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CHAPTER 1.

General Introduction



Germline stem cells (GSCs) maintain the undifferentiated germ cell pool
within the gonads through mitotic division enabled by their self-renewal
capacity, and ultimately transmmit their genetical imformation through
differentiation into sperm and eggs (Matsuoka et al., 2014; Cao et al., 2019;
Kleppe et al., 2025). In aquaculture research, GSCs have been considered
as key resources for species conservation, transgenic fish production, and
mitigating reproductive barriers (Ruy and Gong, 2020; Xie et al., 2020).

Indeed, transplantation of in vitro cultured germ cells into teleost fishes,
including rainbow trout (Oncorhynchus mykiss; Iwasaki-Takahashi et al.,
2020), and zebrafish (Danio rerio; Kawasaki et al., 2012, Wong et al., 2013)
produced functional donor—derived gametes, demonstrating that fish GSCs
can be used for surrogate production. Also, induction of fertilizable sperms
from 7in witro cultured spermatogonia were reproted from honmoroko
(Gnathopogon caerulescens; Higaki et al., 2017) and four-eyed sleepers
(Bostrychus sinensis, Zhang et al., 2022), suggesting expanded possibilities
for applications in aquaculture. However, since GSCs occupy small portion
in the gonads (Iwasaki-Takahashi et al., 2020), the development of in vitro
culture system is essential for efficient utilization.

In mammals, pluripotent stem cells such as embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) can be differentiated into germ
cell lineages (Bradley et al., 1984; Okita et al., 2007, Hayashi et al., 2012).
In teleost fish, ESC cell lines or ESC-like cell lines were established from
various species including medaka (Hong et al., 1996), zebrafish (Ho et al.,
2014), olive flounder (Nie et al.,, 2023), Nile tilapia (Fan et al., 2017), and
red drum (Walsh et al, 2024). Also, iPSCs were cultured in zebrafish
(Roselld et al.,, 2013; Peng et al., 2019). Although those cell lines showed



pluripotency, differentiation into germ cells from cultured ESCs or iPSCs
has not been reported. A key reason is that teleost fish specify their
primordial germ cells very early by maternally inherited germ plasm
(Knaut et al., 2000; Li et al., 2014). Thus, unlike in mammals, ESCs and
1IPSCs are not suitable for fish reproductive biotechnology.

To date, in vitro GSCs culture have been performed by two-dimensional
(2D) culture method and three-dimensional (3D) culture method. In the 2D
culture method, GSCs were cultured on the mitotically inactivated feeder
cells (Wong et al., 2013; Hamidabadi and Bojnordi, 2017; Iwasaki-Takahashi
et al, 2019). Although 2D culture method can provide high reproducibility,
this method places cells in a non—natural environment without extracellular
matrix (ECM), which hinders the recapitulation of the complexity of the in
vivo cellular microenvironment (Suarez-Martinez et al., 2022). Also, since
cultured cells grow as a monolayer on a flat surface, cell signaling is
restricted to a single direction (Suarez—-Martinez et al., 2022). On the other
hands, 3D culture method have been used by wvarious methods including
organ culture (Miura and Miura, 2001, Wang et al., 2022; Celiz et al., 2023),
soft agar culture systems (SACS; Jabari et al., 2020) and methylcellulose
culture systems (MCS; Huleihel et al., 2015). The 3D culture methods
allow cell signaling with multi-directions, this methods support long-term
male GSCs culture and stemness, comparing 2D culture method (Lee et al.,
2019; Wu et al, 2023). Moreover, i/n wvitro induced fertile sperm were
produced by testicular organ culture (Sato et al., 2011). Likewise, adipose
matirx or hydrogel culture of ovarian follicles preserve spherical
architecture so that signals between granulosa and oocyte circulate in and

out of the follicle, whereas 2D attachement causes follicle to flatten and



disrupt cell signaling (Brito et al., 2024). A summary of the comparison
between 2D and 3D culture method is presented in Table 1.

On the other hands, organ culture, SACS, MCS, and ECM-embedded
gonadal cell cultures are not suitable for continuous culture, as they do not
allow subculturing. To overcome this limitation, organoids, which formed
through self-organization of dissociated primary cells, have emerged as a
promising alternative (Alves-Lopes et al., 2017; Sakib et al., 2019). Indeed,
several studies have demonstrated that organoids can be successfully
subcultured, indicating potential as a continuous culture system (Fan et al.,
2022; Lim et al., 2025). In mammals, testicular and ovarian organoids have
been used not only to recapitulate gonadal architecture (Lee et al., 2006;
Cham et al., 2021), but also to produce functional gametes and offspring in
vitro (Li et al., 2021; Nanki et al., 2020). Desipte their potential, studies about
fish gonadal organoids remain limited. To date, only two studies have
reported the induction of testicular aggregates capable of producing fertilizable
sperm in vitro, which successfully led to offspring production through artifical
fertilization (Higaki et al, 2017, Zhang et al, 2022). Although both studies
successfully generated offsprings through artificial fertilization using in Wwitro
induced sperm, appropriate induction methods and culture conditions for the
formation of fish gonadal aggregates have no yet been investigated.

For this reason, the present study aimed to evaluate appropriate methods
and culture conditions for inducing gonadal aggregates wusing the
experimental model fish marine medaka (Oryzias dancena). In addition, I
established a testicular cell line from the commercially important
aquaculture species, olive flounder (Paralichthys olivaceus), and developed

and characterized the 3D co—culture testicular aggregate system.



Table 1. Comparison of 2D

and 3D culture systems for germ cell culture

Culture structure

Stemness maintenance

Differentiation

Niche reconstruction
Cell-cell interactions
Ease of observation

Application suitability

Grow as a monolayeron a flat surface

Risk of spontaneous differentiation or cell
death

Require strong external induction signals

Very limited or absent
Planar contact
Easy to observe

Suitable for basic studies and short-term
cultures

Grow in scaffolds, spheroid or organoid

More suitable for maintaining undifferentiation
due to niche-like microenvironment

Efficient differentiation due to cell-cell
interaction

Possible to mimic germ cell niche
Multidirectional interactions
More difficult due to structural complexity

Suitable for long-term cultures, physiological
modeling, and transplantation studies




CHAPTER 2.
(General Materials and Methods



1. Fish

Adult marine medaka (Oryzias dancena) were bred in the Laboratory of
Cell Biotechnology, Pukyong National Uiversity (Busan, Republic of Korea).
They were fed 5 times a day with a commercial diet for flounder larvae
(EWHA, Busan, Republic of Korea) and brine shrimp larvae (Artemia
nauplius). Water temperature and water salinity were adjusted to 26°C and
5 psu, respectively. Photoperiod was adjusted at light for 14 hours and
darkness for 10 hours. In the case of the males, whose total length were
3.2 to 35 cm, were separated from females 3 days before inducing
testicular aggregates. However, the females, whose total length were 3.2 to
3.5 cm, were separated from males a day before inducing ovarian
aggreates. All procedures dealing with animals complied with the guidelines
provided by Pukong National University approved our research proposal
(apporval No. PKNUIACUC-2021-31)

Olive flounder (Paralichthys olivaceus) used in this study were reared at
the National Institute of Fisheries Science (NIFS; Busan, Republic of
Korea). The fish were maintained in 1-ton flow through tanks adjusted to
19 £ 0.3C, following a natural photoperiod regulated by an electronic timer
and illumiated with fluorescent lights. They were fed commercial extruded
pellets (Daebong LS Co., Ltd., Jeju, Korea) twice daily. All procedures
were conducted in accordance with the Animal Protection Act enforced by
the Ministry of Agriculture, Food, and Rural Affairs of the Republic of
Korea, and the protocols were approved by the Institutional Animal Care

and Use Committee of NIFS (appproval No. 2024-NIFS-TACUC-47).



2. Gonadal cell isolation for inducing goandal aggregates

2.1 Gonads extraction

Adult O. dancena individulas were used for testicular and ovarian cell
isolation. Male and female fish were anesthetized by immersion in cold
water (4TC) for 5 minutes and disinfected in 70% (v/v) ethanol for 10
seconds to prevent microbial contamination (Graziano et al., 2013). Testes
and ovaries were surgically extrated under sterile conditions and washed
three times with Dulbecco’s phosphate-buffered saline (DPBS; Gibco, Grand
Island, NY, USA) containing 1% (v/v) penicillin-streptomycin (P/S; Gibco).
The isolated testes and ovaries were transferred to 35 mm Petri dishes
(SPL Life Science, Pocheon, Republic of Korea) and mechanically dispersed
using sterile surgical blades (No. 20; FEATHER Saftey Razor, Osaka,
Japan) prior to enzymatic digestion.

To extract testes from FP. olivaceus, a similar process was performed.
Males were anesthetized in seawater containing 0.19% (v/v) 2-phenoxy
ethanol (Sigma-Aldrich, ST. Louis, MO, USA) for 10 minutes and
disinfected in 70% (v/v) ethanol for 10 seconds. The surgically extracted
testes were washed 3 times with DPBS. And finally 0.5 g of testicular
fragments were moved into 100 mm Petri dishes (Corning, Corning, NY,
USA), respectively. Finally, they were dissceted with sterile surgical blades

(No. 10; Paragon, Sheffield, UK) before enzymatic digestion.



2.2 Enzymatic digestion

For testicular and ovarian tissues digestion from O. dancena, they were
digested by 2 mL of 0.05% (v/v) trypsin~fEDTA (Gibco) with gentle
pipetting every 10 minutes for 1 hour to aid tissue digestions. The
activities of trypsin-EDTA were terminated by adding an equal volume of
culutre medium composing Dulbecco’'s Modfied Eagel Medium (DMEM;
Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco) and
1% (v/v) P/S. Subsequently, digested testicular or ovarian cells were
filtered through 40 pm cell strainers (Falcon, Corning, NY, USA), and the
testicular or ovarian cells were harvedsted by centrifugation (400 x g, 5
minutes).

In the case of enzymatic digestion from £F. olivaceus testes, dissected
testes were digested by 10 mL of 0.25% (v/v) trypsin-EDTA with gentle
pipetting every 10 minutes for 2 hours. Inactivations of trypsin-EDTA
were peferomed same way with O. dancena. After that, testicular cells
were filitered sequentially through 100 pm and 40 pm cell strainers
(Falcon). Finally, P. olivaceus testicular cells were harvested by centrifugation

with same condition with O. dancena.

2.3 Gonadal cell isolation via Percoll density graident centrifugation (PDGC)

To remove excess differentiated germ cells such as sperms and
spermatids from harvested O. dancena testicular cells, PDGC was
performed. Harvested testicular cells were resuspended by 300 plL culture

medium and were carefully layered onto the top of a discontinuous 5-step



Percoll solution (202, 3026, 4026, 502, and 60%; 1 mL each; Sigma-Aldrich)
in 15 mL contical tubes (Falcon). They were centrifuged at 800 x g for 30
minutes. The layers were collected separately, and the morphology of the
cells from each layer was examined using an inverted microscope (Eclipse
TS100; Nikon, Tokyo, Japan). Also, the each Percoll layer was named
follow as: top to 20% Percoll solution is 1% layer, 20% to 30% Percoll
solution is 2" layer, 30% to 40% Percoll solution is 3 layer, 40% to 50%
Percoll solution is 4™ layer, 50% to 60% Percoll solution is 5" layer, and
50% to bottom Percoll solution is 6" layer, respectively. Harvested cells
from 1% layer to 4" layer were used for the formation of testicular
aggregates.

To evaluate the formation of ovarian aggregates according to ovarian
cell populations from O. dancena, two different cell populations were
isolated as follows; 1. ovarian cell populations harvested from 2" layer to
39 layer and 2. ovarian cell populations harvested from 1% layer to 4%
layer. On the other hands, testicular cell populations harvested from 1%
layer to 4" layers were utilized for establishing a somatic cell line derived
from P. olivaceus testis and assessing its role in the formation of 3D

co—cultured testicular aggregates.

3. Composition of cell culture medium

Two types of cell culture media were used depending on the purpose of
the experiment: basic medium (BM) and modified embryonic stem cell

medium 2 (MESM2). BM consisted of Leibovitz's L-15 Medium (LL15;

Gibco) supplemented with 10% (v/v) KnockOut™ serum replacement (KSR;

_10_



Gibco) and 1% P/S. mESM2 was adapted from the previously established
ESM?2 formulation for fish embryonic stem cell culture, with modifications
in the embryo extract (EE) and fish serum (FS) components depending on
the cell type and species. The base composition of mESM2 was as follows:
DMEM, 15% (v/v) FBS, 20 mM hydroxyethyl piperazine ethane sulfonic acid
(HEPES; Thermo Fisher Scientific, Waltham, MA, USA), 1 mM non-essential
amino acids (NEAA; Gibco), 1 mM sodium pyruvate (SP; Gibco), 2 nM sodium
selenite (SS; Sigma-Aldrich), 100 uM B-mercaptoethanol (BME; Gibco), 10
ng/mL human basic fibroblast growth factor (bFGF; Gibco), 1% (v/v) FS
derived from rainbow trouts (QOncorhynchus mykiss) or P. olivaceus, 50 ng/mL
EE prepared from O. dancena or P. olivaceus embryos, and 1% (v/v) P/S. For
culturing testicular aggregates and ovarian aggregates derived from O. dancena,
commercial products of O. mykiss serum (Caisson Laboratories, Inc., North
Logan, UT, USA) were used. The preparation of P. olivaceus serum or EE
derived from O. dancena or P. olivaceus was performed following previously

described protocols (Kim et al., 2009; Ryu and Gong, 2017).

4. Analysis of cell viabiliy

To evaluate cell viability, goandal aggregates were transferred into 1.5
mL microcentrifuge tubes (Corning) and enzymatically dissociated using
500 upuL of 0.05% (v/v) trypsin-EDTA for 30 minutes. During the
incubation, gentle pipetting was performed every 10 minutes. Subsequently,
an equal volume of DMEM supplemented with 10% (v/v) FBS and 1%
(v/v) P/S was added to inactivate trypsin-EDTA. The cell suspensions

were collected by centrifugation at 400 x g for 5 minutes, and the pellet

_’l’l_



was resuspended in 500 pL of DPBS. Cell viabilities were then determined
using the trypan blue (Gibco).

In addition, localization of live and dead cells within the gonadal
aggregates was determined using the Live/Dead Viability/Cytotoxicity Kit
(Molecular Probes, Eugene, OR, USA), according to the manufacturer’s
protocol. Aggregates were stained with fluorescent indicators: 2 uM calcein
AM to identify live cells and 4 pM ethidium homodimer—-1 to identify dead
cells. After staining, samples were observed under a fluorescence
microscope (Olympus, Hamburg, Germany) to visualize the localization of
live and dead cells within the three-dimensional structures. For the
negative controls, aggregates were treated with 7026 ethanol for one hour

prior to staining to ensure complete loss of viability.

5. Analysis of gene expression

To characterization the olive flounder testicular cell line (OFT), reversed
transcription polymerase chain reaction (RT-PCR) were performed. And, to
evaluate gene expression levels depending on supplements from gonadal
aggregates, quantitative reverse transcription polymerase chain reaction
(gRT-PCR) were performed. At first, total RNA from gonadal aggregates or
OFT was extracted using RNeasy Plus Micro Kit (Qiagen, Valencia, CA,
USA), following the manufacturer’s instructions. The ¢cDNA was synthesized
by GoScript TM reverse transcription system (Promega, Madison, WI, USA).
Finally, cDNA was subjected to RT-PCR or gRT-PCR depending on purpose.
The detail condtions for RT-PCR and gRT-PCR were described in Chapter

3, Chapter 4, and Chapter 5 materials and methods.

_12_



6. Statistical analysis

All data are presented as mean * standard deviation (SD), with a
minimum of three replicates. Statistical analyses were performed using
SPSS software (version 19.0; SPSS Inc., Chicago, IL, USA). Differences
between groups Wwere assessed using one-way analysis of variance
(ANOVA) or fttest, followed by a Duncan’s method. Significant differences

were determined when p values were less than 0.05.
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CHAPTER 3.
Establishment and Characterization of
Testicular Aggregate Culture systems in

Marine Medaka (Oryzias dancena)
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I . Introduction

In teleost testis, spermatogenesis 1s proceeded through complex
Interactions between germ cells and their surrounding somatic cells
(Ibtisham and Honaramoo, 2020). Throughout this process, diploid
spermatogonia undergo asymmetric division to produce haploid spermatozoa
that transmit genetic material to the next generation (Shivdasarni et al.,
2003). Hence, the development of a reliable in vitro testicular culture
system that can recapitulate spermatogenesis holds great potential for
studies on male infertility and the advancement of reproductive
biotechnology in aquaculture.

To date, considerable efforts have been made to reproduce
spermatogenesis  /n  vitro using both two-dimensional (2D) and
three-dimensional (3D) culture strategies (Iwanami et al., 2006, Sato et al.,
2011; Stukenborg et al., 2008). However, 2D systems have failed to support
complete spermatogenesis, because of their inability to replicate the spatial
architecture and cellular interactions required between germ and somatic
cells (Reuter et al., 2014; Alves-Lopes et al, 2017). In contrast, testis
organ culture, a 3D culture method, has shown success in generating
functional sperm in vitro (Sato et al., 2011). Nonetheless, this method poses
limitations in its inability to support long-term subculture, which is crucial
for reducing animal use and enabling sustainable experimentation. Taken
together, an ideal in vitro model for testicular function should provide both

appropriate cell - cell interactions and long-term culture viability.
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Testicular organoids, which mimic the native structure and functionality
of the testis, have emerged as promising candidates to meet these
requirements. These organoids can preserve germ - somatic cell interactions
in vitro and potentially be maintained through repeated subculturing under
optimized conditions. In mammalian systems, several approaches have been
explored to generate such structures. For instance, embedding primary
testicular cells from 18-day-old rats into a collagen and Matrigel matrix
led to the formation of cyst-like aggregates and an increased yield of
haploid cells compared to 2D cultures (Lee et al., 2006). The application of
a three-layer gradient system (3-LGS) promoted the reorganization of
dissociated rat testicular cells into spherical and tubular organoid structures
that retained germ cell populations for up to three weeks (Alves—Lopes et
al., 2017). In pigs, highly biomimetic testicular organoids have been
produced by initially forming spheroids in ultra-low attachment (ULA)
96-well plates, followed by culture on an air - liquid interface (Cham et al.,
2021).

Despite these promising outcomes in mammals, the establishment of
testicular organoids in teleost species remains largely underexplored. A few
studies in species such as honmoroko (Gnathopogon caerulescens, Higaki
et al., 2017) and four-eyed sleeper (Bostrychus sinensis;, Zhang et al., 2022)
have demonstrated in wvitro generation of sperm from testicular aggregates,
yet the culture conditions and formation strategies for such aggregtes have
not been thoroughly characterized.

Therefore, the present study aimed to establish foundational culture
conditions for the generation of testicular aggregates in marine medaka

(Oryzias dancena). As an initial step toward developing a stable and
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reproducible testicular organoid system for fish, the effects of different
culture methods and media compositions were evlautated for the formation
of testicular aggregates. To accomplish this, the dissociation protocol was
optimized to obtain primary testicular cells devoid of mature sperm. Then,
I investigated their ability to self-assemble into aggregates using three
culture approaches: (1) Matrigel suspension, (2) the 3-LGS method, and (3)
ultra-low attachment (ULA) culture. Subsequently, I compared the effects
of various media formulations on the number and size of the resulting
aggregates to determine optimal culture conditions. Finally, I evaluated
whether the established conditions could  support the production of

fertilizable sperm from in wtro cultured aggregates.
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II. Materials and methods

1. Investigation of the optimal concentration of trypsin-EDTA

To optimize the concentration of trypsin-EDTA for isolating cells from
testicular tissues, testes were enzymatically dissociated using varying
concentrations of trypsin-EDTA, and the resulting cell yield and viability
were evaluated. The testes were excised from adult male marine medaka
(Oryzias dancena). Subsequently, they were rinsed three times in DPBS
supplemented with 1% penicillin-streptomycin (P/S), and transferred into 35
mm Petri dishes. Tissues were minced using a surgical blade and digested
for 1 hour with different concentrations of trypsin-EDTA including 0.025%
(v/v), 0.06% (v/v), 0.1% (v/v), and 0.2% (v/v).

To terminate the enzymatic reaction, an equal volume of culture medium
containing 10% FBS and 1% P/S was added. The resulting cell suspension
was passed through a 40 pm cell strainer to remove tissue debris, and
cells were collected by centrifugation at 400 x g for 5 minutes. The cell
pellet was then resuspended in 300 pL of culture medium (10% FBS, 1%
P/S), and total cell count was performed using a hemocytometer
(Marienfeld-Superior, Lauda-Koénigshofen, Germany). Cell viabilities were
determined by trypan blue exclusion assay (Gibco), with non-stained (live)
and blue-stained (dead) cells counted to calculate the percentage of viable

cells.
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2. Induction of testicular cell aggregates

2.1. Matrigel suspension

For Matrigel suspension culture, Matrigel was diluted by 1:1 ratio with L-15.
Subsequently, testicular cells were suspended in 5 pL of diluted Matrigel at
three different final cell concentrations: 1.25 x 10°, 25 x 10°, and 3.75 x 10°
cells/uL. The 5 pul. Matrigel containing testicular cells was carefully deposited
as a single drop onto either 35 mm cell culture dishes or Petri dishes and
allowed to solidify for 20 minutes at 28°C. When gelation was complete, 2 mL

of basic medium (BM) was gently added to each dish to begin the culture.

2.2. Three-layer gradient system (3-LGS)

For 3-LGS culture, three successive layers of Matrigel were constructed
on the center of the membrane in 24-well hanging cell inserts (Corning),
which were first placed upside down during layering. First, 5 pL of diluted
Matrigel was applied directly onto the center of the insert membrane and
incubated at 28°C for 20 minutes for gelation. Then, a second 3 uL
Matrigel layer containing isolated testicular cells was gently layered onto
the first, followed by another 20 minutes gelation step. Finally, an 8 uL
layer of Matrigel was added to cover the previous two layers, and the gel
was allowed to solidify for an additional 20 minutes. After all three layers
were established, the insert was inverted back and placed into a 24-well

plate containing 600 ulL of BM, and the cells were cultured.
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2.3. Ultra-low attachment (ULA) plate method

In the ULA method, isolated testicular cells were suspended in either 5 puL
of Matrigel or 150 uL of BM, and seeded into ULA plates (Corning), which
feature hydrophilic hydrogel coatings to prevent cell attachment. For the
Matrigel-based condition, cells were suspended in 5 pL of Matrigel (final
concentration: 25 x 10° cells/uL), placed in the well, and allowed to gel for
20 minutes at 28°C before adding 150 pL of BM. In the medium-only
suspension, the same cell concentration was maintained by directly seeding

cells in 150 pLL of BM without Matrigel.

3. Evaluation of testicular aggregate number, size, and

cell viability

Testicular aggregates formed in ULA plates were collected and gently
washed with 2 mL of DPBS in a 35 mm Petri dish. The washed
aggregates were transferred to 96-well plates (Thermo Fisher Scientific),
and images of all aggregates were captured using a light microscope to
analyze their number and size. The total number of aggregates was
counted manually based on the captured images, and their size was
measured using TSView7 software (Version 7; Fuzhou Xintu Photonics
Co., Ltd., Fuzhou, China). Size was defined as the average of the measured
width and height in each image and expressed in micrometers. Between 30
to 60 aggregates per group were analyzed depending on the experiment.

To determine the cell viability within aggregates, collected aggregates
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were dispersed by 0.05% (v/v) trypsin-EDTA. The cell viability was
measured by trypan blue staining. Additionally, the spatial distribution of
live and dead cells within aggregates was investigated using the Live/Dead
Viability/Cytotoxicity Kit (Molecular Probes). Aggregates were stained

according to the manufacturer’s protocol.

4. Quantitative reverse transcription polymerase chain reaction
(gRT-PCR)

For each sample, 100 ng of total RNA was treated with DNase I
(Sigma—-Aldrich) to eliminate genomic DNA contamination. Complementary
DNA (cDNA) synthesis was carried out using the GoScriptTM reverse
transcription system (Promega, Madison, WI, USA). Subsequently, 1 ng of
synthesized ¢cDNA was used for gqRT-PCR analysis using the LightCycler®
480 SYBR Green Master Mix (Roche Diagnostics, Mannheim, Germany).
The reaction conditions were as follows: initial denaturation at 94°C for 3
minutes, followed by 40 amplification cycles (denaturation at 94°C for 30
seconds, annealing at 60°C for 30 seconds, and elongation at 72°C for 30
seconds). Primer sequences for each target gene are listed in Table 2.
Relative gene expression was determined using the 222" method. The ACt
was calculated by subtracting the Ct value of the internal reference gene
(I18s rRNA) from the Ct of the target gene, and the AACt was obtained
by comparing the ACt values between experimental and control samples

(Livak and Schmittgen, 2001).
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5. Artificial Fertilization

To perform artificial fertilization, mature O. dancena females were separated
from males 24 hours before the procedure. Females were anesthetized by brief
immersion in ice water for 10 seconds, then placed on aluminum foil. Excess
water on the body surface was removed using sterile wipers (KIMTECH,
Seoul, Republic of Korea) to prevent unintended activation of the eggs.
Unfertilized eggs were collected by gently pressing the abdomen and
transferred (30 -50 eggs per trial) to 1.5 mL microtubes (Corning).

For fertilization, testicular aggregates harvested from three wells of a ULA
plate (total suspension volume: 450 pl) were directly added to the tube
containing the eggs. After incubation at room temperature for 10 minutes, the
eggs were transferred to 60 mm Petri dishes filled with 5 mL of sterile
breeding water and incubated at 28°C. Embryos that reached the two-cell
stage were transferred individually into 24-well plates to avoid interference
from unfertilized or deteriorating eggs.

For negative control, unfertilized eggs were incubated in 450 pl. of mESM?2
medium for 10 minutes and cultured under identical conditions. As a positive
control using fresh sperm, testes were dissected and finely minced on an IVF
dish (SPL Life Sciences) using a surgical blade (No. 20). The spermatozoa
were then suspended in 450 pL of mESMZ2 and used immediately for
fertilization. Additionally, embryos from natural mating were collected directly
from the gonopore of fertilized females and cultured under the same
conditions. Embryonic development across all groups was monitored using a

stereomicroscope (SMZ745T; Nikon).
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Table 2. Primer sequences information used in marine medaka (Oryziasdancena) for qRT-PCR analysis

Genes Primer sequences (5'>3") Product size (bp) Accession number

Forward : AAACTACACCTGTCCCATCTG

nanosZ 111 XM_036217407.1
Reverse : AACTTGTAGGAGGGCAGCATC

Forward : CAGCTGCTAGCTTTGAGGAA

scp3 224 XM_024295185.2
Reverse : CTGAGAGAACTGCTGCATTG
Forward : GGAGAAGTGTCACTCCGACG

soxY9a 138 XM_024272555.2
Reverse : TTGTAGTCCGGACCCCTGAT

18s Forward : TCCAGCTCCAATAGCGATTCACC

rRNA Reverse : AGAACCGGAGTCCTATTCCA

253 HM347347.1
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M. Results

1. Testicular cell isolation and removal of sperm

To 1identify the most effective concentration of trypsin-EDTA for
dissociating testicular cells from adult Oryzias dancena, testes were
enzymatically digested using various concentrations of trypsin-EDTA, followed
by evaluation of the total cell yield and wiability. The results revealed that
0.05% and 0.19% trypsin-EDTA significantly increased the number of isolated
cells compared to 0.025% and 0.2% treatments (Figure 1; 3.02-3.19 x 10°
cells/mg vs. 1.70 - 2.02 x 10° cells/mg, p < 0.05). Despite differences in yield,
cell viability remained consistently high (>89.9%) across all groups, with no
statistically significant variation (Figure 1). Based on these results, 0.05%
trypsin-EDTA was selected as the optimal condition for testicular cell
dissociation.

To eliminate sperm cells from the isolated testicular cell population, the
dissociated cells were subjected to discontinuous five-step Percoll density
gradient centrifugation (Figure 2A). Morphological assessment of each layer
revealed that spermatozoa, both motile and immotile, were predominantly
found in the 5" layer and 6 layer (Figure 2B), whereas the 1% layer to 4"
layer were largely free of sperm contamination. Consequently, testicular cells
harvested from the 1% layer to 4™ layer were used for subsequent

experiments.
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Figure 1. Investigation of the optimal concentration of trypsin-EDTA
for digesting marine medaka (Oryzias dancena) testes. Various
concentrations of trypsin-EDTA were used for isolating total number
of cells from O. dancena testes. In 0.05% and 0.196 trypsin—EDTA,
total testicular cells were harvested more effectively than in the
others. Significant difference was not detected in cell viability with
groups. All values are expressed as mean * standard deviation of
three independent experiments. “°Different letters indicate significant
differences (p < 0.05).
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Figure 2. Sperm removal using Percolldensity gradient centrifugation
(PDGC). Digested testicular cells were separated to 6 different layers by
PDGC. Separated testicular cell populations in each fraction were observed
with a microscope. (A) A picture taken after PDGC. (B) Pictures of testicular
cells isolated from 1% to 4™ layers or 5" to 6™ layers. Sperms, spermatids and

red blood cells were observed in the 5" and 6" layers. Scale bar = 20 pm.
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2. Effects of culture methods on the formation of testicular

aggregates

To establish an effective 3D culture strategy for promoting the
self-aggregation of testicular cells, various culture methods were tested. In
the Matrigel suspension method, testicular cells at three different densities
(1.25, 25, and 3.75 x 10° cells/ul.) were suspended in Matrigel droplets and
placed onto three types of culture surfaces: tissue-culture-treated polystyrene,
and standard Petri dishes The cultures were maintained for 14 days, and the
formation of cell aggregates was assessed.

On both types of polystyrene surfaces, the testicular cells began to cluster
into small spots at day 1. At day 14, spherical aggregates had formed across
all tested surfaces (Figure 3). While the Matrigel droplets began to degrade
starting from day 3, complete degradation was not observed by day 14. This
degradation process occurred more rapidly at higher cell densities. Despite
this, aggregate formation was successfully achieved in 80 - 100% of samples
across all cell concentrations by day 14 (Table 3). Typically, small multiple
aggregates were formed, but at 25 x 10° cells/ul. and 375 x 10° cells/ul in
Petri dishes —large single aggregates were also observed (Figure 3 and Table 3).

Using the 3-layer gradient system (3-LGS), small multiple aggregates were
induced only in a single trial at the highest concentration group (3.75 x 10°
cells/ul), indicating limited effectiveness (Figure 4 and Table 3).

In another approach, ultra-low attachment (ULA) culture was tested without
Matrigel. In this condition, 1.25 x 10° testicular cells began forming

aggregates by day 7, and by day 14, small multiple aggregates had
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consistently formed in all replicates, achieving a 100% success rate.
Interestingly, when Matrigel was included in the ULA system, a similar
aggregate morphology was observed, but the overall efficiency of aggregate

formation dropped significantly to 37.5% (Figure 5 and Table 3).

2. Effects of Media types on the number and size of

testicular aggregates

To determine a more suitable culture medium for promoting testicular
aggregate formation, I compared the effects of mESM?2 and BM media using
ULA culture for 14 days. Following the culture period, aggregate morphology,
count, and size were investigated.

Two distinct morphological types of aggregates, hollow and compacted
types, were consistently observed in both media conditions (Figure 6A).
Hollow-type aggregates displayed a spherical appearance but contained either
an empty core or only a few testicular cells within. In contrast,
compacted-type aggregates were densely filled with closely packed testicular
cells and lacked hollow regions.

The proportion of compacted-type aggregates varied significantly between
the two media. In BM medium, compacted aggregates accounted for 43.7 +
14.4% on day 7 and 473 * 4.4% on day 14. However, when cultured in
mESM?, the proportion markedly increased to 96.1 + 4.4% on day 7 and 99.2
* 1.5% on day 14, indicating that mESMZ2 promotes the formation of more
compact aggregates (Figure 6B).

The total number of aggregates formed did not differ significantly between

_28_



Day 14
Large single  Small multiple

Day 0 Day 7 Day 14 Day 0

g v r

Day 7
s

Not

1.25 x 10° cells/pl determined

Polystyrene (tissue culture-ireated dish) Paolystyrene (petri dish)

Figure 3. Evaluation of the formation of testicular aggregates by Matrigel suspension culture. Matrigel
drops containing three different concentration of O. dancenatesticular cells were formed on tissue—culture—treated
dishes and Petri dishes, respectively. ThepicturesoftesticularcellsculturedbyMatrigelsuspensionweretakenat day 0,
day 7, and day 14. When Matrigel drops were formed on tissue culture—treated dishes, small multiple type of
aggregates were observed. Also, attached cells were observed on dishes. But, Matrigel drops, formed on
Petri—dishes, large single and small multiple type of aggregates were observed. Arrow heads indicate induced
testicular aggregates. Scale bar = 500 um.
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Figure 4. Evaluation of the formation of testicular aggregates by a
three-layer gradient system (3=LGS). Three different concentration of
O. dancena testicular cells were induced to aggregates using 3-LGS. The
pictures of testicular cells cultured by 3-LGS were taken at day 0O, day 7,
and day 14. Arrow heads indicate induced testicular aggregates. Only when
375 x 10° cells/ul. concentration of testicular cells were cultured by

3-LGS, aggregation was observed. Scale bar = 500 pm.
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Figure 5. Evaluation of the formation of testicular aggregates in
ultra-low attachment 96 well plate (ULA). 1.25 x 10° cells of O. dancena
testicular cells were induced to aggregates in ULA. Testicular cells were
cultured in ULA with or without Matrigel. Pictures of testicular cells cultured
im ULA were taken at day 0O, day 7, and day 14. The small multiple
aggregates were observed regardless of the presence of Matrigel. Arrow heads

indicate induced testicular aggregates. Scale bar = 500 pm.
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Table 3. Aggregate formation from O. dancena dispersed testicular cells by different culture methods and surface materials

No. (%) of

S ded cell Final no. of No. (%)%f
. Matrigel +cell drop Hsbende ,Ce et no. 0 No. of o oo aggregate type
Culture methods  Surface materials Concentration cell seeded ] aggregate
volume (1) (cells/uL) (cells) trials ; ; Large  Small
cells/n cells ormation single  mltiple
' Polystyrene 1.25 x 10° 6.25 x 10° 5 4 (80) 0 4 (@80
Matrigel . - 5
. (tissue 5 250 x 10° 1.25 x 10 3 3 (100) 0 (0) 3100
suspension ) "
culture-treated dish) 375 x 10° ~ 1875 x 10° 3 31000 0 (0) 3 (100
. 1.25 x 10° 6.25 x 10° 5 5 (100) 0 (0) 5 (100)
Matrigel Polystyrene = 5
) T 5 250 x 10 1.25 x 10° 10 10 (100) 2 (20) 8 (80)
suspension (petri dish) . 5
3.75 x 10 1.875 x 10 5 5 (100) 2 (40) 3 (60)
1.25 x 10° 3.75 x 10° 4 0 (0) 00O 0O
3-layer gradient ) . -
Matrigel 3 2.50 x 10° 75 x 10° 4 0 (0) 0 (0) 0 (0)
system h ‘
3.75 x 10° 1.125 x 10° 3 1 (33.3) 0 1@333
Ultra-low - - 125 x 10° 5 51000 0 (0 5 (100
attachment 96 Hydrophilic gel ) i
5 250 x 10° 1.25 x 10° 8 3 (37.5) 0 3@375

well plate

“Percentageof number of trials. "Percentageof number of aggregate formation
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the two media on either day 7 or day 14 (Figure 6C). Regarding aggregate
size, those cultured in mESMZ2 were significantly larger than those in BM on
day 7, although this difference was not maintained by day 14. Regardless of
medium type, the aggregate size increased significantly from day 7 to day 14

(Figure 6D).

3. Effects of the composition of mESM2 on the culture of

testicular aggregates: protein series supplements

mESM?2 consists of various supplements, which were classified in this study
into two groups: protein-based components (FBS, FS, bFGF, and EE) and
non-protein components (BME, NEAA, Ss, and Sp). To examine how
protein—based supplements affect the formation of testicular aggregates, I
cultured testicular cells in ULA conditions for 14 days using nine different
media. These included the original mESM2 (used as the control) and eight
modified versions in which one or more protein—containing components were
selectively removed.

Among the tested groups, only the media lacking FBS failed to support the
formation of testicular aggregates, while the others successfully promoted
aggregation. As shown in Figure 7, compacted-type aggregates were generally
formed in all media capable of supporting aggregation, and fusion between
multiple aggregates was occasionally observed, regardless of media composition.

There were no significant differences in the number of aggregates among the
eight groups that retained FBS but lacked FS, bFGF, and/or EE (Figure 8A).
Similarly, aggregate sizes remained comparable among these groups, showing

no statistical differences (Figure 8B).
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Figure 6. Comparison of morphological traits from testicular aggregates depending on kinds of culture
media. Harvested testicular cells were seeded in ULA and cultured in basic medium (BM) or modified ESM2
(mESM?2). (A) Representative pictures of testicular aggregates of hollow type or compacted type. Scale bar =
100 pm. (B) Comparison of the percentages of compacted testicular aggregates at 7 days and 14 days depending
on BM or mESM2. (C) Comparison of the numbers of induced testicular aggregates at 7 days and 14 days
depending on BM or mESM2. (D) Comparison of the sizes of induced testicular aggregates at 7 days and 14
days depending on BM or mESM2. All values are expressed as mean * standard deviation of three or four

independent experiments. “*Different letters indicate significant differences (p < 0.05).
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Figure 7. Comparison of the morphologies from testicular aggregates depending on protein supplements
in mESM2. The testicular aggregates were induced in mESM2-based ULA conditions with various combinations
of protein supplements omitted. Each testicular aggregate at day 14 was transferred to a 35 mm Petri dish
containing DPBS, and pictures were taken. Arrow heads indicate that two or more aggregates stick together.
Scale bar = 100 pym. FS: fish serum; bFGF: basic fibroblast growth factor; EE: embryo extract.
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Figure 8. Evaluation of the number and the size of testicular aggregates depending on protein
supplements in mESM2. The testicular aggregates were induced in mESM2-based ULA conditions with
various protein supplements omitted. The number and the size of testicular aggregates were measured from each
testicular picture. (A) Measurement of the number of testicular aggregates cultured in each medium. (B)
Measurement of the size of testicular aggregates cultured in each medium. FBS; fetal bovine serum. All values
are expressed as mean * standard deviation of three independent experiments at least. *Different letters indicate

significant differences (p < 0.05).
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To further investigate the specific effects of FS, bFGF, and EE on testicular
aggregate culture, I cultured isolated testicular cells for 14 days in either full
mESM?2 medium or a modified version lacking FS, bFGF, and EE (mESM2 - FS
-bFGF - EE). Cell viability and gene expression levels within the resulting
aggregates were then assessed and compared.

As depicted in Figure 9A, most cells in both media groups were viable,
showing strong green fluorescence, while only a few dead cells (red) were
detected, typically located internally. Trypan blue staining also confirmed high
cell wviability in both conditions, with no significant difference between the
groups (Figure 9B; 90.66 + 0.63% in mESM2 vs. 91.08 + 1.12% in mESM2
-FS - bFGF - EE).

To evaluate potential functional differences, testicular aggregates were
analyzed by gRT-PCR for the expression of nanos? (a marker for
spermatogonia), scp.3 (a mid-meiotic germ cell marker), and sox9z (a marker for
testicular somatic cells). While nanos? expression was comparable between the
two groups (Figure 10A), significantly higher levels of scp3 and sox%9a were
detected in aggregates cultured with the complete mESM2 medium (Figure 10B
and Figure 10C), with 2.68- and 2.14-fold increases, respectively.

These findings suggest that although FS, bFGFE, and EE are not critical for
aggregate formation or cell viability, they do enhance germ cell differentiation

and promote somatic cell function within the testicular aggregates.

4. Effects of the composition of mESM2 on the culture of

testicular aggregates: non—protein series supplements

To evaluate the contribution of non-protein components in mESM?2 to the
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Figure 9. Evaluation of the effects of fish serum (FS), basic fibroblast growth
factor (bFGF), and embryo extract (EE) on the viability of the cells
composing testicular aggregates. Testicular aggregates were cultured in ULA
containing mMESM2 or mESMZ2 without FS, bFGF, EE for 14 days. Subsequently,
their viabilities were compared by live/dead cell staining and trypan blue staining
(A) Pictures taken after live/dead cells staining. Live cells were stained by 2 pM
calceinand dead cells were stained by 4 UM EthD-1. Negative control were immersed
in 70% ethanol for 1 hour before live/dead cell staining. Scale bar = 100 ym. (B)
Comparison of the viability of cells composing testicular aggregates cultured in each
media. The result was determined by trypan blue staining. All values are expressed

as mean * standard deviation of three independent experiments at least.
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Figure 10. Evaluation of the effects of FS, bEGF, EE on the gene expression levels from testicular
aggregates. Testicular aggregates cultured in each medium were harvested at day 14. Subsequently, they
were analyzed by gRT-PCR to compare three genes expression levels. (A) Relative mRNA expression of
nanos? (spermatogonia marker). (B) Relative mRNA expression of scp3 (meiosis marker). (C) Relative mRNA
expression of sox9a (Sertoli cell marker). All values are expressed as mean * standard deviation of three

independent experiments at least. ® Different letters indicate significant differences (p < 0.05).
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formation of testicular aggregates, I prepared 15 different culture media by
selectively removing one or more non—protein supplements from the original
mESMZ formulation. Isolated testicular cells were cultured in each of these
modified media, and the resulting aggregates were evaluated in terms of
number and size.

Across all experimental conditions, compact spherical aggregates were formed,
occasionally showing adhesion between them. However, as shown in Figure 11A,
the number of aggregates significantly declined in all modified media compared
to the full mESM2 control group. Notably, the fewest aggregates were observed
when all non—protein supplements were excluded, suggesting that each
component plays a role in promoting aggregate formation.

Regarding aggregate size, several media lacking specific combinations of
supplements, including BME, NEAA, Sp, and Ss, resulted in significantly
smaller aggregates compared to the control (Figure 11B). In particular, the
exclusion of BME, whether alone or in combination with other supplements,
consistently led to a reduction in aggregate size. Interestingly, BME alone was
not sufficient to restore normal aggregate size, whereas co-treatment with
NEAA, Sp, or Ss was necessary to observe a recovery effect.

These findings indicate that non-—protein supplements in mESM?2, especially
BME, contribute not only to the quantity but also to the dimensional growth of
testicular aggregates, likely through synergistic interactions with other

components.

5. Evaluation of fertility of the sperms derived from

testicular aggregates
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Figure 11. Evaluation of the number and the size of testicular aggregates of non-protein series
supplements in mESMZ2. The testicular aggregates were induced in mESM2-based ULA condition with various
combinations of non-protein supplements omitted. The number and the size of testicular aggregates were
measured from each testicular picture. (A) Comparison of the number of aggregates cultured in each medium. (B)
Comparison of the size of aggregates cultured in each medium. All values are expressed as mean * standard

deviation of three independent experiments at least. **%Different letters indicate significant differences (p < 0.05).
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After 14 days of culture, numerous motile spermatozoa were observed in the
vicinity of the testicular aggregates. To evaluate their fertilizing ability, /n vitro
fertilization (IVF) was carried out using these sperm. As shown in Table 4,
IVF with sperm derived from the testicular aggregates resulted in the
development of 122 one-cell-stage embryos out of 276 eggs (44.2%), while only
four of these embryos progressed to the hatchling stage (1.4%).

In comparison, fertilization wusing freshly isolated sperm led to 107
one—cell-stage embryos from 180 eggs (59.4%), with 78 hatchlings produced
(43.3%). Natural fertilization yielded the highest efficiency, with 124 out of 150
eggs (82.7%) reaching the one—cell stage and 111 (74.0%) successfully hatching.
As expected, no development occurred in the negative control group using
unfertilized eggs.

Importantly, all hatched larvae appeared morphologically normal across all

fertilization methods, as described in Figure 12.
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Figure 12. Representative pictures of O. dancenaembryos obtained
through natural fertilization, or through artificial fertilization using
either fresh sperm or sperm derived from testicular aggregates.
Naturally fertilized eggs were harvested right after mating. For artificial
fertilization, unfertilized eggs and were collected by pushing on abdomens.
30-50 of unfertilized eggs were fertilized in 1.5 mL tubes with fresh
sperm or in wvitro differentiated sperm. The fertilized eggs of O. dancena
reached to the two cell stage and the early blastula stage at 2 hours and
6 hours post—fertilization, respectively. Hatching was occurred at 11 days
post—fertilization. Scale bar = 500 um.
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Table 4. Fertility results accroding to fertilization method

No. (%)%f one

No. (%)%f two

No. (%)%f

No. of No. (%)%f blastula stage )
cell stage cell stage hatched fish
eggs embryos
embryos embryos larvae
Netural fertilization by
] 150 124 (82.7) 124 (82.7) 114 (76) 111 (74)
mating
Artificial fertilization
) 180 107 (59.4) 81 (45) 80 (44.4) 78 (43.3)
with fresh sparm
Artificial fertilization
with aggregate-derived 276 122 (44.2) 6 (2.2) 4 (1.5) 4 (15)
sperm
NC 103 51 (49.5) 0 (0) 0 (0) 0 (0)

“Percentageof number of trials
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IV. Discussion

In this study, I evaluated the effects of culture methods and media
compositions on the formation of testicular aggregates in marine medaka
(Oryzias dancena) to determine optimal culture conditions.

Previous studies on mammalian testicular organoid cultures have shown
that testicular cells from immature testes can self-organize into organoids
(Alves-Lopes et al.,, 2017, Cham et al., 2021, Edmonds and Woodruff, 2020).
According to Alves-Lopes et al. this may be due to the high proportion of
Sertoli cells present in immature testes (Alves-Lopes et al, 2017).
Likewise, it has been reported that testicular cells from adult mice can
form spheroids when mixed with immature somatic cells (Edmonds and
Woodruff, 2020). A similar phenomenon was observed in a teleost species,
honmoroko (Gnathopogon caerulescens), where testicular aggregates were
successfully generated from testicular cells derived from immature or
non-spawning individuals, which have a higher Sertoli cell-to-germ cell
ratio (Higaki et al., 2017).

O. dancena 1s a useful experimental model due to its ease of breeding in
laboratory conditions, short generation time, and relatively small genome
(Song et al., 2009). Additionally, as a euryhaline species, it is suitable for
studies in marine ecotoxicology (Song et al, 2009). Based on these
advantages, this species has been employed in various culture studies,
including the establishment of embryonic stem cells (Lee et al., 2015; Choi
and Gong, 2018, Song and Gong, 2022) and whole testis organ culture
(Kang et al., 2019; Lee et al., 2021). However, despite its general utility as
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a model organism, O. dancena presents limitations for testicular aggregate
studies (Dong et al., 2014). One of the main challenges is the technical
difficulty in isolating immature testes due to their small size. The first
spawning occurs around 9 weeks post-hatching, at which point the fish
reach an average body length of 2258 + 273 mm (Song et al., 2009),
making early testis isolation difficult. Furthermore, as a species that
spawns daily, O. dancena does not have a defined non-spawning season.

To address these limitations, I wutilized Percoll density gradient
centrifugation to enrich Sertoli cells by removing sperm and spermatids
from adult testicular cell populations. This method has previously been
used in mammals to separate testicular cell types (de Barros et al.,, 2012,
Goel et al.,, 2007, Heidari et al., 2014) and in fish to isolate spermatogonia
or somatic cells (Zhang et al., 2022; Linhartova et al., 2014; Lacerda et al.,
2008). In our results, sperm and spermatids were successfully separated,
leading to an increased Sertoli-to—germ cell ratio. Importantly, cell
populations containing sperm and spermatids did not form aggregates in
culture, suggesting that the removal of these cells was critical for
successful aggregate formation.

Next, I investigated the influence of various culture methods on
aggregate formation. Previous research has shown that testicular organoids
can form in the presence or absence of Matrigel in mammalian models
such as rats (Alves—Lopes et al., 2017), humans (Strange et al., 2018), pigs
(Cham et al, 2021), and bovines (Cortez et al., 2022) In our study, I
evaluated three Matrigel-based methods—Matrigel suspension, 3-LGS, and
ULA with Matrigel —as well as a Matrigel-free method using ULA alone.

The 3-LGS did not support aggregate formation in O. dancena, in contrast
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to results in rat (Alves—Lopes et al., 2017), indicating that the 3-LGS
method was not optimal in O. dancena.

In contrast, Matrigel suspension on polystyrene allowed aggregates to
form with a high frequency (80 -100%), regardless of tissue culture
treatment. However, this method also presented issues. Many testicular
cells adhered to the dish surface during culture. Since testicular somatic
cells adhere more strongly to substrates than germline stem cells (Ryu and
Gong, 2020), this likely reduced the number of somatic cells available for
aggregation. Additionally, I observed rapid Matrigel degradation beginning
on day 3, with floating Matrigel fragments containing cells in the medium,
which likely further interfered with aggregate formation.

Interestingly, the form of aggregates, either large single or small
multiple, appeared to vary depending on the surface properties of the
culture dish. On tissue-culture-treated dishes, more somatic cells adhered,
leading to fewer contributing to aggregates, while on Petri dishes, less
adherence allowed more somatic cells to participate. To improve upon the
limitations of Matrigel suspension -methods, I used ultra-low attachment
(ULA) plates, which promote cell aggregation by concentrating cells at the
bottom of round wells. This method enabled consistent aggregate formation
(100%) by day 7, with significant growth observed by day 14, even
without Matrigel. This suggests that ULA culture is the most effective
method tested for O. dancena testicular aggregate formation.

I also compared basal medium (BM) with modified ESM2 (mESM?2),
which has been used in fish embryonic stem cell and spermatogonial stem
cell culture (Hong and Schartl, 1996, Fan et al., 2017, Ho et al., 2014,

Hong et al.,, 2004). Aggregates cultured in mESM2 were mostly compact,
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whereas those in BM were often hollow. Although the mechanism behind
hollow aggregate formation in BM remains unclear, mESM?2 appeared more
suitable for O. dancena. Removal of FS, bFGF, and EE from mESM?2 did
not significantly affect aggregate number or size but did reduce expression
of scp3 and sox9a, markers of meiotic germ cells and Sertoli cells,
respectively (Lee et al., 2021, Nakamura et al., 2017). These results imply
that FS, bFGF, and EE are essential for germ cell differentiation and
maintenance of testicular somatic cell function. Among them, bFGF is
known to play a significant role in promoting the growth and
differentiation of spermatogonial stem cells (Kubota et al., 2004, Mizapour
et al., 2012; Masaki et al., 2018) and Sertoli cells (Guo et al., 2015). Thus,
the specific function of bFGEF warrants further investigation in this context.
Regarding non-protein supplements, exclusion of BME from mESM?2 led
to a significant reduction in aggregate size, either alone or in combination
with other factors. BME enhances cell survival and growth by mitigating
oxidative stress and supporting cytokine uptake (Bui-Marinos et al., 2022).
It has been shown to stimulate proliferation of leukemia and lymphoma
cells in mice (Hewlett et al., 1977), as well as spleen cells (Burger et al.,
1980). In fish, BME has been used to support long-term culture of
testicular and ovarian cells (Higaki et al., 2013). Although BME alone did
not restore aggregate size, its combination with other non—protein
supplements had a synergistic effect, suggesting that oxidative stress
management is important and that BME functions best with co—factors.
Finally, I confirmed that motile sperm were produced from aggregates
cultured for 14 days. Considering the short motility period of fish sperm,

30 seconds to 5 minutes depending on species (Yang and Tiersch, 2009),
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the presence of motile sperm after 14 days strongly suggests they
originated from the aggregates. However, the hatching rate after artificial
fertilization was only 1.4% (4/276 eggs), indicating that the culture
conditions were not sufficient to support complete functional maturation. In
other studies wusing adult Bostrychus sinensis and Gnathopogon
caerulescens, where sex hormones were supplemented in the media,
fertilization rates reached 269 + 4.19% and 21.7 = 12.8%, respectively
(Higaki et al., 2017; Zhang et al, 2022). Among the hormones used,
11-ketotestosterone (11-KT) has been identified as essential for
spermatogonial differentiation in several species (Miura and Miura, 2011;
Cavaco et al., 2001, Leal et al., 2009), and FSH has also been shown to
promote germline development (Nobrega et al., 2015). Because 11-KT
synthesis is regulated by FSH, further studies incorporating these
hormones into O. dancena testicular aggregate culture may improve sperm
quality and functionality, contributing to both basic research and

applications in fish reproductive biotechnology.
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CHAPTER 4.
Establishment and Characterization of Ovarian
Aggregate Culture Systems in Marine Medaka

(Oryzias dancena)
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[ . Introduction

Understanding how female germline stem cells (GSCs) in teleosts
proliferate and differentiate is crucial for advancing fields such as
developmental biology, transgenic fish technology, and the conservation of
endangered species (Okutsu et al, 2006, Wong et al, 2013;
Iwasaki-Takahashi et al., 2020). While numerous studies have made
significant contributions to elucidating these biological processes (Okutsu et
al.,, 2006; Spradling et al., 2011; Lacerda et al., 2014), there is still a need
for more advanced in vitro systems that enable detailed exploration of the
underlying cellular and molecular mechanisms involved in female GSC
development.

In vitro systems provide a controlled environment, which is particularly
advantageous for dissecting cell behavior and gene expression dynamics at
both cellular and molecular levels. This level of precision and experimental
reproducibility is often difficult to achieve in wivo (Xu et al, 2021).
However, conventional two-dimensional (2D) culture systems have
limitations in replicating the complex architecture and cellular heterogeneity
of the ovarian microenvironment. Interactions among various gonadal cell
types within highly organized tissue structures play essential roles in
maintaining GSC populations and regulating their proliferation and
differentiation (Reuter et al., 2014; Alves-Lopes et al., 2017). The absence
of such spatial organization in 2D systems limits their utility for detail

studies of female GSC biology.
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To address these limitations, organoid technology presents a promising
alternative. Ovarian organoids, in particular, are capable of mimicking the
three-dimensional architecture and physiological functions of ovaries in
vitro. Previous research in mammals has demonstrated successful
generation of ovarian organoids. For instance, in mice, organoids were
formed in ultra-low attachment (ULA) 96-well plates and then cultured at
an air - liquid interface, which allowed the transdifferentiation of
spermatogonia into fertilizable oocytes (Luo et al., 2021). Similarly, in
humans, organoids derived from ovarian cancer cells have been cultured
using a modified Matrigel bilayer system to assess responses to
chemotherapeutic agents (Maru et al., 2019). These findings suggest that
organoid technology i1s sufficiently developed to support the establishment
of ovarian organoids and further imply its potential application in teleost
species.

Despite its advantages, to the best of our knowledge, no study has yet
reported the successful development of ovarian organoids in teleost fish.
This underscores the need for a stable and reproducible culture system
specifically tailored for fish ovarian tissues.

In the present study, I aimed to establish ovarian aggregtate culture
system using the marine medaka (Oryzias dancena) as a model species.
As an initial approach, I sought to induce the formation of ovarian cell
aggregates and assess their potential as precursors to organoid structures.
To this end, I first evaluated which ovarian cell populations were most
effective in forming aggregates by separating dispersed ovarian cells via
Percoll density gradient centrifugation and culturing the different fractions

under suspension conditions. Subsequently, I investigated the influence of
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various media supplements on aggregate formation and maintenance.
Finally, I assessed whether these aggregates were capable of maintaining
ovarian functionality, particularly in terms of germ cell preservation and

the synthesis of 17B-estradiol, during in vitro culture.
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II. Materials and methods

1. Induction of ovarian cell aggregates

To induce ovarian cell aggregates, 1.25 x 10° cells from each of two
distinct ovarian cell populations (1. harvested ovarian cells from 2" layer
and 3 layer vs 2. harvested ovarian cells from 1% layer to 4" layer) were
mixed in 150 uL. of culture medium and seeded into individual wells of a
96-well ultra-low attachment (ULA) plate. Cultures were maintained at 2
8T in an incubator, and unless otherwise specified, medium was changed
every three days by replacing half (75 pL) of the total volume. For
cultures extending beyond 7 days, the full 150 uyl. volume was replaced
every third day.

To examine the influence of specific growth factors on gene expression,
10 ng/mL of basic fibroblast growth factor (bFGF) and/or 10 ng/mL of
glial cell-derived neurotrophic factor (GDNF; PeproTech, Hamburg,
Germany) were added to a modified culture medium lacking FS, bFGF, and
EE. These conditions were maintained throughout the culture period.

For determining the optimal concentration of human follicle-stimulating
hormone (hFSH; Thermo Fisher Scientific) for inducing cypl9al expression,
hFSH was added to the medium at final concentrations of 50 ng/mL, 100
ng/mL, or 150 ng/mL. Stock solutions of hFSH were prepared in distilled
water. Cultures were maintained for 7 days with half volume medium

replacement every three days. The concentration range was selected based
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on a previous report involving FSH induced 17B-estradiol (E2) synthesis in
Russian sturgeon (Yom-Din et al, 2016). On day 7, ovarian aggregates

were collected for histological analysis and cypl9al expression assessment.

2. Hematoxylin and eosin staining

Ovarian cell aggregates cultured in wvitro were first transferred into 35
mm Petri dishes containing 2 mL of DPBS to wash off residual media. For
fixation, the aggregates were placed into 15 mL conical tubes and
incubated overnight at 4°C in 1 mL of Bouin’s solution (CliniSciences,
Montrouge, France). After fixation, Bouin's solution was carefully removed,
and the aggregates were dehydrated through a graded ethanol series as
follows: 70% (1 h), 80% (1 h), 90% (1 h), 95% (1 h), 99% (1 h), followed
by a second step in 99% ethanol for 1 h.

The dehydrated samples were embedded in = Paraplast® (Leica
Biosystems, St. Louis, USA) and sectioned into 5 um-thick slices. For
deparaffinization, tissue sections were immersed twice in xylene (Duksan)
for 2 minutes each. Rehydration was then performed by sequential
immersion in decreasing concentrations of ethanol (reverse of the
dehydration series), each for 30 seconds.

Rehydrated tissue sections were stained with hematoxylin (Leica
Biosystems) for 2 minutes, followed by eosin (Biognost, Zagreb, Croatia)

for 1 minute.

3. Reverse transcription polymerase chain reaction
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(RT-PCR) and quantitative RT-PCR (qRT-PCR)

100 ng of total RNA was treated with DNase I (Sigma-Aldrich) to
remove potential genomic DNA contamination, following the manufacturer’s
protocol. Complementary DNA (cDNA) was then synthesized using the
GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA) in
accordance with the manufacturer’s instructions.

Conventional RT-PCR was performed under the following thermal
cycling conditions: an initial denaturation at 94°C for 3 minutes, followed
by 35 cycles of amplification consisting of denaturation at 94°C for 30
seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30
seconds. PCR products were separated by electrophoresis on a 1.2%
agarose gel (Lonza, Rockland, ME, USA) and visualized under UV light.

For quantitative real-time PCR (qRT-PCR), cDNA synthesized as described
above was used. The gRT-PCR thermal profile consisted of an initial
denaturation at 94°C for 3 minutes, followed by 40 amplification cycles (94°C for
30 seconds, 60°C for 30 seconds, and 72°C for 30 seconds). Gene expression
levels were calculated using the 2 **“‘ method, where ACt = Ct_target -
Ct_reference (I8S riZNA), and AACt = ACt sample - ACt calibrator (Livak and
Schmittgen, 2001). Primer sequences utilized in this study are listed in Table 3.

4. Measurement of size and viability of ovarian aggregates

For size measurement, aggregates cultured for 7 days were retrieved

from ULA plates and washed with 2 mL DPBS in 35 mm Petri dishes.
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The aggregates were subsequently transferred into 96-well plates (Thermo
Fisher Scientific), and images of 20 individual aggregates were captured.
Aggregate size was quantified using TSView7 software (Version 7) and
defined as the average of the measured width and height in each image.
To evaluate the viability of cells within ovarian cell aggregates, collected
aggregates were dispersed by 0.05% (v/v) trypsin-EDTA. The cell viability
was measured by trypan blue staining. Additionally, the spatial distribution
of live and dead cells within aggregates was investigated using the
Live/Dead Viability/Cytotoxicity Kit (Molecular Probes). Aggregates were

stained according to the manufacturer’s protocol.

5. Measurement of 17B-estradiol (E2) concentration

To assess E, production during ovarian cell aggregate culture, 150 puL of
culture supernatant was collected on days 7, 10, 13, 16, 19, and 22. The
collected media were immediately stored at -70°C in a deep freezer until
further analysis. E; levels were quantified using an Estradiol ELISA Kit
(Cayman Chemical Company, MI, USA) according to the manufacturer’s
instructions. Fresh mESMZ2 medium was used as the blank control for

baseline comparison.
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M. Results

1. Determination of the optimal cell populations for

ovarian cell aggregate formation

To identify the optimal cell population for generating structured ovarian cell
aggregates, enzymatically dissociated ovarian cells from Oryzias dancena were
subjected to discontinuous Percoll density gradient centrifugation with five
distinct layers. Two specific cell fractions were collected: one from the 2 layer
and 39 layer and the other from 1% layer to 4" layer. Each fraction was
separately cultured in ultra-low attachment (ULA) plates, and aggregate formation
was assessed after 7 days (Figure 13A). Two distinct aggregation patterns were
observed, the formation of either a large, singular aggregate or multiple smaller
aggregates (Figure 13B). Notably, cells from the 20-40% layers predominantly
formed multiple small aggregates in 90% of cases (9/10), while 10% produced a
single large aggregate. In contrast, cells from the top to 50% layers consistently
formed a single large aggregate in all trials (9/9) (Figure 13C).

To compare the cellular characteristics of these aggregates, histological and gene
expression analyses were perfomred. Histological sections revealed the presence of
pre—vitellogenic oocytes exclusively in aggregates derived from 1% layer to 4™ layer
(Figure 14A). RT-PCR showed that both aggregate types expressed germ cell
markers (nanos? scp? and ovarian somatic cell markers (&4, ©x129). However,
expression of /A, a gene associated with more differentiated somatic cells, was

detected only in aggregates from 1% layer to 4" layer fraction (Figure 14B).
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Taken together, these findings suggest that cells collected from 1% layer
to 4" layer are more suitable for forming functionally relevant ovarian cell

aggregates, and thus were selected for subsequent experiments.

2. Effects of media supplements on the culture of ovarian

cell aggregates

To evaluate the role of specific media components in supporting ovarian
cell aggregate formation, the effects of FS, bFGF, and EE were examined.
Ovarian cells isolated from 1% layer to 4™ layer using Percoll density
gradient centrifugation were cultured for 7 days in either standard mESM?2
or a modified version lacking FS, bFGF, and EE. The resulting aggregates
from both groups were then compared.

In both media conditions, all samples consistently produced large,
singular ovarian cell -aggregates, with no discernible morphological
differences between the two groups (Fig. 15). Live/dead cell staining
revealed that the majority of cells within the aggregates remained viable,
emitting green fluorescence indicative of live cells and showing negligible
red fluorescence associated with cell death, regardless of media formulation
(Fig. 16A). Trypan blue staining assays supported these findings, showing
similarly high cell viability across both groups (Fig. 16B; 9258 + 2.14% in
mESM?2 vs. 9261 + 1.82% in mESM2 without FS, bFGF, and EE).

In terms of aggregate size, no significant differences were observed
between the two conditions (Figure 16C; 876.46 £ 88.69 pm in mESM2 vs.
852.12 £ 194.23 ym in mESM?2 without FS, bFGF, and EE). However, gene
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Figure 13. Comparison for the morphologies of ovarian aggregates depending on ovarian
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experiment process. (B) Representative pictures of two different morphologies of ovarian
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Figure 14. Characterization of ovarian aggregates depending on ovarian cell population separated by
PDGC. At day 7, two different ovarian aggregates examined by hematoxylin and eosin staining and RT-PCR.
(A) Pictures of histological assay. Among two different ovarian aggregates, pre-vitellogenicoocytes (yellow arrow
heads) were only observed in ovarian aggregates which were composed ovarian cells separated from 1% to 4%
layers. Scale bar = 100 um. (B) Validation of mRNA expression from each ovarian aggregate. The expression of

germ cell specific (nanos2 scp3) and somatic cell specific (f&hAr, lhr, ©xI2) markers was analyzed by RT-PCR
assay.
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expression analysis yielded a notable result: while expression of nanos? a
marker for oogonia, remained unchanged, the expression of scp3 which is
specific to meiotic germ cells, was significantly reduced in the absence of
FS, bFGF, and EE (Figure 17A and Figure 17B).

These results demonstrated that although the removal of FS, bFGF, and EE
does not affect aggregate morphology, viability, or size, these components

may play a role in promoting meiotic progression within ovarian germ cells.

3. Effects of bFGF and GDNF on nasnoZ and scp3 expression

The above findings on sgp3 expression suggest that the three components including
FS, bFGE, and EE, either individually or in combination, play a pivotal role in
promoting germ cell differentiation under ovarian aggregate culture conditions. Among
these, bFGE was selected for further investigation due to its well-documented
mvolvement in germ cell development, including the mduction of spermatogonial
differentiation (Masaki et al., 2018) and stimulation of sgu? expression (Aflatoonian et
al,, 2009). To further clarify the role of bFGF, I also evaluated the influence of GDNF, a
factor known to function differently from bFGF in germ cell differentiation (Masaki et
al., 2018).

Ovarian cells were cultured for 7 days in media lacking FS, bFGF, and EE, with the
addition of bFGEF, GDNF, or both. Following culture, expression levels of nanos? and
scp3 were assessed via gRT-PCR. As shown in Figure 18 both genes exhibited
significantly increased expression after 7 days of culture even in the absence of both
bFGEF and GDNF, with 1.97 + 024 fold and 1.45 + 0.2 fold increases for nanos? (Figure
18A) and sgn? (Figure 18B), respectively, compared to pre—culture levels.
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mESM2-FS-bFGF-EE

Ovarian aggregates were induced in ULA containing mESM2 or mESM2 without FS, bFGF and EE for 7 days.
Representative images were taken at day O, day 1, day 4, and day 7. Over time, ovarian cells were induced to

aggregates as a single mass. However, significant difference was not observed in morphologies between two
groups. Scale bar = 250pum.
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Figure 16. Evaluation of the effects of FS, bFGFand EE on the viability and the size of ovarian
aggregates. Ovarian aggregates were induced in ULA containing mESM?2 or mESMZ without FS, bFGEF and EE
for 7 days. Subsequently, their viabilities and sizes were compared. (A) Pictures taken after live/dead cells
staining. Live cells were stained by 2 uM calceinand dead cells were stained by 4 uM EthD-1. Negative control
were immersed in 70% ethanol for 1 hour before live/dead cell staining. Scale bar = 200um. (B) Comparison of
the viabilities of cells composing ovarian aggregates cultured in each medium. The viabilities were quantified by
trypan blue staining. (C) Comparison of the size of ovarian aggregates. Significant differences were not
observed on the wviability and the size between two groups. All values are expressed as mean = standard
deviation of three independent experiments at least.
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Figure 17. Evaluation of the effects of FS, bFGFand EE on relative
mRNA expression levels from ovarian aggregates. Ovarian
aggregates cultured for 7 days were analyzed by gRT-PCR analysis to
compare genes expression levels of specific genes. (A) Relative mRNA
expression of nanos? (oogonial stem cell marker). (B) Relative mRNA
expression of scp3 (meiosis marker). Significant difference was not
observed in nanos?Z but in scp3 All values are expressed as mean =
standard deviation of three independent experiments at least. *Different

letters indicate significant differences (p < 0.05).
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When bFGF alone was supplemented, a pronounced enhancement in the
expression of both genes was observed, showing 5.19 = 1.11 fold increase
for nanos2 (Figure 18A) and 529 + 0.76 fold for scp3 (Figure 18B). In
contrast, treatment with GDNF alone led to a similar increase in nanos’?
expression as seen in the bFGF group but resulted in significantly lower
scp3 expression. Co-treatment with both bFGF and GDNF maintained
elevated nanos? expression at a level comparable to single treatments,
while scp3 expression was greater than that observed in the GDNF-only
group but remained lower than in the bFGF-only group.

These observations collectively highlight the critical role of bFGF in
regulating scp3 expression during ovarian cell aggregate culture,
underscoring its importance in promoting meiotic progression of germ cells

under these conditions.

3. Evaluation of germ cell maintenance and E; synthesis

of ovarian cell aggregates

To determine whether ovarian cell aggregates could maintain ovarian functions
following culture, I investigated the effects of human follicle-stimulating hormone
(hFSH) on germ cell maintenance and estradiol (E2) synthesis. Ovarian cell
aggregates derived from top to 50% Percoll layers were cultured in mESM?2
media with or without hFSH supplementation, and subsequent analyses
were performed, including histological evaluation, cypl/9al expression

assessment, and E; measurement.
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Figure 18. Evaluation of the effects of bFGFand Glial cell line-derived neurotrophic factor (GDNF) on
relative mRNA expression levels from ovarian aggregates. bFGF and GDNF were supplemented alone or
together in mESM?2 without FF, bFGF, and EE. Ovarian aggregates were cultured with each culture media for 7
days and were analyzed by qRT-PCR assay. (A) Relative mRNA expression of nanos2 (B) Relative mRNA
expression of scp3 Two factors increased nanos? mRNA expression. In scp3 when only bFGF was added, the
highest expression level was observed. All values are expressed as mean * standard deviation of three

independent experiments at least. ®Different letters indicate significant differences (p < 0.05).
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After 7 days of culture, histological examination revealed the presence of
a small number of pre-vitellogenic oocytes within the aggregates
regardless of hFSH treatment (50 ng/mL), suggesting that the cultured
ovarian aggregates inherently maintained germ cell populations without the
need for specific hormonal stimulation (Figure 19A).

When examining the effect of hFSH concentration on cypl9al expression,
no statistically significant difference was observed between treated and
untreated groups (Figure 19B, p = 0.2794). However, given that the 50
ng/mL hFSH treatment group exhibited a 1.86 + 0.42 fold increase in
cypl9al expression compared to the control, the impact of hFSH on E;
production was analyzed.

Measurement of Es; concentrations in the culture media from days 7 to
22 showed that although E; levels were lower after day 7, they were
maintained throughout the later culture period. No significant effect of
hFSH treatment on E, levels was detected at any time point (Figure 19C;
p-values were 0.1993, 0.0937, 0.0620, 0.0999, 0.6828, and 0.6774 for days 7,
10, 13, 16, 19, and 22, respectively).

Taken together, these results suggest that although the ovarian cell
aggregates did not exhibit a marked response to hFSH, they retained a

minimal but sustained ability for E; synthesis during the culture period.
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Figure 19. Evaluation of the effects of hFSHon germ cell maintenance and 17B-estradiol secretion from
ovarian aggregates. Ovarian aggregates were cultured in mESM2 with or without 50 ng/mL hFSH for 22
days. (A) Pictures of histological analysis. A small number of pre-vitellogenicoocytes (arrow heads) were
observed in all groups, regardless of hFSH treatment. Scale bar = 200 um. (B) Relative mRNA expression levels
of cyplY9al in ovarian aggregates treated with different concentrations of hFSH. No significant differences were
detected among the groups. (C) Concentration of 17B-estradiol secreted by ovarian aggregates cultured with or
without hFSH. The 17B-estradiol quantities in the medium were harvested, and measured at day 7, day 10, day
13, day 16, day 19, and day 22. No significant differences in 17B-estradiol quantities were observed between
groups. Additionally, from day 10 to day 22, estradiol levels remained lower compared to those on day 7.

All values are expressed as mean * standard deviation of three independent experiments at least.
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IV. Discussion

Establishing an in vitro model for studying germline stem cells (GSCs)
is a crucial objective in reproductive biology (Ge et al, 2015). In fish
species, in vwvitro GSC culture has been reported in various species
including zebrafish, medaka, rainbow trout, and dogfish (Xie et al., 2020).
However, these studies have predominantly focused on male GSCs, with
relatively fewer efforts directed toward female GSCs. For example, Wong
et al. (2013) succeeded in culturing female GSCs from zebrafish for over
six weeks, and demonstrated the production of offspring through germ cell
transplantation. Similarly, Jeong et al. showed that short-term (10-day)
cultured female GSCs from medaka retained colonization ability upon
transplantation, suggesting their potential as functional germ cells.

These findings highlight the current lack of a robust in wvitro system
taillored for female GSC research and underscore the necessity for its
development. Notably, all existing female GSC culture models in fish have
relied on 2D culture systems that required germ cell transplantation for
further differentiation into functional gametes (Wong et al., 2013;
Iwasaki-Takahashi et al., 2020). This limitation suggests that conventional
2D culture platforms fail to mimic the complex cellular interactions present
in vivo, which are essential for GSC differentiation. Accordingly, adopting a
3D culture approach may offer a more physiologically relevant environment
to support female GSC development.

Indeed, several studies on male fish GSCs have demonstrated successful

in vitro spermatogenesis solely through 3D aggregation culture, bypassing
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the need for transplantation techniques (Higaki et al., 2017, Zhang et al.,
2022; Choi et al.,, 2023). Such findings support the idea that 3D systems
more effectively recapitulate the native microenvironment, and that ovarian
organoids derived from 3D cultures could serve as valuable models for
studying female GSCs.

In the present study, I observed the formation of two distinct aggregate
morphologies, large single aggregates and smaller multiple aggregates,
depending on the cell population used. When cells isolated from the 1°' to
4™ Jayer of Percoll gradient were cultured, 100% of samples formed large,
singular aggregates. In contrast, cells  from the 2" to 39 layer
predominantly (90%) generated smaller, multiple aggregates.
Morphologically, the large single aggregates more closely resembled
previously reported mouse ovarian organoids (Li et al., 2021), suggesting
that cells from the upper 50% layer are more suitable for aggregate
formation in Oryzias dancena.

Additionally, only the aggregates derived from the wupper 509 layer
exhibited pre—vitellogenic oocytes, implying greater functional potential. This
observation is consistent with our previous findings in medaka, where female
GSCs were enriched under similar conditions (Ryu and Gong, 2020). I also
noted higher expression of lhr, a somatic cell marker essential for oocyte
maturation (Ogiwara et al., 2013; Kitano et al., 2022), exclusively in these
aggregates. The presence of this marker suggests enhanced somatic-germ
cell communication, further supporting the functional superiority of
aggregates formed from 1% to 4" layer. These collective results indicate that
the 1% to 4™ layer fraction following Percoll gradient centrifugation is

optimal for forming functional ovarian cell aggregates in O. dancena.
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Basic fibroblast growth factor (bFGF) and glial cell-derived neurotrophic
factor (GDNF) are widely recognized as crucial regulators of GSC
proliferation in mammals, including mouse (Kanatsu-Shinohara et al., 2003),
hamster (Kanatsu-Shinohara et al., 2008), rat (Wu et al, 2009), bovine
(Suyatno et al, 2018), and human (Sadri-Ardekani et al., 2009). These
growth factors have also been employed in teleost GSC cultures, such as
in swamp eel (Sun et al, 2022), rohu (Panda et al., 2011), zebrafish
(Kawasaki et al., 2012), and dogfish (Gautier et al., 2014). In this study, I
found that treatment with bFGF alone upregulated scp3 expression in
ovarian cell aggregates, suggesting promotion of meiotic differentiation.
However, when GDNEF was administered in combination with bFGF, scp3
expression was downregulated, indicating an inhibitory interaction.

While GDNF is generally associated with promoting GSC proliferation
while maintaining undifferentiated states (Meng et al., 2000; Masaki et al.,
2018), bFGF has been shown to enhance spermatogonial differentiation by
modifying the germline niche in mouse (Masaki et al., 2018), and also to
induce scp3 expression in human embryonic stem cells (Aflatoonian et al.,
2009). Taken together, our findings imply that bFGF may exert a similar
role in O. dancena ovarian cultures, fostering differentiation. Therefore,
inclusion of bFGF may be critical for advancing the differentiation of

ovarian cell aggregates in this species.
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CHAPTER 5.
3D Co—Cultured testicular aggregates by
Inclusion of a Testis—Derived Somatic Cell

Line in Olive Flounder (Paralichthys olivaceus)
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[ . Introduction

Germline stem cells (GSCs) transmit their genetic information to the
next generation through complex interactions with somatic cells (Lubzens
et al, 2010; Choi and Gong, 2023). Utilizing this unique capability,
surrogate broodstock technology, which involves producing donor-derived
gametes In recipient organisms by transplanting donor GSCs has emerged
as a promising tool in aquaculture for the production of superior offspring,
preservation of valuable genetic resources, and enhancement of aquaculture
productivity (Yoshizaki and Yazawa, 2019). However, the limited number of
GSCs available from donor individuals presents a significant challenge to
the practical application of this technology (Iwasaki-Takahashi et al., 2020).
Thus, establishing efficient in vitro culture systems for GSCs is essential.

Several studies have reported the in vitro culture of GSCs from various
teleost species. The first male GSC line, SG3, was established from
medaka (Oryzias latipes) and maintained for over two years without feeder
cells while retaining the expression of germ cell-specific markers (Hong et
al.,, 2004). Other studies have reported similar achievements in species such
as swamp eel (Monopterus albus, Sun et al., 2022), Chinese hook snout
carp (Opsariichthys bidens;, Chen et al., 2022), orange-spotted grouper
(Epinephelus coioides; Zhong et al., 2022), and tiger puffer fish (Takifugu
rubripes; Tan et al., 2023). Nevertheless, the successful production of fertile
gametes directly from GSCs cultured without somatic support remains
largely unattained. In contrast, studies using co-cultures of GSCs with

testicular somatic cells have demonstrated that maintaining close germ cell
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- somatic cell interactions 1is critical for supporting GSC survival,
proliferation, and differentiation, as seen in zebrafish (Danio rerio;
Kawasaki et al., 2012; Wong et al., 2013) and rainbow trout (Oncorhynchus
mykiss, Iwasaki-Takahashi et al., 2020).

The olive flounder (Paralichthys olivaceus) is a commercially important
aquaculture species in East Asia, especially in Korea, Japan, and China
(Cho et al., 2012). Various efforts, including selective breeding (Park et al.,
2021), triploid induction (Hwa and Sum, 1994; Ko et al., 2016), and genome
editing using CRISPR/Cas9 (Kim et al., 2019), have been made to improve
its aquaculture traits. However, 1 vitro culture systems for P. olivaceus
GSCs have not yet been developed.

In a previous study, olive flounder testicular somatic cell (OFT) line was
used to serve as a supporting cell source for male P. olivaceus GSCs
culture (Jo et al, 2025). However, conventional two-dimensional (2D)
culture systems often fail to culture spermatogonial stem cell over 7 days.
To better mimic the in wvo niche and improve GSC support, 3D
co—culture models have been proposed as a promising strategy.

Therefore, in this study, I aimed to induce 3D testicular aggregates by
co—culturing primary dispersed testicular cells from P. olivaceus with the
established OFT cell line. Furthermore, I evaluated the effects of sex
hormones and growth factors on the morphology, viability, and expression
of germ cell markers within the aggregates. This approach is expected to
provide fundamental insights for the development of functional in witro
GSC culture systems in PFP. olivaceus and contribute to advancing

reproductive biotechnology in aquaculture species.
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II. Materials and methods

1. Primary culture and subculture

To establish olive flounder testicular cell (OFT) line, surgically extracted
testis dispersed by 0.25% (v/v) trypsin-EDTA. 45 x 10° cells of total
digested cells were seeded into 0.2% gelatin (Sigma-Aldrich) coated 6 well
plates. Primary testicular cells were cultured in an incubator adjusted to
20°C. The cell culture medium, mESM?2 without EE, was changed every
3days. When the attachment cells reached over 90 2 confluence, they were

subcultured at 1:2 ratio.

2. Characterization of olive flounder testicular cell (OFT) line

2.1. Reverse transcription polymerase chain reaction (RT-PCR)

To identify the cell types present in the OFT cell line, the expression
profiles of genes specific to germ cells (vasa, nanosZ scp3) and gonadal
somatic cells (wrl, gsdf ©&f) were evaluated. 100 ng of total RNA was
1solated from OFT cells at passage 30, and subjected to cDNA synthesis
using the SuperScript™ IV VILO™ Master Mix with ezDNase (Invitrogen,
Vilnius, Lithuania), in accordance with the supplier's instructions. PCR
amplification was carried out using AccuPower PCR Master Mix (Bioneer,

Daejeon, Republic of Korea). The specific primer sequences employed are
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listed in Table 5. The RT-PCR procedure involved an initial denaturation
at 95°C for 5 minutes, followed by 35 amplification cycles of 95°C for 30
seconds, 60°C for 30 seconds, and 72°C for 30 seconds, with a final

extension step at 72°C for 5 minutes.

2.2. Cell origin analysis

Mitochondrial DNA was isolated from OFT cell line, as well as from fin
tissue of P. olivaceus, using the QIAamp Micro Kit (Qiagen) following the
manufacturer’s protocol. Conventional PCR was then performed using a 2x
premix (SolGent, Daejeon, Republic of Korea) with primers targeting
cytochrome c¢ oxidase subunit 1 (COI) and 16S r[RNA (primer sequences
are provided in Table 1). The PCR protocol included an initial denaturation
at 95°C for 10 minutes, followed by 35 cycles of 95°C for 50 seconds,
50°C for 50 seconds, and 72°C for 50 seconds, concluding with a final
extension at 72°C for 7 minutes. PCR products were separated by
electrophoresis on 1.5% (w/v) agarose gels (Biosesang, Yongin, Republic of
Korea) and visualized using a gel documentation system (Uvitec,
Cambridge, UK). Subsequently, the amplified products were sequenced
using an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City,
CA, USA) and the resulting sequences were compared with those in

GenBank using the NCBI BLAST tool.

2.3. Karyotype analysis

To analyze the chromosomal composition of the established cell lines,
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OFT at passage 30 were subjected to Kkaryotype analysis. Cells were
seeded into 25 cm? culture flasks and incubated for 24 hours at 20°C.
Following incubation, 3 pg/mL colchicine (Sigma-Aldrich) was added to
the cultures for 2 hours and 30 minutes at 20°C to arrest cells in
metaphase. After removing the medium, cells were washed with 1 mL
DPBS and detached using 2 mL of 0.25% trypsin-EDTA. Trypsinization
was stopped by adding 2 mL of mESM2 without EE, and the cells were
collected by centrifugation at 400 x g for 5 minutes at room temperature.
The pellet was gently resuspended in 3 mL of 0075 M KCl (Shinyo
Pure Chemical, Osaka, Japan) and incubated for 20 minutes at room
temperature to induce hypotonic swelling. Cells were again centrifuged
under the same conditions and fixed in 3 mL of Carnoy’s solution
(methanol:acetic acid, 3:1, Daejung, Seoul, Republic of Korea) at room
temperature for 1 hour, with the fixative being refreshed every 30 minutes.
After a final centrifugation, the cells were resuspended in 200 pL of
Carnoy’s solution. Drops of 20 uL cell suspension were placed onto
microscope slides, which were subsequently immersed in 100% (v/v) acetic
acid (Daejung) for one day, air—-dried, and stained with 8% (v/v) Giemsa
solution (Gibco) prepared in Gurr's buffer (Gibco) for 8 minutes. The
stained slides were rinsed with distilled water and dried at room
temperature. Chromosomal spreads were examined using a microscope
(Zeiss, Jena, Germany; Merck, Darmstadt, Germany) at 1000x
magnification. For each cell line, karyotypic normality was determined by
analyzing 63 metaphase spreads, and the normality percentage was
calculated as: (number of normal metaphase spreads/total number of

metaphase spreads analyzed) x 100 (Choi et al., 2020).
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2.4. Sex analysis

Genomic DNA was extracted from OFT and OFO cells using the
QIAamp Micro Kit (Qiagen, Hilden, Germany) following the manufacturer’s
protocol. SNP genotyping analysis was performed using a QuantStudio 5
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) under
the following cycling conditions: initial denaturation at 95°C for 5 minutes,
followed by 35 cycles of 95°C for 15 seconds and 60°C for 1 minute. The
reactions were carried out in a total volume of 20 pL using 2x Real-Time
PCR Master Mix (Attoplex, Gyeonggi-do, Republic of Korea), with each
primer added at a final concentration of 0.5 pM and each probe primer at
0.25 pM. The specific SNP primer sets used in this study are listed in
Table 6. For positive controls, genomic DNA was extracted from the fins
of male and female P. olivaceus individuals maintained by the National

Institute of Fisheries Science (NIFS).

2.5. Transfection of foreign gene

Aliquots containing 1 x 10° OFT cells were harvested by centrifugation
at 400 x g for 5 minutes. The cell pellets were then resuspended in 100 uL
of Opti-MEM (Gibco) supplemented with 10 ug of the green fluorescent
protein (GFP) expression vector pEGFP-Cl. The cell suspensions were
transferred into 2 mm gap electroporation cuvettes (NEPA Electroporation
Cuvettes; Nepa Gene Co. Ltd., Chiba, Japan) and subjected to electroporation
at 160 V using a NEPA21 Super Electroporator (NEPA GENE Co., Ltd,,

Chiba, Japan). Immediately following electroporation, 1 mL of mESM2
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medium was added to stabilize the cells, and they were subsequently
transferred into 6-well plates (Corning) and cultured at 20°C. After 48

hours, GFP expression was assessed under a fluorescence microscope
(Axio Vert Al; Zeiss, Jena, Germany). Transfection efficiency was
determined by Image] software (version 1.51k; National Institutes of

Health, Bethesda, MD, USA).

3. Effects of sex hormones and growth factors on

culture of 3D co-cultured aggregates

3.1. Induction of 3D co-cultured testicular aggregates

To evaluate the effects of OFT on the formation of aggregates, 5 x 10°
cells of isolated testicular cells and 5 x 10° OFT cells were seeded into
ULA plates. They were cultured for 14 days with culture medium
exchanged every 2 days. For control, 1 x 10° cells of isolated testicular
cells were seeded into ULA plates. Basically, mESM?2 was used for
culturing aggregates, but mESM2 supplemented with 10 ng/uL of
11-ketotestosterone (11-KT), 10 ng/uL of 17B-estradiol (E»), 10 ng/uL of
17a, 20B-dihydroxy-4-pregnen-3-one (DHP), 10 ng/uL of human chorionic
gonadotropin (hCG), 10 ng/uL of epidermal growth factor (EGF), and 10
ng/uL of insulin-like growth factor 1 (IGF-1) also used to evaluate the
effect of those supplements on the morphology, viability, and levels of

germ cell specific genes.
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3.2. Effects of sex hormones and growth factors on morphology

To evaluate the effects of sex hormones and growth factors on the
morpology of aggregates, cultured 3D co-cultured testicular agggregates,
which cultured with or without supplements, were taken pictured at day

1, day 7, and day 14 using a microscope.

3.2. Effects of sex hormones and growth factors on viability

To determine the cell viability within aggregates, collected aggreagtes
were dispersed by 0.25% (v/v) trypsin-EDTA. The cell viability was
measured by trypan blue staining. Additionally, the spatial distribution of
live and dead cells within aggregates was investigated using the Live/Dead
Viability/Cytotoxicity Kit (Molecular Probes). Aggregates were stained

according to the manufacturer’s protocol.

3.3. Quantitative reverse transcription polymerase chain reaction

(qRT-PCR)

The synthesized cDNA from each culture condtion of aggregates, was used
for gqRT-PCR analysis using the LightCycler® 480 SYBR Green Master
Mix (Roche Diagnostics, Mannheim, Germany). The reaction conditions
were as follows: initial denaturation at 94°C for 3 minutes, followed by 40
amplification cycles (denaturation at 94°C for 30 seconds, annealing at 60°C

for 30 seconds, and elongation at 72°C for 30 seconds). Primer sequences
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for each target gene are listed in Table 5. Relative gene expression was
determined using the 2 2% method. The ACt was calculated by
subtracting the Ct value of the internal reference gene (/8s rRNA) from
the Ct of the target gene, and the AACt was obtained by comparing the A
Ct wvalues between experimental and control samples (Livak and

Schmittgen, 2001).
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Table 5. Primer sequences information used in olive flounder (Paralichthys olivaceus)

Genes Prinmer sequence (5>3) Size (bp) Pupose  Accession No.
Forward CAGGACAGCACAGCGAAGAG RT-PCR &
vasa . . . 141 JQO70418.1
Reverse GCAACAAGCTAAACAGCAAATAAGAG aRT-PCR
Forward CGGACCACTGTCGCTTCTG RT-PCR &
2 159 XMLO20087406.1
nanos Reverse ACCGGCGTGTGTGTGCTT qRT-PCR -
TGGCTACCGTCCGCAAGT RT-PCR &
sps  Forward ) g, - 154 XMLO20090502.1
Reverse CGATATGAACACGAACCAAATTAAGT aRT-PCR
Forward TGTTTGGTTGCCACAATCCTT
Wil 101 RT-PCR XM 020098636.1
Reverse CAGCTGAGATGCCATTTGGTATAC -
Forward CCTGAGATGAACACTGTGCAATG
dr 151 RT-PCR KY123266.1
s Reverse GCACGGAGGAAATGATGACTGT
Forward AAGACAAAGAAGAAGATGTGAAGACAGA
2 200 RT-PCR  XM_020105694.1
& Reverse AAGGCACCTGGCTGCAGTT -
ATGGCCGTTCTTAGTTGGTG RT-PCR &
185 rrna  Torward N e 218 EFI126037.1
Reverse CACACGCTGATCCAGTCAGT aRT-PCR
cor Forward  TGTAAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCAC 0 Species C 008
Reverse  CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA identification 082846,
OCGGTCTGAACTCAGATCACGT Speci
16 rna  Torward : 542 | oboaes NC_082846.1
Reverse CGCCTGTTTATCAAAAACAT identification
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Table 6. Primer sequences

information used for SNP analysis to identify of genetic sex

Primer name

Primer Sequence ('5-3")

Size (bp)

5227A TCAAATGGCATAGATGGACA
9227T TCAAATGGCATAGATGGACT 116
5227 TCATGCGGTAATTGCTTTGTA
5227-FAM FAM-ATGCGGACGAGTAGTTCATTCGAA-EBQ
8483C AGTCCACATTTACGAGAGTTC
8483T AGTCCACATTTACGAGAGTTT 170
8483 GATGAACGAGAAATTAGATTTCCCCG
3483-JOE JOE-GCTTACGGAGGGCAGCTAGCAACGA-EBQ
5512C ATGGCCTGGATTGCATCAAC
o012T ATGGCCTGGATTGCATCAAT 154
5012 CTTAGCATAAGGAACCCACGTC
o012-CY5 CYS-TTCCGACGCGTTGTACACGGGCAA-EBQ
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M. Results

1. Primary cell culture and gene expression Analysis

The olive flounder testicular cell (OFT) line was derived from the testes
of P. olivaceus through primary culture followed by subculturing. At
passage b, OFT were predominantly composed of fibroblast-like and
epithelial-like cells (Figure 20A). In contrast, OFT were predominantly
composed of cobblestone-like and fibroblast-like cells at passage 20
(Figure 20A). At passage 30, RT-PCR analysis was performed to
characterize the established cell line. Specifically, the expression levels of
germ cell markers (vasa, nanos2 and scp3) and testicular somatic cell
markers (wrl, gsdf and ©1f) were evaluated. Strong expression of wz/ and
2 was detected in OFT cells (Figure 20B). Although testicular tissues
exhibited expression of vasa, nanosZ scp3 and gsdf these germ cell

markers were not detected in the OFT.

2. Species identification

To confirm the species origin of OFT, PCR amplification targeting the
cytochrome ¢ oxidase subunit 1 (COI) gene and the I6s rlPNA gene was performed.
As shown in Figure 21, PCR products for COI (650 bp) and 165 rliENA (542 bp)
were successfully amplified in both OFT, matching the sizes observed in the

positive controls. Furthermore, sequencing analysis revealed that the amplified
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Figure 20. Establishment and characterization of testicular cell line
from olive flounder (Paralichthysolivaceus) testis (OFT). Primary
testicular cells were seeded in 6 well gelatin coated plates and were
sub-cultured over 30 times stably.(A) The representative images of OFT
at passage 5 and passage 20. In passage b5, epithelial-like and
fibroblast-like cells were dominant. In passage 20, cobblestone-like and
fibroblast-like cells were dominant. Scale bar = 400 ym. (B) The RT-PCR
results from OFT at passage 30. In OFT, the expressions of germ cell
specific markers including vasa, nanos? scp3 were not detected, but the

expressions of somatic cell markers including wz/ and £ were observed.
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Figure 21. Validation of species from OFT. Amplification of COI and
16s rRNA regions from OFT. The amplified COI region was detected at
650 bp and the amplified 76s riRNA was 542 bp. For the positive controls,
genomic DNA isolated from £F. olivaceus fin tissue was used. Amplified
PCR products were observed at the same size as the positive control.

Arrows indicate ladder sizes.
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16s rRNA cor

Paralichthys olivaceus x Verasper variegatus mitochondrion, complete genome Paralichthys olivaceus x Verasper variegatus mitochondrion, complete genome
Sequence ID: NC_082846.1 Length: 16946 Number of Matches: 1 Sequence |D: NC_082846.1 Length: 16946 Number of Matches: 1
Range 1:2062 1o 2603 Range 1: 5552 to 6201
Score Expect Identities Gaps Strand Frame Score Expect Identities Gaps Strand Frame
1002 bits(542) 0.0() 542/542{100%) 0/542(0%) Plus/Minus 1201 hits(650) ) 650/650(100%) 0/650(0%) Plus/Plus
ouery 1 CGAAI AGOGGCTEC GRATGTCCTGATOCAACATCBAGETCGTARAG 6O ouery 1 TCTATCTCGTATTTGGTACCTAAGCCGRAAT AGTAGAGACABCCCTAAGCCTCCTCATTC 60
) IéLIIII\IIIIIiIIIIiIIIIIIIIIIIIIIIIH IIIIIIIIIHIA I CLL L TL LT III|II|||IIIII|II||I|III|
Shjot 2603 CGAACCCTTAATAGCGGCTGCACCATTAGBATGTCCTGATCCAACATCBAGGTCGTARAC 2544 Sbjct 5852 TCTATCTCGTATTTGGTGCCTGAGCCGGAATAGTGGEGACAGOCCTAAGCCTLCTCATTC 5611
Query 61 “ WG"'“G?;,?‘?T??IHMM?????HG'???‘TG ﬂch Hﬁflicﬁm_ﬁ?r 120 auery &7 GGGSP.GAACTSA(K}CMCCTGGTGCTC_C-C_F'CGG[‘.ACGH.CCAG.-\'I'I_ATAAC\:TMTGG 120
i - A oy LLLUEP L UL UL LLLLLEL ] LT [1]
Sojot: 2545, CCEGTINGAATATAIGTE SRGATTOCGCTGT TATCCOTAGGTACT TG 2458 Shjct 5612  GOGCAGAACTGAGCCAACCTGGTGCTCTCCT LSS 57
Susry 121  CGTTGATCGGOGTT ec*“cm AG aaTcna.-\A—r'r:Tac BATTAGAGETATERCTO" 160 21 TTAG ACBCCTTTETAATAATCTTTTTCATAGTTATACCAATTATGA o i
o TR T ITTO0T ™ A ir?\??ﬂ v
Sbjot. 2453 Gﬁﬁ“'CﬂGvGTrGCCGG'“TCAGTTﬁGTCﬂ“'“ﬁ"‘_C'du GATTAGAGCTGTOECTE: 2424 Sbjct 5672 TTACCGCACAGGCCTTTGTAATAATCTTTTTCATAGTTATACCARTTATGATTGGAGECT 5731
ouery 181  TAGC —rGTAaGAsGAGAGGAATs AGGAGTGTACTCCTTTTOCACETS GGGGTTGTPT 54 aisry R — cwm*amacrrccmc -
. A S AR, |||l Gé VLT = || |T 111 TTHTTTHH B
Shjct 2423 TAGCTTGTAGGAGGAGAGGAATGTAGGGGTGTACTCCTTTTCCACGTGAAGETTTTATAT 2364 sojot A Gt ccmumm,m Gcrrccmcau ,VL 2
Query 241 TCCCCA *ser“eccc CCGAAGACATCAGGECTAET WCA TTAGTTCAGGGCCCTTA 800 ; = =
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Figure 22. Sequence alignment analysis of COI and 16s rENA from OFT. Amplified CO/ and
16s rRNA were analyzed by automated DNA sequencing. Both regions were perfectly matched with
P. olivaceus mitochondrial DNA.
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COI and 16s rENA fragments exhibited 100% identity with P. olivaceus

sequences registered in GenBank (Figure 22).

3. Karyotype analysis

Representative metaphase chromosome spreads from OFT and OFO cells
are presented in Figure 23A, showing the typical diploid chromosome
number (2n = 48). The 63 metaphase spread pictures were analyzed for
number of OFT chromosome sets. The percentage of karyotypically normal

cells was calculated to be 48% for OFT (Figure 23B).

4. Sex identification analysis

Given that P. olivaceus can undergo environmental sex reversal, it was
necessary to verify the original sex of the OFT cell line. For this purpose,
SNP markers (5227A/T, 8483C/T, and 5512C/T) developed by NIFS were
utilized. All three markers were detected in genomic DNA from male P.
olivaceus (Figure 24), and the same pattern was observed in the OFT
cells, confirming their male origin. This result demonstrated that the

original sex of OFT cell line is male.

5. Transfection and efficiency analysis

To introduce exogenous genes, electroporation was selected as the

transfection method for this study. OFT cells were transfected with the pEGFP-C1
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Figure 23. Karyotype analysis from OFT. At passage 30, karyotype analysis were performed from OFT.

63 of karyotype pictures were taken, and they were counted for normality test. (A) The representative picture of
karyotype from OFT. (B) The result of normality test (2n =

48) from OFT. The red arrowhead indicate the
number of diploid P. olivaceus chromosome set.
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Figure 24. Validation of genetical sex from OFT. At passage 30, genomic DNA was isolated from OFT, and
investigation of genetical sex were performed. The genetical sex of OFT was determined by SNP markers
(5512T, 5227A, 8483C). For positive control, genomic DNA derived from P. olivaceus fin tissue was isolated. (A)
The SNP result from male wild type P. olivaceus. (B) The SNP result from OFT. Three different SNP markers

were detected from male wild type P. olivaceus and OFT.
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vector and analyzed for transfection efficiency and GFP expression. At 48
hours post-electroporation, strong green fluorescence signals were observed
in both cell types (Figure 25). The transfection efficiency was 35.63% for
OFT. These results highlight the potential of OFT line for applications
requiring exogenous gene expression, including basic research and

biotechnological development.

6. Effects of sex hormones, growth factors, and OFT

on the culture of 3D co-cultured aggregates

6.1. Evaluation of the effects of sex hormones, growth
factors, and OFT on the morphology of 3D co-cultured

aggregates

To evaluate the effects of sex hormones, growth factors, and OFT on
aggregate morphology, four groups were cultured in ULA plates: Group 1: 1 x
10° primary testicular cells without treatment, Group 2: 1 x 10° primary
testicular cells treated with sex hormones and growth factors, Group 3: 5 X
10° primary testicular cells co-cultured with 5 x 10° OFT cells without
treatment, and Group 4: 5 x 10° primary testicular cells co—cultured with 5
x 10° OFT cells treated with sex hormones and growth factors. As the
results, no aggregate formation was observed in either Group 1 or Group 2
on day 1 of culture, regardless of treatment with sex hormones and growth
factors (Figure 26A). In contrast, aggregate formations were observed in

Group 3 and Group 4 on day 1 of culture, regardless of treatment with sex
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Figure 25. Electroporation of green fluorescent protein expression
vector into OFT. The OFT cell line was electroporated with green
fluorescent protein expression vector (pEGFP-C1). Subsequently, the OFT
cells were cultured for 48 hours and observed using fluorescent microscope.
Scale bar = 200 pm.
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B Day 1 Day 7 Day 14

Figure 26. Effects of sex hormones and growth factors, and inclusion with OFT on testicular aggregate
formation in P. olivaceus. Total 1 x 10° testicular cells were cultured in ULA for 14 days. For inclusion of
OFT, 5 x 10° OFT cells and same number of primary testicular cells were seeded in ULA. (A) Representative
images of testicular cells cultured in ULA with or without reproductive hormones and growth factors on day 1.
Treatments included 11-ketotestosterone (11-KT), 17B-estradiol (E,), 17a, 20B-dihydroxy-4-pregnen—-3-one
(DHP), human chorionic gonadotropin (hCG), epidermal growth factor (EGF), and insulin-like growth factor-1
(IGF-1). (B) Representative images of testicular cells co-cultured with OFT under the same treatment
conditions in (A). Aggregate formation began to be observed at day 1. Significant difference was not observed,

regardless of hormones and growth factors treatment. Scale bar = 400 pm.
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hormones and growth factors (Figure 26B). At day 1, multiple aggregations,
which were dramatically aggregated, were observed, regardless treatment.
The longer culture period, a single round and compact type of aggregate
was observed, regardless of treatment (Figure 26B). From this result
suggest that although sex hormones and growth factors are not ciritical for
the formation of aggregate, OFT cell line was enhance the formation of

aggregate. For further studies, Group 3 and Group 4 were used.

6.2. Evaluation of the effects of sex hormones and growth

factors on the viability of 3D co-cultured aggregates

To evaluate the effects of sex hormones and growth factors on viability,
3D co-cultured aggregates (Group 3 and Group 4) were stanined with
Live/Dead Viability/Cytotoxicity Kit (Molecular Probes) and trypan blue
(Gibco). As shown in Figure 27A, most cells, regardless of treatments of
sex hormones and growth factors, were viabile demonstrating green
fluorescence. Also, comparing with negative control, cells showing red
fluorescence were not observed from 3D co—cultured aggregates. Indeed,
trypan blue staining confirmed high wviability in both conditions, with no
significant difference (Figure 27B; 91 = 040 in mESM2 vs 93 + 165 in
mESM?2 supplemented with sex hormones and growth factors). These results
demonstrated that sex hormones and growth factors are not afftected in the cell

viahility.
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6.3. Evaluation of the effects of sex hormones and growth

factors on the viability of 3D co-cultured aggregates

To evaluate functional differences depending on treatment of sex
horomones and growth factors, 3D co—cultured aggregates were analyzed by
gRT-PCR for the expression levels of plzf (spermatogonial stem cell
marker) and scp3 (mid-meiotic germ cell marker). As the result, when 3D
co—cultured aggregates were cultured with mESM?2 supplemented with sex
hormones and growth factors, significantly higher expression levels of plzf
and scp3 were detected, with 2.15 + 069 and 234 = 0.79 fold increases,
respectively (Figure 28). These results demonstrated that sex hormones and
growth factors are critical for enhancement of  spermatogonial stem cell

maintenance and differentiation within the 3D co-cultured aggregates.
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Figure 27. Evaluation of sex hormones and growth factors on the viability of the cells composing 3D co—cultured
testicular aggregates. Ovarian aggregates were cultured in ULA containing mESVE2 supplermented with or without hormones and
growth factors. Subsequently, their viahilities were compared by live/dead cell staining and trypan blue staining (A) Pictures taken
after live/dead cells staining. Live cells were stained by 2 uM calceinand dead cells were stained by 4 puM EthD-1. Negative
control were immersed in 70% ethanol for 1 hour before live/dead cell staining. Scale bar = 400 ym (B) Comparison of the
viahility of cells composing ovarian aggregates cultured in each medium The viabilities were determined by trypan blue staining.
All values are expressed as mean * standard deviation of three independent experiments at least.

_97_



plzf scp3

35 15
£ 3 b e 3
19 23
0w = gE
o o 25 O 7 251
g g
o E 5E
q:: 2 o= 2
z g 33
XS5 X S 154
2B - 25 .| T
83 83
o2 o 2
[ x'"us

0 0

mESM2 mESM2 mESM2 mESM2

+hormones +hormones
+growth factors +growth factors

Figure 28. Evaluation of sex hormones and growth factors on the
gene expression levels from 3D co-—cultured testicular aggregates.
Testicular aggregates cultured in each medium were analyzed by
gRT-PCR analysis to compare two germ cell specific genes expression
levels. (A) Relative mRNA expression of plzf (spermatogonia marker).
(B) Relative mRNA expression of s¢p3 (meiosis marker). Both gene
expressions were significantly increased, when testicular aggregates were
cultured in mESM?2 supplemented with reproductive hormones and growth
factors. All values are expressed as mean * standard deviation of three
independent experiments at least. “Different letters indicate significant
differences (p < 0.05).
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IV. Discussion

In this study, olive flounder (Paralichthys olivaceus) testicular cell (OFT)
line was succesfully established, and OFT cell line was used for the
formation of PFP. olivaceus 3D co-cultured testicular aggregates. Also,
treatments of sex hormones and growth factors were evaluated on the
culture of 3D co-—cultured testicular aggregates.

At early passages, OFT cell line exhibited fibroblast-like and
epithelial-like morphologies, while later passages included cobblestone-like
cells, indicating cellular heterogeneity and adaptation during prolonged
culture. These patterns are consistent with previous findings in which early
passage Paralichthys olivaceus Sertoli cell lines presented a mix of
fibroblast- and epithelial-like morphologies (Peng et al, 2016). In the
context of gonadal cultures, these cell types are often implicated in forming
feeder layers that support germ cell maintenance (Kawasaki et al., 2012).
RT-PCR analysis confirmed the expression of gonadal somatic cell markers
such as wr/ and £1£ in OFT cell line. As wz/ is a well-established marker
for Sertoli cells, its prominent expression in OFT suggests Sertoli cell
origin (Higaki et al., 2013). Moreover, OFT cell line expressed &£, a factor
known to promote the self-renewal of spermatogonial stem cells (SSCs;
Morimoto et al., 2023), and typically found in Sertoli cells (Gémez et al.,
2012)

To confirm the species origin, mitochondrial COIl and 16s rKENA gene
regions were amplified and sequenced. The resulting sequences were

identical to P. olivaceus, verifying that OFT cell line originated from this

_99_



species. This approach is commonly employed to ensure species origin in
established fish cell lines (Peng et al., 2016; Ahmed et al., 2017; Xu et al.,
2022).

Chromosomal analysis revealed that approximately 47.6% of OFT cells
maintained the normal P. olivaceus karyotype (2n = 48; Zheng et al., 2015;
Kim et al, 2020). Although deviations from the standard chromosome
number were observed, these mostly ranged within + 3 of the diploid
number, suggesting minor chromosomal aberrations rather than severe
genomic instability (Swaminathan et al., 2010). This chromosomal normality
result is comparable to previously reported P. olivaceus Sertoli cell lines
(Peng et al., 2016) and supports the cytogenetic stability of the established
lines during 7/n wvitro maintenance.

Given the potential for environmental sex reversal in female teleosts,
including P. olivaceus (Sun et al.,, 2022; Wang et al., 2017), As pseudo—male
gonad cell lines express Sertoli cell markers (Sun et al, 2015), SNP
markers developed by National Institue of Fisheries Science were used to
cleary determine genetic  sex. These developed SNP markers were
previously used to determine genetic sex from P. olivaceus (Kim et al.,
2017). Finally, the SNP analysis result demonstrated that OFT cell line
were derived from genetically male (XY).

The introduction of exogenous genes was evaluated using electroporation
with a GFP expression vector. While previous studies using chemical
transfection agents reported low efficiencies in various fish cell lines (Lee
et al., 2019), including SIMH and SIGE lines (Parameswaran et al., 2007),
electroporation yielded relatively higher transfection rates in the OFT cell

line. Although variables such as plasmid type and concentration differ, our
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findings suggest that electroporation is a more suitable method for gene
delivery in the OFT cell line, enhancing its utility for functional studies and
biotechnological applications.

Previously, testicular organoids were self-assembled in 24 hours when
testicular cells, which isolated from 5 dpp and 12 dpp male mice, were
cultured in nonadherent micro wells (Edmonds and Woodruff, 2020).
However, testicular cells ioslated from adult mice (8 - 16 weeks) were not
self-assembled at the same condition. Instead, when adult testicular cells
were co—cultured with immature murine testicular cells, they were rescued
the self-aggregation. From this result, Edmonds and Woodruff hypothesized
that Sertoli cells are critical for the formation of testicular organoid.
Similarly, Alves—Lopes et al. suggested that the abundance of Sertoli cells
In immature testes may play a key role in the formation of testicular
organoids (Alves—Lopes et al, 2017). Indeed, when isolated testicular cells
were co—cultured with OFT cell line in ULA, aggregation was observed
within 24 hours, whereas no aggregation was observed within 24 hours
when only isolated testicular cells were cultured in ULA. Similary with the
previous studies, the result in this study demonstrated that OFT cell line is
critical for the formation of aggregation.

Subsequently, in the evaluation of sex hormones and growth factors, the
results demonstrated that those treatments did not affect on the cell
viability. However, treatments of sex hormones and growth factors induced
significanlty increase in plzf and scp3 expression. In this study, sex
hormones including 11-ketotestosterone (11-KT), 17B-estradiol (E,), 208
—-dihydroxy-4-pregnen-3-one (DHP), and human chorionic gonadotropin

(hCG) and growth factors including epidermal growth factor (EGF), and
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insulin—like growth factor 1 (IGF-1) were used for -culturing 3D
co—cultured aggregates. In tilapia, 11-KT was confirmed that it is essential
for inducing the initiation of meiosis, while IGF-1 and hCG induced SSCs
proliferation (Tokalov and Gutzeit, 2005). Also, in the orange-spotted
grouper SSC line, 11-KT treatment inudced high expression of meiotic
genes including recS, scp3, dmcl and produced sperm-like cells (Zhong et
al,, 2022). In the previous studies, there have been reports that E, can
stimulate early germ cell proliferation. For example, in cryptorchid mice,
high dose E, treatment siginificantly increaed SSCs proliferation (Li et al.,
2007). On the other hands, in the Japanese eel, injection of E, promoted
SSCs proliferation (Miura et al., 1999). Also, Miura et al. demonstrated in
Japanese eel that DHP and DHP receptor are present in early
spermatogenesis, and DHP induces meiotic entry (Miura et al., 2006). EGF
i1s a mitogenic growth factor used in mammalian including rat
(Wahab-Wahlgren et al., 2003), mouse (Azizi et al, 2017), and human
(Medrano et al, 2016) SSC cultures. Taken together, the significant
increase of plzf expression level from 3D co-cultured testicular aggregates
was resulted from the E; hCG, IGF-1, and EGF, in contrast, the signficant
increase of scp3 expression level was resulted from the 11-KT and DHP.
To accurately assess the effects of each sex hormone and growth factor
on germ cells within the 3D aggregates, additional studies evaluating each

factor individually will be necessary.
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CHAPTER 6.

(General Discussion and Conclusion
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This study aimed to establish a three-dimensional (3D) culture system
for gonadal germ cells in fish using both a biological model species,
marine medaka (Oryzias dancena), and an economically important
aquaculture species, olive flounder (Paralichthys olivaceus). Through three
major experimental phases, I developed and evaluated in vifro aggregate
systems for testicular and ovarian germ cells, as well as a co-culture
model incorporating somatic support cells, providing a foundation for future
applications in reproductive biology and germ cell engineering in fish.

In the first part of the study, I optimized a 3D testicular aggregate
culture system using O. dancena testicular cells. Among the three methods
evaluated including Matrigel suspension, 3-layer gradient system, and
ultra-low attachment (ULA) plates, the ULA method demonstrated superior
aggregate formation and structural stability. Furthermore, modified ESM?2
(mMESM2) medium influenced type of aggregates and expression of germ
cell and somatic markers. Notably, sperm derived from cultured testicular
aggregates exhibited fertilization capability, highlighting the potential of the
system to support functional spermatogenesis in vitro.

The second part focused on the development of ovarian cell aggregates
using O. dancena. Two distinct ovarian cell populations, separated by
Percoll density gradient centrifugation, were evaluated for their ability to
form aggregates and maintain germ cell characteristics under ULA
conditions. Specific factors, including bFGF, FS, and EE, significantly
enhanced the expression of scp3 a marker for meiotic germ cells, while
bFGF and GDNF increased nanos? expression. Interestingly, GDNF alone
suppressed scp3 expression, suggesting stage-specific effects of growth

factors. Regardless of hFSH treatment, the ovarian aggregates maintained
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oocyte-like cells and continued E, production within 22 days, indicating the
long-term functional maintenance of female germ cells in vitro.

In the final part, olive flounder testis-derived somatic cell line (OFT)
was established and evaluated its potential to support germ cell
aggregation through co-culture. The OFT cell line displayed characteristics
of Sertoli cells and was capable of initiating aggregate formation within 24
hours. While hormone and growth factor treatments did not significantly
influence to aggregate viability, they did enhance the expression of germ
cell markers, plzf and scp3, indicating their involvement in germ cell
maintenance and differentiation.

Together, these studies present a comprehensive strategy for developing
3D germ cell culture systems in fish. The testis and ovary aggregate
models in O. dancena demonstrated the feasibility of stage—specific germ
cell modulation through developed culture system, while the P. olivaceus
co—culture system provided a platform to evaluate the functional role of
somatic support cells in germline development.

Nevertheless, several limitations must be acknowledged. While gonadal
aggregates were successfully generated and maintained, their long-term
genomic stability, epigenetic integrity, and i/n wivo functionality remain
unverified. Future studies should investigate whether germline stem cells
cultured by gonadal aggregates can be transplanted into recipient gonads
and undergo complete gametogenesis. Furthermore, although various growth
factors were tested, detailled analyses of their dependent effects and the
signaling pathways are still needed. In addition, the present systems were
optimized only for O. dancena and P. olivaceus, and thus its general

applicability to other species remains to be investigated. Future research
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should expand the system to include a wider range of aquaculture species,
and explore the integration of automated and scalable culture technologies
to facilitate industrial level applications. By addressing these aspects, the
3D germ cell culture system developed here could evolve into a robust
platform for both fundamental research and practical application in fish

reproductive engineering.
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