitz’s L-15 medium (L15; Gibco), Dulbecco’s Modified Eagle
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Medium (DMEM; Gibco), and Minimum Essential Medium α (α-MEM; Gibco). All media
included 1% (v/v) penicillin and streptomycin (P/S; Gibco) for preventing microbial con-
tamination and 20 mM HEPES was added in DMEM and α-MEM for buffering. Depending
on experimental design, either 20% (v/v) fetal bovine serum (FBS; Corning Life Sciences)
or 20% (v/v) knockout serum replacement (KSR; Gibco) was added in each basal media
and 10 ng/mL human basic fibroblast growth factor (bFGF; Gibco) was added or not. The
primary explant culture was performed in a 28 ◦C incubator with air atmosphere and
culture media were exchanged every 3 days. In this experiment, due to frequent microbial
contamination during the primary explant culture, five independent experiments were
performed for all experimental groups for the purpose of securing at least three replicates,
and the replicates where microbial contamination occurred were excluded from the popula-
tion. The tissue fragments were removed after culturing for 7 days. When the grown cells
reached 80–90% confluency, subculture was conducted. For this, the cells were washed with
DPBS 2 times and dissociated with 0.05% trypsin-EDTA (Gibco). After trypsin inactivation
with one volume of DMEM containing 10% FBS, the cells were collected by centrifugation
(400 g, 4 min). Then, the cells were suspended with culture media and seeded in 1:2 ratio
on 0.1% gelatin-coated dishes. Cell culture was performed in same conditions with those of
the primary explant culture. Cell morphology was observed under an inverted microscope
(TS-100F; Nikon, Tokyo, Japan).

2.3. Analysis of the Growth Characteristics of Cell Lines

For measurement of cell growth rate, 3 × 104 cells per well at passage 30–35 were
seeded on 10 wells of 0.1% gelatin-coated 24 well culture dish (SPL Life Science) filled with
DMEM supplemented with 20% FBS, 10 ng/mL bFGF, and 1% P/S and cultured for 9 days
in a 28 ◦C incubator with air atmosphere. Culture media were changed every 3 days. The
cells from two wells were individually sampled at culture days 1, 3, 5, 7 and 9, respectively,
by trypsinization and cell numbers were counted with a hemocytometer (Marienfeld-
Superior, Lauda-Königshofen, Germany). The mean value of two cell numbers from the
same culture day was used as a result of one replicate. This experiment was repeated
3 times in an independent manner. The formula for cell doubling time was as follows:
doubling time = duration × log(2)/{log(final concentration) − log(initial concentration)}.
Cell growth status was observed under an inverted microscope every day. To investigate
anchorage dependency of the cell lines, 6 × 104 cells of each cell lines at passage 30–35 were
seeded on 0.1% gelatin-coated 35 mm culture dishes or non-coated 35 mm petri dishes and
cultured in DMEM supplemented with 20% FBS, 10 ng/mL bFGF, and 1% P/S under a
28 ◦C incubator with air atmosphere. After 7 days, adhesive and non-adhesive cells were
individually collected, and cell numbers were counted with a hemocytometer after trypan
blue (Gibco) staining. Cell viability was calculated as the percentage of live cells among
all cells.

2.4. Induction of Differentiation

For differentiation induction, cells at passage 30–35 were cultured in 35 mm culture
dishes at a density of 1.5 × 105 cells/mL with culture media. On day 3 of culture when the
cells reached 80–90% confluency, the medium was changed with differentiation medium
consisting of DMEM supplemented with low concentration of serum and 1% P/S. For
serum, horse serum (HS; Gibco) or FBS of 1% (v/v) or 2% (v/v) was used, according to the
experiments. After culturing the cells for 4 days under differentiation medium, the cells
were either analyzed for morphology and fusion index or sampled for gene expression
analysis. As a comparative group of analyses of differentiation (marked as ‘growth medium’
group), the cells before differentiation induction that were cultured for 3 days in culture
media were used. Media were changed every 2 days.
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2.5. Measurement of Fusion Index

After differentiation induction, the cells were stained with Live/Dead Viability/
Cytotoxicity kit (Molecular Probes, Eugene, OR, USA) to confirm survival and to clearly
distinguish myotubes. In addition, nuclei were stained with Hoechst 33342 (Invitrogen,
Waltham, MA, USA) which were diluted 1:2000 in DPBS. After staining, fusion index
was calculated as the percentage of the number of nuclei within the myotubes out of
the total number of nuclei. Fluorescent signals were detected with a TS-100F inverted
microscope equipped with fluorescent unit. This experiment was repeated three times in
an independent manner.

2.6. Reverse Transcription Polymerase Chain Reaction (RT-PCR) and Quantitative
RT-PCR (qRT-PCR)

For RT-PCR, total RNA was extracted from the samples using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) and cDNA was synthesized using GoScriptTM reverse transcription
system (Promega, Madison, WI, USA) from 1 µg total RNA treated with DNase I (Sigma-
Aldrich) according to the manufacturer’s instructions. Then, the synthesized cDNA was
subjected to PCR analysis. PCR conditions were as follows: initial denaturation (95 ◦C
for 3 min) followed by 30 cycles of amplification (denaturation: 95 ◦C for 30 s; annealing:
57 ◦C for 30 s; and elongation: 72 ◦C for 45 s). The PCR products were size-fractionalized
on a 1.2% agarose (Young Sciences, Bucheon, Republic of Korea) gel and visualized by
ethidium bromide (EtBr: Bioneer, Daejeon, Republic of Korea) staining. For qRT-PCR,
cDNA was prepared as described above. The qRT-PCR was carried out using Applied
Biosystems™ StepOne™ Real-Time PCR System (Applied Biosystems, Waltham, MA, USA)
with AccuPower 2× GreenStarTM qPCR Master Mix (Bioneer). PCR conditions were as
follows: initial denaturation (95 ◦C for 3 min) and 40 cycles of amplification (denaturation:
95 ◦C for 30 s; annealing: 57 ◦C for 30 s; and elongation: 72 ◦C for 30 s). The relative
mRNA expression of each gene was quantified by the comparative 2−∆∆Ct method, where
Ct = threshold cycle for target amplification, ∆Ct = Cttarget gene − Ctinternal reference (GAPDH),
and ∆∆Ct = ∆Ctsample − ∆Ctcalibrator [28]. All primer sequences used in this study were
presented in Table 1.

Table 1. Sequences of primers used in this study.

Genes
Primer Sequences (5′ → 3′) Product Size

(bp)
Usage

Forward Reverse

Pax7 GGTTCCTTCAGGTGAGGCTT GGATGCCGACTTTACCCACA 475

RT-PCR
MyoD GCAAGAGGAAGACCACCAAC TTTAACGGACCGAGCTGTCA 313
Myog GGTTACCATGGACCGTCGAA TCCTGAGTGCTACCGACTCT 376

GAPDH GCATCTTGCACGACTAACTGC TCCTCCGACTTCATCGGTGA 419

Pax7 GCAACTCCAGACGTGGAGAA GGCTTCATCTGTGAGCTCCA 148

qRT-PCRMyoD CAGGACGACGGCTACTACC GGACTTTAACGGACCGAGCT 109
Myog CCTGAGTGCTACCGACTCTC GAGCTGTGGCCTTTCCAATG 100

GAPDH ACAGTCCATGCATACACAGC CAAGGCAGTCGGCAAAGTTA 133

Pax7, paired box 7; MyoD, myogenic differentiation 1; Myog, myogenin; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

2.7. Statistical Analysis

Significance analysis between experimental results was performed using SPSS (IBM
SPSS Statistics 27; SPSS Inc., Chicago, IL, USA) or Statistical Analysis System (SAS; Cary,
NC, USA) statistical programs. The doubling times, qRT-PCR results, and fusion indices
were analyzed by an independent samples t-test or one-way analysis of variance (ANOVA)
followed by Duncan’s post-hoc test using the SPSS statistical program. The results of the
primary explant culture were analyzed using the generalized linear model of the SAS
program. Significant differences among treatments were defined by a p < 0.05.
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3. Results
3.1. Outcomes of Primary Explant Culture of A. schlegelii Muscle Tissues

To find an effective condition to secure primary cells from muscle tissues, the primary
explant culture was conducted in various culture conditions that varied substrates (gelatin
or Matrigel), media (L15, DMEM, or α-MEM), and serum (FBS or KSR) with or without
bFGF (Table 2). After that, the efficiencies of primary cell adherence and first subculture
were evaluated. Primary cell adherence was observed in all culture conditions, except
for the condition that used L15 supplemented with KSR and bFGF on Matrigel, even
though there were differences in its efficiency. Overall efficiency regardless of the culture
conditions was found to be 73% (62 out of 85 replicates). For first subculture, the efficiency
varied widely depending on culture conditions, and overall efficiency regardless of the
culture conditions was identified to be 41% (35 out of 85 replicates) (Table 2). As shown
in Table 3, use of DMEM or α-MEM resulted in higher efficiencies in both primary cell
adherence and first subculture than use of L15, although no statistical differences have
been identified (75–84% vs. 58%, for primary cell adherence and 39–57% vs. 27%, for first
subculture). For sera components, it was observed that FBS was significantly more effective
than KSR in both primary cell adherence (84% vs. 62%, p = 0.0235) and first subculture
(65% vs. 17%, p < 0.0001). In the case of substrates and bFGF treatment, no significant
difference was detected in either primary cell adherence or first subculture. When observed
morphologically, cells that proliferated and spread out began to be identified around muscle
tissue fragments from day 5 of culture and they proliferated continuously with a mixture
of cells consisting of the two major cell types that showed myotube-like and fibroblast-
like shapes (a picture of day 10 shown in Figure 1). Here, myotube-like cells meant long
cylindrical cells, and fibroblast-like cells meant elongated cells of bipolar or multipolar
shape. Around day 18 of culture, when the density of the cells increased by more than
70% confluency, most cells showed myotube-like shape. However, after first subculture,
most cells showed fibroblast-like shape and myotube-like shape was rarely observed
(Figure 1). Average time to reach 80–90% confluency was 20 ± 1.1 days. Collectively,
these results indicated that the appropriate selection of media and sera was critical for the
successful primary explant culture of A. schlegelii muscle tissues. For further experiments,
we used gelatin, DMEM, and FBS as substrate, basal medium, and serum, respectively, by
comprehensively considering culture efficiency and cost.

Table 2. Outcomes of the primary explant culture of black sea bream (Acanthopagrus schlegelii) muscle
tissue fragments.

Substrates Media Serum bFGF
Addition

No. of
Replicates

No. (%) a of Replicates
That Showed Primary

Cell Adherence

No. (%) a of Replicates
That Accomplished

First Subculture

Gelatin

L15
FBS

Yes 5 4 (80) 4 (80)
No 3 1 (33) 1 (33)

KSR
Yes 3 2 (67) 0 (0)
No 3 1 (33) 0 (0)

DMEM

FBS
Yes 4 4 (100) 4 (100)
No 3 3 (100) 3 (100)

KSR
Yes 3 1 (33) 1(33)
No 5 4 (80) 1 (20)

α-MEM

FBS
Yes 3 2 (67) 1 (33)
No 4 4 (100) 2 (50)

KSR
Yes 5 5 (100) 1 (20)
No 5 5 (100) 0 (0)
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Table 2. Cont.

Substrates Media Serum bFGF
Addition

No. of
Replicates

No. (%) a of Replicates
That Showed Primary

Cell Adherence

No. (%) a of Replicates
That Accomplished

First Subculture

Matrigel

L15
FBS

Yes 3 2 (67) 1 (33)
No 3 3 (100) 1 (33)

KSR
Yes 3 0 (0) 0 (0)
No 3 2 (67) 0 (0)

DMEM

FBS
Yes 3 3 (100) 3 (100)
No 4 4 (100) 4 (100)

KSR
Yes 3 1 (33) 0 (0)
No 3 1 (33) 0 (0)

α-MEM

FBS
Yes 5 4 (80) 2 (40)
No 3 2 (67) 2 (67)

KSR
Yes 3 2 (67) 2 (67)
No 3 2 (67) 2 (67)

Total 85 62 (73) 35 (41)
a Percentage of the number of replicates. L15, Leibovitz’s L-15 medium; DMEM, Dulbecco’s modified Eagle
medium; α-MEM, minimum essential medium α; FBS, fetal bovine serum; KSR, knockout serum replacement;
bFGF, basic fibroblast growth factor.

Table 3. Factors affecting outcomes of the primary explant culture.

Factors Groups No. of Replicates
No. (%) a of Replicates That

Showed Primary Cell
Adherence

No. (%) a of Replicates That
Accomplished First

Subculture

Whole replicates Merged 85 62 (73) 35 (41)

Substrates
Gelatin 46 36 (78) 18 (39)

Matrigel 39 26 (67) 17 (44)
p-value 0.2355 0.6816

Media

L15 26 15 (58) 7 (27)
DMEM 28 21 (75) 16 (57)
α-MEM 31 26 (84) 12 (39)
p-value 0.0833 0.0749

Serum
FBS 43 36 (84) 28 (65)
KSR 42 26 (62) 7 (17)

p-value 0.0235 <0.0001

bFGF
Addition 43 30 (70) 19 (44)

No addition 42 32 (76) 16 (38)
p-value 0.5109 0.5737

This table was derived from reallocation of data from Table 2. a Percentage of the number of replicates. L15,
Leibovitz’s L-15 medium; DMEM, Dulbecco’s modified Eagle medium; α-MEM, minimum essential medium α;
FBS, fetal bovine serum; KSR, knockout serum replacement; bFGF, basic fibroblast growth factor.



J. Mar. Sci. Eng. 2024, 12, 249 7 of 16

Figure 1. Representative pictures showing the cells derived from the primary explant culture of
muscle tissues. The pictures below are enlarged ones of the white dotted boxes in the pictures above.
The green dotted box indicates myotube-like cells and the sky-blue dotted box indicates fibroblast-like
cells. Scale bars = 100 µm.

3.2. Derivation of Cell Lines from A. schlegelii Muscle Tissues

As the next experiment, attempts to establish the cell lines from A. schlegelii muscle
tissues were conducted. Previously, bFGF did not show any treatment effect in the primary
explant culture. However, bFGF is a well-known factor that promotes the growth of muscle
lineage cells in mammalian studies [29]. Therefore, the treatment effect of bFGF on cell
line establishment was also investigated in this experiment. Above all, primary cells were
secured from the primary explant culture of muscle tissue fragments cultured in DMEM
supplemented with 20% FBS and 1% P/S in the presence or absence of 10 ng/mL bFGF on
gelatin-coated dishes. Then, those cells were continuously subcultured in the same media
and the efficiencies of subculture were observed. As shown in Figure 2A, although all cell
populations tested were able to be subcultured to passage 10, regardless of bFGF treatment,
40% (2 out of 5) of cell lines cultured without bFGF died before passage 20 and later the
others also died before passage 25. Unlike this, 60% (3 out of 5) of cell lines cultured with
bFGF were able to be subcultured to passage 25 and these three cell lines (designated as cell
lines 4, 7, and 10) were subcultured stably more than 35 times before being frozen. When
the cellular morphology of cell lines was observed every 5 passages until passage 20, all
cell lines, regardless of passage number and bFGF treatment, possessed a large number of
cells showing a flat fibroblast-like shape and most cells had a single nucleus (Figure 2B). In
morphological observation of cell lines 4, 7, and 10 at passage 30, it was observed that all
three cell lines predominantly possessed fibroblast-like cells and contained a small number
of epithelial cell-like cells. However, the proportion of epithelial cell-like cells was relatively
higher in cell lines 7 and 10 than in cell line 4 (Figure 2C).
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Figure 2. Establishment of cell lines from muscle tissues. (A) Effect of basic fibroblast growth factor
(bFGF) on cell line establishment. The primary explant culture and subculture were performed in
the presence or absence of bFGF. Only the cell lines cultured with bFGF were able to be subcultured
beyond passage 25. (B) Representative pictures showing the morphology of cell lines until passage
20. The cell lines contained large numbers of flat fibroblast-like cells. Most cells had a single nucleus.
Scale bars = 40 µm. (C) Morphology of three cell lines (designated as cell lines 4, 7, and 10) at passage
30. All three cell lines predominantly possessed fibroblast-like cells, but more epithelial cell-like cells
were shown in cell lines 7 and 10 than in cell line 4. Scale bars = 200 µm.

3.3. Characterization of A. schlegelii Muscle-Derived Cell Lines

Three cell lines at passage 30 were evaluated for the expression of three genes includ-
ing Pax7, MyoD, and Myog that are known to be expressed in muscle lineage cells. As
shown in Figure 3A, all three cell lines expressed Pax7 specific for muscle satellite cells
but the expression of MyoD specific for myoblasts and Myog specific for myotubes was
detected only in cell line 4 and not in cell lines 7 and 10. The growth rate of cell line 4
was highest among three cell lines but all proliferated continuously until day 9 of culture
(Figure 3B,C). So, cellular doubling time was fastest in cell line 4 (62.1 ± 0.4 h, 87.5 ± 3.8 h,
and 77.8 ± 3.9 h for cell lines 4, 7, and 10, respectively, p < 0.05). Experimental results of
evaluating anchorage dependency of the cell lines showed that all cell lines adhered and
grew when cultured in tissue culture-treated dishes (adhesive condition), whereas they did
not adhere and grow when cultured in petri dishes (non-adhesive condition) (Figure 3D).
In addition, the adhered cells from all cell lines showed the high cell viabilities of more
than 92.5 ± 7.7%, unlike non-adhered cells that showed the cell viabilities of less than
50% (Figure 3E). Collectively, these results indicated that the established cell lines were
anchorage dependent for their growth and survival.
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Figure 3. Characterization of the established cell lines. Three muscle-derived cell lines were char-
acterized for their gene expression and growth characteristics. (A) Results of RT-PCR analysis for
the expression of Pax7 specific for muscle satellite cells, MyoD specific for myoblasts, and Myog
specific for myotubes. (B) Growth rate of the cell lines. (C) Representative pictures of cells growing
for 9 days. Scale bars = 200 µm. (D,E) Anchorage dependency test of the cell lines. Three cell lines
were individually cultured on either tissue culture-treated dishes or petri dishes for 7 days, and
total cell number (D) and cell viability (E) were measured. The values for (B,D,E) are expressed
as mean ± standard deviation of at least three independent experiments. *,** Asterisks indicate
significant differences (p < 0.05).

3.4. Evaluation of Differentiation Capacity of A. schlegelii Muscle-Derived Cell Lines

To investigate the differentiation capacity of the cell lines, three cell lines were cultured
in differentiation medium consisting of DMEM supplemented with 2% HS and 1% P/S. As
the results, morphological changes of the cells to myotubes were observed only in cell line 4.
While culturing in the differentiation medium, the myogenic cells rapidly fused and formed
a number of multinucleated myotubes at day 2 of culture, and after that they detached one
by one from the dishes. At day 4 of culture, a relatively small number of myotubes was
observed compared to day 2. In contrast to this, cell lines 7 and 10 did not form myotubes
(Figure 4A). After 4 days of culture in the differentiation media, alteration of the mRNA
levels of Pax7, MyoD, and Myog were examined in the cell lines, comparing with those
before differentiation. For cell line 4, a significant increase was detected in Myog, but MyoD
did not show significant difference. In the case of Pax7, there was no statistical difference,
but a relatively high decrease of 2.7-fold was observed after differentiation induction. For
cell lines 7 and 10, MyoD decreased significantly after differentiation induction in both cell
lines, whereas Myog increased in both cell lines, although there was no statistical difference.
Expression of Pax7 was significantly decreased in cell line 7 and significantly increased in
cell line 10 after differentiation induction (Figure 4B).
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Figure 4. Differentiation of muscle-derived cell lines. For differentiation induction, three cell lines
were cultured in growth medium (GM) for 3 days and then cultured in differentiation medium (DM)
using low concentration of horse serum for 4 days. (A) Morphological observation of cells after culture
in DM for 4 days. Myotube formation was observed only in cell line 4 and not in cell lines 7 and 10.
Scale bars = 100 µm. (B) Changes in expression of Pax7, MyoD, and Myog genes after differentiation
induction of the cell lines. The mRNA levels of the cells cultured in DM for 4 days were compared to
those of the cells cultured in GM for 3 days before differentiation induction. Different gene expression
patterns were observed for each cell line. The values are expressed as mean ± standard deviation of
three independent experiments. * Asterisks indicate significant differences (p < 0.05).

3.5. Effects of Serum Type and Concentration on Differentiation

To investigate the optimal serum type and concentration for differentiation, cell line 4
was induced to differentiate in four different media consisting of DMEM supplemented
with 1% P/S and 1% HS, 2% HS, 1% FBS, or 2% FBS. No significant difference was detected
in morphological observation among the groups. Myogenic cells in all media conditions
rapidly formed myotubes through the fusion of each other on day 2 of culture after dif-
ferentiation induction, and afterward they were detached from the dishes little by little.
Live/dead staining showed that all myotubes formed were alive and the presence of multi-
nuclei in myotubes was clearly observed. In the negative control that was cultured in
growth media, myotube formation was not detected (Figure 5). The qRT-PCR analysis
showed that there was no significant difference in Pax7 expression among treatment groups
(Figure 6(A1)). However, a significant increase in MyoD expression was observed in the
cells differentiated in 1% FBS compared to the control (cells cultured in growth media)
(Figure 6(A2)). In the case of Myog, the expression was significantly increased in 2% HS,
1% FBS, and 2% FBS groups compared to the control (Figure 6(A3)). As a result of mea-
suring the fusion index, a significantly higher fusion index was observed in 2% HS group
compared to the other groups (40.1 ± 3.6% for 2% HS vs. 33.8 ± 2.1%, 31.5 ± 4.3%, and
32.3 ± 3.1% for 1% HS, 1% FBS, and 2% FBS, respectively, p < 0.05) (Figure 6B).
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Figure 5. Morphological observation after differentiation induction of cell line 4 depending on
different serum types and concentrations. For differentiation induction, cell line 4 was cultured
in growth medium (GM) for 3 days and then cultured in differentiation media containing 1% or
2% of horse serum (HS) or fetal bovine serum (FBS) for 4 days. During differentiation induction,
morphological changes of the cells were observed through a microscope and on day 4, multinucleation
of myotubes was confirmed by live/dead and Hoechst 33342 staining. No significant difference was
detected in morphological observation among treatment groups. Arrowheads indicate nuclei. Scale
bars = 100 µm for day 0, day 2, and day 4; 40 µm for phase contrast, calcein AM, Hoechst 33342,
and merge.

Figure 6. Changes in gene expression and fusion index after differentiation induction of cell line 4
depending on different serum types and concentrations. For differentiation induction, cell line 4 was
cultured in growth medium (GM) for 3 days and then cultured in differentiation media containing
1% or 2% of horse serum (HS) or fetal bovine serum (FBS) for 4 days. (A1–A3) Results of qRT-PCR
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analysis for the expression of Pax7 (A1), MyoD (A2), and Myog (A3) genes depending on differ-
entiation conditions. No significant difference in Pax7 expression was observed among treatment
groups. In contrast, expression levels of MyoD and Myog were observed differently according to the
differentiation conditions. (B) Fusion index depending on differentiation conditions. The highest
fusion index among the groups was observed under the condition using 2% HS. The values are
expressed as mean ± standard deviation of three independent experiments, and abc different letters
indicate significant differences (p < 0.05).

3.6. Differentiation of a Muscle Satellite Cell Line after Long-Term Culture

On the basis of the above experimental results, we defined cell line 4 as a skeletal
muscle-derived myogenic cell line. To evaluate whether this skeletal muscle-derived
myogenic cell line is able to retain its unique characteristics even after long-term culture,
the cell line at passage 128, which was the passage we cultured for the longest time so far,
was characterized for its differentiation capacity and the expression of myogenic regulatory
genes after differentiation. As shown in Figure 7A,B, the skeletal muscle-derived myogenic
cell line formed multinucleated myotubes after differentiation induction in spite of long-
term culture, and the fusion index was found to be 25.7 ± 5.8% indicating that this cell line
still maintained its differentiation capacity. Expression of Pax7 did not show a statistical
difference between before and after differentiation. In the case of MyoD and Myog, the
expression was significantly increased after differentiation (Figure 7C).

Figure 7. Differentiation of a muscle satellite cell line after long-term culture. A muscle satellite
cell line at passage 128 was cultured in growth medium (GM) for 3 days and then cultured in
differentiation medium (DM) for 4 days to induce differentiation. (A) Picture showing a multinucle-
ated myotube. Cells were stained with live/dead and Hoechst 33342 staining. Scale bars = 40 µm.
(B) Fusion index. (C) Relative mRNA levels of myogenic regulatory genes between before and
after differentiation. The values are expressed as mean ± standard deviation of three independent
experiments. * Asterisks indicate significant differences (p < 0.05).

4. Discussion

In this study, we sought to establish stable muscle cell lines from black sea bream
(A. schlegelii) that can be used for understanding muscle growth mechanisms and/or pro-
ducing artificial meat. In order to establish cell lines stably, it is important to increase
the success rate of the primary culture to secure the seed cells for cell line establishment.
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Therefore, we first investigated the effects of several well-known factors involved in cell
culture on the primary explant culture of A. schlegelii muscle tissues. Among them, treat-
ments of different types of substrates (gelatin and Matrigel) and basal media (L15, DMEM,
and α-MEM) did not show a statistical difference for the efficiency of the primary culture.
In addition, no difference was observed in its efficiency depending on bFGF treatment.
However, the use of different types of serum (FBS and KSR) significantly influenced the
results of the primary culture. When FBS was used, significantly higher efficiencies in both
primary cell adherence and first subculture were observed compared to when KSR was
used. FBS, as a well-known growth-promoting factor in cell culture, is usually added to
the culture media at a concentration of 5 to 20% when culturing fish cell lines, indicating
that this factor is essential for fish cell culture [30,31]. Likewise, it was demonstrated from
this study that FBS was essential for culturing A. schlegelii muscle-derived cells. Moreover,
many studies that cultured muscle-derived cells have included FBS in the culture media
regardless of species ([32] for murine; [33] for human; [14] for bovine; [34] for porcine; [35]
for chicken; and [22] for fish). These indicate that FBS plays a key role in in vitro growth
of muscle-derived cells and is still an essential element for culturing them at the current
technology level. However, it is important to find alternatives to FBS because it has several
issues regarding cost and safety [36]. As one alternative to FBS, KSR has usually been used
for culturing many different kinds of cell lines [37,38]. For muscle-derived cells, Choi et al.
has reported that KSR induced the proliferation of muscle cells similar to FBS [3]. Unlike
this, our results showed that KSR was less effective than FBS in the primary explant culture
of A. schlegelii muscle tissues, suggesting the need to find other alternatives to FBS. On the
other hand, because several primary cell populations (seed cells) were obtained from the
media containing KSR, the availability of KSR may need to be evaluated in more depth
through additional optimization processes.

Although bFGF did not exert any significant effects in the primary explant culture, it
seemed to have a great influence on the continuous culture of the cell lines derived from
A. schlegelii muscle tissues. The cell lines cultured in the media without bFGF did not grow
beyond passage 25, whereas 60% (3 out of 5) of cell lines cultured in bFGF-containing media
continuously grew until no longer cultured (cultured to 128, 80, and 35 passages for cell
lines 4, 7, and 10, respectively). These results indicated that bFGF could give a suitable
proliferation environment for A. schlegelii muscle-derived cell lines. This positive effect of
bFGF on the culture of muscle-derived cell lines is also consistent with the results of several
previous studies that cultured muscle cells from fish and mammals [23,29].

Muscle stem cells, called muscle satellite cells, exist in a quiescent state between the
muscle fiber and the surrounding basement membrane, and are responsible for skeletal
muscle regeneration [39,40]. Under injury, these muscle satellite cells become activated,
proliferate, and make new skeletal muscle [41,42]. In the process of differentiation, muscle
satellite cells differentiate into myoblasts and subsequently they generate myotubes via
cell-to-cell fusion of myocytes differentiated from myoblasts [6]. It is known that quies-
cent muscle satellite cells highly express Pax7, myoblasts express MyoD and Myf5, and
myocytes/myotubes express Myog [34,43,44]. Similarly, in fish, it was reported that the
expression of Pax7, MyoD, and Myog was confirmed in muscle satellite cells, proliferat-
ing myoblasts, and differentiated myotubes of zebrafish (Danio rerio), respectively [45].
Through RT-PCR analysis of Pax7, MyoD, and Myog genes in three cell lines (cell lines 4, 7,
and 10) at passage 30 (Figure 3A), we found that the expression of Pax7 was detected in all
cell lines, indicating that all three cell lines included muscle satellite cells. In contrast, the
expression of MyoD and Myog was detected only in cell line 4 but not in cell lines 7 and
10. However, because weak signals of MyoD and Myog expression were also detected in
cell lines 7 and 10 from another experiment using 40 cycles of qRT-PCR (Figure 4B), it is
speculated that all three cell lines contained all of the muscle satellite cells, myoblasts, and
myocytes, and the proportion of each cell would be different from cell line to cell line. On
the other hand, because Pax7 expression is not limited to muscle satellite cells but is also
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present in neuronal tissues [46], the cell lines established in this study might include other
cell types from different lineage than muscle.

Under differentiation-inducing conditions that exposed the cells to a low concentration
of serum, only cell line 4 formed myotubes and the other cell lines did not show significant
changes in morphology. These results seem to be related to the above gene expression
results that showed different expression of MyoD and Myog in three cell lines. Previously,
it was shown that inhibition of MyoD resulted in transcriptional downregulation of its
downstream genes including Myog, MRF4, Myf5, and MHC with no myotube formation [47].
Thus, the lack of MyoD and Myog expression in cell lines 7 and 10 might have led to the
failure of differentiation induction. Detailed mechanisms for this need to be verified in
further studies.

Generally, the differentiation of myoblasts involves the processes by which prolif-
erating myoblasts exit the cell cycle and form myotubes through cell-to-cell fusion [48].
In the case of in vitro culture, serum starvation is a method usually used for myogenic
differentiation of myoblasts. Serum that contains various growth factors promotes the
proliferation of myoblasts, but when the serum is removed, the cell cycle arrests and
myogenic differentiation is induced in vitro [49]. Until now, low concentrations of HS or
FBS have been used for serum starvation to induce myogenic differentiation [14,34], and
thus we tried to determine the optimal serum type and its concentration for myogenic
differentiation of cell line 4. As the results, all treatment groups using 1% or 2% of HS or
FBS formed myotubes but the efficiency of myotube formation was highest when 2% HS
was used. Although this finding coincides with those from previous studies [22,34], it has
not been clearly demonstrated why HS is effective in inducing myogenic differentiation.
Further challenges should be to clarify the reason for this and ultimately find an efficient
and safe differentiation-inducing substance, not serum.

5. Conclusions

From this study, we established black sea bream (A. schlegelii) skeletal muscle cell
lines and analyzed their cellular characteristics. A cell line, designated as cell line 4, grew
well continuously, expressed major myogenic regulatory genes including Pax7, MyoD,
and Myog, and differentiated to form myotubes under serum starvation. Furthermore, it
maintained its differentiation capacity to myotubes even after long-term culture. Based on
these characteristics, we defined this cell line as a skeletal muscle-derived myogenic cell
line. This cell line will not only be used as a great in vitro model for understanding the
mechanisms involved in muscle growth in marine fish, but also provide a valuable cell
source for the production of fish artificial cultured meat.
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