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Cryopreservation of germ cells
as a conservation strategy for
two valuable species in Mexico:
Totoaba macdonaldi and
Seriola lalandi
Leonardo D. Mendoza-González †, Lucia Suárez-López*†

and Carmen G. Paniagua-Chávez*†

Department of Aquaculture, Centro de Investigación Cientı́ficia y de Educación Superior de Ensenada,
B. C. (CICESE), Ensenada, Baja California, Mexico
The cryopreservation of cell lines such as primordial germ cells and germ cells is a

promising strategy to conserve and reconstitute endangered or commercially

important species in aquaculture. In Mexico, the northwest region is the center of

the country’s most significant fishing and aquaculture production. However,

most of the species used in capture fishing are overexploited. Despite this,

protocols for the cryopreservation of germ cells are non-existent. Therefore,

this work aimed to establish a protocol of isolation, identification, and

cryopreservation of germ cells in two species, totoaba (Totoaba macdonaldi)

and yellowtail amberjack (Seriola lalandi). Three concentrations of trypsin (0.25%,

0.3%, and 0.5%) were tested for gonadal dissociation. The 0.3% trypsin

concentration was the best because it presented the most significant number

of viable cells, with 14.35 × 105 for totoaba and 2.96 × 105 for yellowtail

amberjack. The immunohistochemistry identification of germ cells in both

species was positive for vasa, with 33.30% for totoaba and 34.20% for

yellowtail amberjack. The cryoprotectant used was ethylene glycol (1.5 M or 2

M). The ideal temperature for the cryopreservation of gonadal tissue was different

for each species, −1°C/min for totoaba and −5°C/min for yellowtail amberjack

with 58.42% and 63.48% viable cells after thawing, respectively, with ethylene

glycol 1.5 M being the best for both species. The non-controlled rate was the

most effective technique to freeze the cell suspension, with 4.20 ± 1.09 × 105/mL

viable cells for totoaba and 7.31 ± 2.25 × 105/mL for yellowtail amberjack. In

conclusion, the results of the isolation, identification, and cryopreservation

protocols for germ cells in totoaba and yellowtail amberjack obtained in this

work are the first report for fish species from northwest Mexico, opening the

door for the generation of cryobanking of germ cells. Finally, this work would

help conserve endangered species and be an alternative to conserving species of

commercial importance in aquaculture.
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1 Introduction

Aquaculture is the food production activity that has expanded

the most in recent decades, with the aim of ensuring the growing

demand for food that exists worldwide (FAO, 2022). For this

reason, the development of research, reproductive biotechnology,

and conservation of genetic resources plays an important role in the

development of aquaculture. One of the cutting-edge research

projects related to reproductive biotechnology has been the

cryopreservation of germplasm of species of high commercial

value, endangered species, and model genetic lines for research or

zootechnical potential (Cabrita et al., 2010; Martıńez-Páramo et al.,

2017). The cryopreservation of genetic material has reached great

importance since this technique allows it to indefinitely safeguard

material of high genetic value (Labbé et al., 2013; Marinović et al.,

2019). In fish, the number of protocols for the cryopreservation of

sperm, germ cell lines, and somatic cells has increased due to the

high demand and use of fishing resources (FAO, 2022; Mayer and

Psěnička, 2024). In fish, there are innumerable protocols for sperm

cryopreservation (Asturiano et al., 2017; Martıńez-Páramo et al.,

2017). However, species reconstitution through androgenesis using

cryopreserved sperm is not the ideal technique to be used in species

conservation programs since, through this cell type, it is not possible

to transfer genetic material such as mitochondrial DNA (Yasui

et al., 2010; Martıńez-Páramo et al., 2017).

Consequently, the cryopreservation of cell lines, such as

primordial germ cells (PGCs) and germ cells (spermatogonia or

oogonia), is used in the conservation and reconstitution of species

since they are precursors of gametes, and through them, it is

possible to transmit genetic information to subsequent

generations (Braat et al., 1999; Cinalli et al., 2008). Furthermore,

these cells have high sexual plasticity (differentiating eggs and

sperm) and the ability to colonize and proliferate the gonad of

allogeneic or xenogeneic recipients (Okutsu et al., 2007; Nóbrega

et al., 2010; Hattori et al., 2019). The protocols for the

cryopreservation of PGCs and germ cells (GCs) from different

fish species have been standardized to safeguard genetic material,

allowing the future reconstitution of a species in the event of

extinction (Table 1). The results so far have shown that the

protocols are species-specific and can often also be cell-

specific (Table 1).

These properties make the GCs suitable for cryopreservation

either as male or female germplasm and open the door to new

biotechnologies: breeding programs such as GC transplantation

and GC culture. The first genetic cryobanks were established in

model species such as trout (Oncorhynchus mykiss) (Yoshizaki

et al., 2011), tilapia (Oreochromis niloticus) (Lacerda et al., 2010),

and zebrafish (Danio rerio) (Higaki et al., 2010). In these species,

cryopreservation of GCs and cell transplantation for sterile

recipients were associated, resulting in a new method for the

preservation and reconstitution of species. The success obtained in

these species served as a starting point to establish genetic

cryobanks of endangered species such as the Manchurian trout

(Brachymystax lenok) (Lee and Yoshizaki, 2016), sturgeon

(Acipenser transmontanus) (Romney et al., 2023), and cyprinid
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honmoroko (Gnathopogon caerulescens) (Higaki et al., 2017),

obtaining offspring from sterile recipient animals or through the

production of functional spermatozoa by in-vitro culture.

InMexico, the northwest region plays a very important role in the

country’s fishing and aquaculture production, with 82% of the total

national production (SADER, 2022). Therefore, it is necessary to start

developing biotechnological conservation strategies such as the

creation of genetic cryobanks. According to the Official Gazette of

the Federation, 13.9% of the species used in capture fishing are

overexploited (SADER, 2022; Oficial, 2024). That is why in this work

cryopreservation protocols for GCs were developed and standardized

in totoaba (Totoaba macdonaldi) and yellowtail amberjack (Seriola

lalandi), two species of great economic importance in aquaculture in

northwest Mexico. The totoaba, a species endemic to the Gulf of

California, is critically endangered due to illegal overfishing, as the

fish’s swim bladder is considered an aphrodisiac dish (Cisneros-Mata

et al., 2021). The totoaba has a high productive potential in

aquaculture due to its large size and rapid growth, but its sexual

maturity takes up to 3 years in captivity and 5 years in the wild

(Findley, 2010). On the other hand, a circumglobal species, yellowtail

amberjack, is a highly farmed fish in México and is wanted by

commercial fisheries and sport fishers around the world (Smith-

Vaniz and Williams, 2015).

Therefore, the main objective of this study was to develop a

method to dissociate gonadal tissue, identify GCs, and subsequently

cryopreserve them using different freezing methods. In this work,

two species were selected: the totoaba represents an endemic

organism in danger of extinction and with high productive

potential, while the yellowtail amberjack is a species of high

economic importance at the international level. Conserving their

GCs and standardizing the protocols for this purpose will allow for

the establishment of new conservation, reproduction, and genetic

improvement programs, as well as establishing the bases for

standardizing protocols in other phylogenetically close species.
2 Materials and methods

2.1 Ethics

The experiments were carried out following the guide for the use

of fish in research by Jenkins et al. (2014) in the chapter “5.4.1. Drugs

Approved for Use on Fish.” The animals used for blood collection

were anesthetized using a concentration of 50 mg/L of tricaine

metasulfonate (MS-222) diluted in 90 L of seawater and constant

oxygenation. After 2 to 5 min, the animals lost balance and the flight

reflex, and the experimental procedures were performed immediately.

The animals used for extraction of gonadal tissue were subjected to

euthanasia by the physical method, performing a craniocerebral

puncture, and subsequently decapitation was performed. All

procedures were approved by the Bioethics Committee of Centro

de Investigación Cientıfíca y de Educación Superior de Ensenada, BC

(CICESE) opinion No. ORGA_ACUA_2020.3. The animals used in

this work were obtained from the Marine Fish Laboratory of the

Aquaculture Department of CICESE.
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2.2 Fish husbandry

In this work, the number of fish used was as follows: n = 35 for

totoaba (955 ± 300 g) and n = 45 for yellowtail amberjack (399 ±

147 g). All animals were sexually immature juveniles (1 year). The

animals were maintained in a recirculating aquaculture system
Frontiers in Marine Science 03
(RAS), which consisted of a 3,000-L culture tank coupled to a

640-L surge tank and a bubble-washed bead filter with a capacity of

1.13 L of medium composed of plastic beads (BBF-XS-8000,

Aquaculture Systems Technologies, Louisiana, EUA). The water

flow (160 L/min) was given by a centrifugal pump (0.5 HP,

Sweetwater). The maintenance parameters were controlled under
TABLE 1 The following list describes some cryopreservation protocols for teleost fish established in the last 15 years, indicating the types of
cryoprotectants, freezing method, type of sample, and type of cells cryopreserved.

Common
name

Species Cryoprotectant Cooling
system

Type
of sample

Cell type References

Zebrafish Danio rerio EG+DMSO 20% Vitrification Embryos PGCs Higaki et al. (2010)

Lambari Astyanax altiparanae EG 2 M and DMSO 3 M Vitrification Embryos PGCs Rosero et al. (2024)

Loach Misgurnus anguillicaudatus
DMSO 10% Rapid-freezing Blastomeres

PGCs
Yasui et al. (2011)

DMSO+PG 2 M Vitrification Embryos Inoue et al. (2012)

Rainbow trout Oncorhynchus mykiss

EG 1.8 M

Slow-freezing

Dissociated cells PGCs Kobayashi et al. (2007)

DMSO 1.3 M Tissue SSCs Lee et al. (2013)

DMSO 1 M Tissue OSSCs Lee et al. (2016)

Tench Tinca tinca
Glycerol 1.5 M

Slow-freezing
Dissociated cells

SSCs
Linhartová et al. (2014)

DMSO 3 M Tissue Marinović et al. (2017)

Manchurian trout Brachymystax lenok Methanol 1.3 M Slow-freezing Tissue OSSCs Lee and Yoshizaki (2016)

Siberian sturgeon Acipenser baerii EG 1.5 M Slow-freezing Tissue
SSCs

Psěnička et al. (2016)
OSCs

Medaka Oryzias latipes EG 30% Vitrification Tissue SSCs Seki et al. (2017)

Brown trout Salmo trutta DMSO 3 M Vitrification Tissue OSCs Lujić et al. (2017)

Tiger puffer Takifugu rubripes DMSO 1.3 M Slow-freezing Tissue SSCs Yoshikawa et al. (2018)

Cyprinid
honmoroko

Gnathopogon caerulescens
PG 5 M

Vitrification Dissociated cells
SSCs

Higaki et al. (2018)
DMSO 5 M OSCs

Rainbowfish Melanotaenia fuviatilis
DMSO 1.3 M

Slow-freezing Tissue
SSCs Rivers et al. (2020)

DMSO 2 M OSCs Rivers et al. (2022)

Meagre Argyrosomus regius DMSO 10% Slow-freezing Dissociated cells SSCs Zupa et al. (2020)

European eel Anguilla anguilla PG+DMSO 1.5 M Vitrification Tissue OSCs Šćekić et al. (2020)

Yellowtail Seriola quinqueradiata DMSO 1 M Slow-freezing Dissociated cells SSCs Morita et al. (2021)

American paddlefish Polyodon spathula DMSO 1.3 M Slow-freezing Tissue
SSCs

Ye et al. (2021)
OSCs

Starry goby Asterropteryx semipunctata DMSO 1.3 M Slow freezing Tissue SSCs Bouwmeester et al. (2022)

Sturgeon Acipenser transmontanus DMSO 1.5 M Slow freezing Tissue OSCs Romney et al. (2023)

Flatfish Solea senegalensis DMSO 1.5 M Vitrification Tissue SSCs Cabrita et al. (2023)

Catfish
Pangasianodon
hypophthalmus

PG 1.3 M Slow freezing Tissue SSCs
Boonanuntanasarn

et al. (2023)

Black rockfish Sebastes schlegelii DMSO 1.3 M Slow freezing Tissue SSCs Zhou et al. (2023)

Jundia catfish Rhamdia quelen Methano1.3 M Slow freezing Tissue SSCs Rosa et al. (2023)

Sterlet Acipenser ruthenus PG+DMSO 1.5 M Vitrification Tissue OSCs Lujić et al. (2023)

Russian sturgeon Acipenser gueldenstaedtii Methanol+DMSO 1.5 M Vitrification Tissue OSCs Lujić et al. (2023)
PGCs, primordial germ cells; SSCs, stem spermatogonia; OSSCs, stem oogonia; DMSO, dimethyl sulfoxide; PG, propylene glycol; EG, ethylene glycol.
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the following levels: temperature of 26°C for totoaba (T.

macdonaldi) and 22°C for yellowtail amberjack (S. lalandi),

salinity of 35 ppm, total ammonia nitrogen <1.0 mg/L, nitrites

<1.0 mg/L, nitrates <400 mg/L, pH 7.6–8.5, and photoperiod 12:12.

The feeding of the organisms was carried out with 3% of the total

biomass with dry matter per day, with a commercial diet (Skretting

and Ewos Cargill). Feeding was stopped 24 h prior to

each experiment.
2.3 Blood sampling

Fish were anesthetized using 50 mg/L of MS-222 until loss of

escape reflex, as seen in Section 2.1. Samples were obtained from the

caudal vein, and the blood plasma was separated by centrifugation

(Centrifuge Eppendorf 5430, Hamburg, Germany) at 500×g for 30

min. Osmolality was measured using an osmometer (Vapro® 5520,

Wescor, Logan, UT, EUA). All suspensions were adjusted to the

mean value of osmolality for each species.
2.4 Gonadal extraction

Three fish were euthanized before each experiment (Section

2.1). The gonad was obtained under aseptic conditions according to

the methodology described by Lacerda et al. (2018). The extraction

was performed aseptically and rinsed with 0.1% antibiotic and

antimycotic (Sigma-Aldrich #A5955, St. Louis, USA) in Hank’s

Balanced Saline Solution (HBSS). Then, the gonads were weighted

and cut into small pieces (~1 mm3).
2.5 Enzymatic dissociation

Enzymatic dissociation was performed following the protocol of

Psěnička et al. (2015) with some modifications. Each gonad fraction

was submerged in 900 mL of enzymatic media and incubated for 2.5

h in a bioshaker (Thermo Scientific, Waltham, Massachusetts, EUA

#4625) at 200 rpm. The enzymatic media consisted of 0.25%, 0.3%,

or 0.5% trypsin (Sigma-Aldrich #59427C, St. Louis, USA) and

0.05% DNAse in HBSS. In the case of control, HBSS without

enzymes was used. One hundred microliters of 10% bovine serum

albumin (BSA) (Sigma-Aldrich #A-7906, St. Louis, USA) was added

to stop the trypsin activity. Then, the gonads were filtered through a

40-mm cell strainer, pushing the tissue rest with HBSS before

centrifugation at 500×g for 15 min at 4°C. The pellets were

resuspended in 100 mL of 0.75% BSA in HBSS.
2.6 Discontinuous Percoll gradient

The densities were made including the Percoll concentrations

that have been used to enrich CGs in a gonad suspension from other

fish (Lacerda et al., 2018; Psěnička et al., 2015). To enrich GCs in

suspension, 40% and 10% discontinuous Percoll® gradients in HBSS

were prepared and put in that order at 3 mL each. The pellet
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recovered from the enzymatic dissociation was carefully added on

the top discontinuous Percoll® gradient and centrifugated at 500×g

and 4°C with slow rotor acceleration for 30 min. The 10% layer was

recovered and washed, adding HBSS 1:10 and centrifuging for 30

min. The pellet of the best treatment was used for identification by

immunocytochemistry and cryopreservation.
2.7 Immunocytochemistry

The identification of GCs was performed by immunocytochemistry

using vasa. The protocol used was modified from Psěnička et al. (2015)

and Escuredo-Vielba et al. (2018) for the purposes of this study. The

10% Percoll® layer from Section 2.6 was fixed in 1:1 of 4%

paraformaldehyde (PFA) (Sigma-Aldrich #158127, St. Louis, USA) in

PBS (Bio Basic #PD8117, Canada INC) and put on antibody slides with

two 15-mm rings, previously incubated in 0.1% poly-L-lysine (Sigma-

Aldrich #P8920, St. Louis, USA). After 3 h of cell sedimentation, the

slides were washed once with PBS. The cell permeabilization was

performed by adding 3.0% Triton®X-100 (Sigma-Aldrich, St. Louis,

USA) in PBS at 4°C for 15 min and then washed three times in PBS.

Samples were blocked with 1% BSA and 0.05% Tween®20 (Sigma-

Aldrich #P2287, St. Louis, USA) in PBS for 1 h at 4°C, and rabbit anti-

vasa primary antibody (Anti-DDX4/MVH, Abcam, ab13840) (1:300)

was added during 18 h, except the negative control group, and washed

three times for 5 min with blocking solution before incubation with a

secondary goat anti-rabbit Alexa Fluor 488 antibody (Molecular Probes,

Carlsbad, CA, USA) (1:800). Samples were washed three times for 5

min with PBSS, counterstained with 10 mg/mL of nucleus staining, 4′,6-
diamidino-2-fenilindol DAPI (Sigma-Aldrich #D9542, St. Louis, USA),

washed five times, and rinsed. Negative control samples were mounted

with Sigma Mountain media. All samples were visualized after drying

with an Olympus FV1000 confocal microscope. Vasa-positive cells

were counted following the protocol described below (Section 2.8).
2.8 Viability

Cell viability was performed using the kit fluorescein diacetate

(FDA)/propidium iodide (PI) staining (Logos Biosystems, EUA

#F23214). Double staining was then performed with 2.4 mM of

FDA for 5 min and then 7.4 mM of PI for 5 min. The evaluation of

viable and non-viable cells was performed using a hemocytometer.

Cells were counted in 8 squares of the hematocytometer in triplicate

in a fluorescence microscope (Nikon H600L Eclipse 80i Nikon Co.

Tokyo, Japan) using a blue 480/30 nm excitation filter.
2.9 Whole tissue cryopreservation

The gonad of three fish of each species was removed (Section

2.4). Each gonad (n = 3) was washed in PBS (383.33 ± 5.13 mOsm/

kg for totoaba and 417.66 ± 11.93 mOsm/kg for yellowtail

amberjack) and sliced into four equal portions (~1 mm3). Then,

gonad portions were submerged in an extender solution composed

of 0.5% BSA, 0.1% antibiotic-antimycotic (10,000 UI of penicillin
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and 10 mg/mL of streptomycin), 50 mM of glucose (Sigma-Aldrich

#S0389, St. Louis, USA), and as a cryoprotectant 1.5 M or 2 M of

ethylene glycol (EG) (Sigma-Aldrich #102466, St. Louis, USA)

during 10 min in 1.5 mL cryovials. The freezing protocol,

according to Psěnička et al. (2016), started at 10°C for 10 min

and then frozen at −1°C/min or −5°C/min per minute cooling rate

(CR) in a programmable freezer (Kryo 560-16, Planer PLC) until

reaching −80°C and plunged into liquid nitrogen (−196°C) for 7

days. As a control group, the gonad of an animal was cryopreserved

without any cryoprotectant. Cryovials were thawed in a water bath

(Memmert #WNB-22, Germany) at 25°C for 1 min. The tissue

portions were washed (two times), subsequently subjected to the

enzymatic dissociated (Section 2.5), and enriched by Percoll®

density gradient (Section 2.6). The viability was evaluated

following the procedure in Section 2.8.
2.10 Cell suspension cryopreservation

The gonad of three fish of each species was removed (Section 2.4),

dissociated (Section 2.5), and enriched by Percoll® density gradient
Frontiers in Marine Science 05
(Section 2.6). The pellet obtained after CG enrichment was suspended

in an extender solution with 1.5 M of EG as cryoprotectant and

incubated for 10 min in 250 µL French straws (3 straws per repetition).

The cryoprotectant solution was selected because it showed the best

results in tissue cryopreservation. The straws were sealed with blue

sealing powder (IMV Technologies, #018818, L´Aigle, France) and

placed in the programmable freezer chamber for controlled cooling

rates (−1°C/min or −5°C/min) until reaching −80°C (Psěnička et al.,

2016) or in a polystyrene box (27.5 cm × 20.5 cm) for a non-controlled

cooling rate (Lacerda et al., 2010). The straws were placed in a net 15

cm above liquid nitrogen and moved 1 cm toward the liquid nitrogen

until reaching −80°C. As a negative control, the samples were directly

plunged into liquid nitrogen, and as a positive control, the viability of

the cell suspension was evaluated before freezing. After cooling, the

straws were plunged into liquid nitrogen (−196°C) for 7 days. Thawing

of the samples was performed as described in Section 2.9. The straws

were emptied into 2.0mL conical tubes, and cells were suspended 1:4 in

HBSS. The viability was evaluated following the procedure in Section

2.8. The stages of enzymatic dissociation, identification, and freezing of

germ cells in totoaba and yellowtail amberjack are represented

in Figure 1.
FIGURE 1

An illustrated methodology scheme of how the cryopreservation of germ cells in Totoaba macdonaldi and Seriola lalandi was carried out.
Cryopreservation of gonadal tissue. (A1) Collection and fraction of gonadal tissue for cryopreservation. (A2) Exposure to cryoprotectant and
controlled freezing. (A3) Thawing of gonadal tissue. (A4) Enzymatic dissociation and cell separation by Percoll® gradient. (A5) Cell viability of
previously cryopreserved gonadal tissue cells. Cryopreservation of enriched germ cell suspension. (B1) Gonad collection. (B2) Enzymatic
disintegration and cell separation by Percoll® density gradient. (B3) Cell purification and subsequent cryopreservation of germ cells using 1.5 M of
ethylene glycol and controlled (−1°C/min and −5°C/min) and non-controlled cooling rates. (B4) Thawing of germ cells. (B5) Cell viability
after thawing.
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2.11 Data analysis

Statistical analysis was performed using Minitab v 18 software

for Windows®. Percentage data were transformed into arcsine

square roots before data analysis. A one-way ANOVA was used

to test the effect of enzymatic dissociation or the cooling rates

(controlled or non-controlled) on cell suspension. Two-way

ANOVA was used to assess the viability of whole tissue

suspended in two different cryoprotectants and cooling rates.

Specific differences were tested with Tukey’s post-hoc test. A P-

value <0.05 was used as the significance level.
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3 Results

The physicochemical characteristics of the blood plasma in the

species were as follows: osmolality of the blood plasma of 383.33 ±

5.13 mOsm/kg (mean ± SD) with a pH of 7.07 ± 0.34 for totoaba

and that for yellowtail amberjack was 417.66 ± 11.93 mOsm/kg with

pH 6.90 ± 0.05. The viability of the GCs did not show statistical

differences between trypsin concentrations for both species

(Figures 2, 3). The highest disaggregated cell viability for totoaba

and yellowtail amberjack was found using 0.25% trypsin, with

78.42% and 64.23% cell viability, respectively (Figure 3).
FIGURE 2

Cell viability analysis of germ cells in Totoaba macdonaldi (A) and Seriola lalandi (B). Viability was assessed using a double stain of fluorescein
diacetate (FDA) and propidium iodide (PI). Arrows indicate viable cells (green) and triangles indicate non-viable cells (red). Scale: (A) 100 µm.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1454409
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
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Nevertheless, all trypsin treatments were different from the control.

Significant differences were found in the concentration of viable

cells disaggregated from totoaba to the control (P = 0.00). The

highest number of viable cells 14.35 × 105 was found in the 0.3%

trypsin treatment (Figure 3). The concentration of viable cells in

yellowtail amberjack had no significant differences (P = 0.11)

between treatments to dissociate the tissue; the number of viable

cells was 2.96 × 105 (Figure 3). The 0.3% concentration showed less

debris quantity in both species. The observed vasa signal-positive

cells were 33.33% for totoaba and 34.16% for yellowtail amberjack

in the 10% Percoll® layer (Figure 4).

Two-way ANOVA revealed no significant differences in the

percentage of viable cells (>50%) for thawed gonadal tissue
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regarding EG concentration (P = 0.67 for totoaba and P = 0.61 for

yellowtail amberjack) or CR (P = 0.10 for totoaba and P = 0.14 for

yellowtail amberjack). The best CR was −1°C/min in totoaba, which

allows 58.42% of viable cells, opposite with yellowtail amberjack,

whose best CR was −5°C/min with 63.48% of viable cells (Figure 5A).

The enriched suspension of germ cells in both species shows

high viability after thawing, between 38.50% and 47.37% viable cells

for totoaba and 18.30% and 39.77% for yellowtail amberjack. Cell

contraction was 4.20 ± 1.09 × 105 cel/mL for totoaba and 7.31 ± 2.25

× 105 cel/mL for yellowtail amberjack, obtaining better results with

the non-controlled treatment. However, the ANOVA did not show

significant differences among treatments except for the control

(P = 0.00) (Figure 5B).
FIGURE 3

The concentration of viable cells of Totoaba macdonaldi and Seriola lalandi after enzymatic dissociation using different concentrations of trypsin. The
values correspond to the mean ± standard deviation. Letters of statistical significance are grouped based on Tukey’s post-hoc analysis (P = 0.05).
The same letter means that there are no statistically significant differences.
FIGURE 4

Fluorescent micrograph of germ cells stained with anti-vasa conjugated with Alexa Fluor 488 and DAPI. (A) Totoaba macdonaldi and (B) Seriola
lalandi. Cells positive for vasa expression stained green in their cytoplasm and blue in their nuclei (arrow). Somatic cells can be seen with the blue
staining of their nuclei (triangle). A vasa-positive cell is observed at higher magnification in the upper left part. Scale: (A) 10 µm.
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4 Discussion

In the present work, a successful protocol for enzymatic

dissociation, identification, and cryopreservation of GCs was

established for the first time in two species of ecological and

economic importance from Mexico, the totoaba and yellowtail

amberjack. The 0.3% trypsin concentration was the best for

carrying out both species’ enzymatic dissociation of the gonadal

tissue, obtaining the highest purity, concentration, and viability of

GCs. Gonadal dissociation using trypsin has already been used in
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other species such as Siberian sturgeon (Acipenser baerii) (Psěnička

et al., 2015), pejerrey (Odontesthes bonariensis) (Majhi et al., 2009),

and goldfish (Carassius auratus) (Majhi, 2023), managing to

maintain the proliferation capacity in exogenous gonads after

germ cell transplant. In Siberian sturgeon (A. baerii), cell

proliferation was observed up to 90 days post-transplant in 60%

of the recipients. Meanwhile, in pejerrey (O. bonariensis) and

goldfish (C. auratus), it was possible to obtain offspring from the

donor species of cells with 13.3% and 100% of the recipients,

respectively. However, incubation with trypsin in-vitro culture in
FIGURE 5

Viability of gonadal tissue in Totoaba macdonaldi and Seriola lalandi after thawing (A). Concentration of germ cell enrichment in Totoaba
macdonaldi and Seriola lalandi after thawing (B). The values correspond to the mean ± standard deviation. Letters of statistical significance are
grouped based on Tukey’s post-hoc analysis (P = 0.05). The same letter means that there are no statistically significant differences.
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rainbow trout (O. mykiss) spermatogonia revealed a rupture of

membrane proteins, causing a reversible decrease in the mitotic

activity of the cells (Shikina et al., 2013). Nevertheless, in this study,

incubation with trypsin was shown to be efficient for gonadal

dissociation in both species. However, further studies are needed

regarding the effect of trypsin treatment on GCs in totoaba and

yellowtail amberjack and their possible in-vitro recovery as well as

transplantation experiments.

Enrichment of a suspension with GCs, by using a discontinuous

density gradient, proved to be a low-cost and efficient technique. In

this study, more than 30% GCs were obtained in the 10% Percoll

concentration layer in the two species used in this study. This same

concentration of Percoll is recommended by various authors

because the cells with the highest density, usually blood cells, are

found in the precipitate with the highest concentration, which in

this study was 40%, and it has been observed that the supernatant

consists mainly of cellular debris and tissues (Lacerda et al., 2018,

2010; Linhartová et al., 2014; Psěnička et al., 2015). For this reason,

the 10% Percoll precipitate was used to perform the identification

with immunocytochemistry.

The vasa gene has been used as a germ cell line labeling in many

teleost species (Higuchi et al., 2011; Ricci et al., 2018; Wu et al.,

2018; Rosero et al., 2023), allowing the identification of cells during

embryonic development, in-vitro cultures, or cell transplants. Using

immunocytochemistry, we demonstrated that differentiated GCs of

totoaba and yellowtail amberjack are signal-positive to vasa in non-

mature organisms. Escuredo-Vielba et al. (2018) conducted

immunostaining using the whole-mount technique and found the

presence of vasa-positive signal PGCs in two- and four-cell stage

totoaba embryos using the same labeling. In species such as

yellowtail (Seriola quinqueradiata), sturgeon (A. baerii), and

tench (Tinca tinca), positive expression of the vasa gene has been

used to confirm the presence of GCs in the isolated cell suspension,

obtaining success in the transplantation of germ cells (Linhartová

et al., 2014; Psěnička et al., 2015; Morita et al., 2021).

The results obtained in the cryopreservation protocols are

species-specific since the ideal temperature for cryopreservation

of gonadal tissue was different for each species, −1°C/min for

totoaba and −5°C/min for yellowtail amberjack. However, for

cryopreserving cell suspension, the non-controlled rate was the

most effective technique. In fact, the results indicate that after each

critical process, totoaba and yellowtail amberjack GCs have positive

esterase activity, as well as integrity in their cytoplasmic

membranes. These properties suggest that the use of germ cells

can be further studied with future work based on the present, such

as in-vitro cell culture and development of transplant protocols.

Using cell culture, it would be possible to assess whether cells from

previously frozen tissue or cell suspension have the capacity to

perform mitosis in vitro (Lacerda et al., 2010) or proliferate the

gonads of sterile recipients by cell transplantation, successfully

achieving offspring from cell donors (Yoshizaki and Lee, 2018).

Cryopreservation of gonadal tissue and cell suspension in other

species, such as sturgeon (A. baerii), goldfish (C. auratus), and

tench (T. tinca), was achieved successfully, and no significant

differences were found between both techniques (Psěnička et al.,
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2016; Marinović et al., 2017). However, the results were different in

neotropical catfish (Rhamdia quelen). Tissue cryopreservation

yields better viable cells (67%) after thawing using 1.4 M of

DMSO as a cryoprotectant when compared to cell suspension

cryopreservation (27% viable cells) after thawing in 1.3 M of

DMSO (Rosa et al., 2023). These results suggest that it is

fundamental to develop species-specific protocols, in addition to

specific techniques, from dissociation to cryopreservation, as well as

thawing and viability tests (Ps ̌enička et al., 2016). However,

protocols for gonadal tissue cryopreservation have increased

(Table 1) due to the advantages it can offer, such as 1) it can be

carried out under field conditions using vitrification as a freezing

method; 2) there is better purification of viable cells since, when the

tissue is thawed, it goes through the enzymatic disintegration

process and the activity of enzymes that dissociate gonadal tissue

helps eliminate weakened cells, sometimes observing agglutinations

during the dissociation process (Marinović et al., 2017); and finally,

3) the solution supplemented during the dissociation process would

help eliminate the remnants of the cryoprotective solution.

In conclusion, the results of the isolation, identification, and

cryopreservation protocols for GCs in totoaba and yellowtail

amberjack obtained in the present work would be the first report

for fish species from northwest Mexico, opening the door for the

generation of cryobanking of GCs. However, new work is necessary

to confirm the proliferative and differentiation capacity of GCs after

the thawing process. Finally, this work would help conserve high

genetic value material from species in danger of extinction or of

commercial importance in aquaculture because our results indicate

that cryopreservation of GCs can be a valuable tool to implement

future species reconstitution actions such as in-vitro culture and

germ cell transplantation.
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