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Abstract Cryopreservation of germ cells would 
facilitate the availability of cells at any time allow-
ing the selection of donors and maintaining quality 
control for further applications such as transplan-
tation and germline recovery. In the present study, 
we analyzed the efficiency of four cryopreservation 
protocols applied either to isolated cell suspensions 
or to testes fragments from Senegalese sole. In tes-
tes fragments, the quality of cryopreserved germ 
cells was analyzed in vitro in terms of cell recovery, 
integrity and viability, DNA integrity (fragmentation 

and apoptosis), and lipid peroxidation (malondialde-
hyde levels). Transplantation of cryopreserved germ 
cells was performed to check the capacity of cells to 
in  vivo incorporate into the gonadal primordium of 
Senegalese sole early larval stages (6 days after hatch-
ing (dah), pelagic live), during metamorphosis (10 
dah) and at post-metamorphic stages (16 dah and 20 
dah, benthonic life). Protocols incorporating dimethyl 
sulfoxide (DMSO) as a cryoprotectant showed higher 
number of recovered spermatogonia, especially in 
samples cryopreserved with L-15 + DMSO (0.39 ± 
0.18 ×  106 cells). Lipid peroxidation and DNA frag-
mentation were also significantly lower in this treat-
ment compared with other treatments. An important 
increase in oxidation (MDA levels) was detected 
in samples containing glycerol as a cryoprotectant, 
reflected also in terms of DNA damage. Transplan-
tation of L-15 + DMSO cryopreserved germ cells 
into larvae during early metamorphosis (10 dah, 5.2 
mm) showed higher incorporation of cells (27.30 ± 
5.27%) than other larval stages (lower than 11%). 
Cryopreservation of germ cells using testes fragments 
frozen with L-15 + DMSO was demonstrated to be 
a useful technique to store Senegalese sole germline.
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Introduction

Germ cell transplantation has proved to be a valuable 
technique for studying processes related to spermato-
genesis (cell proliferation, cell-to-cell interactions), 
restoring fertility in infertile individuals, or produc-
ing transgenic animals from genetically modified 
germ cells. It is considered a powerful tool in assisted 
reproductive strategies (Schlatt 2002) and its poten-
tial applications in fish reproductive biotechnology 
opened new research lines in cultured species and in 
the conservation of genetic resources of endangered 
species (Hagedorn et al. 2018). Transplantation mod-
els are also needed for studies on stem cell biology 
in marine fish, providing more in-depth knowledge of 
spermatological processes (Shulz et  al. 2010), espe-
cially in species with reproductive dysfunctions. They 
are also important as in vivo methods for evaluating 
the functionality of cryopreserved spermatogonia.

Germ cell transplantation has been addressed in 
several fish including model species such as zebrafish 
(Danio rerio), loach (Misgurnus anguillicaudatus), 
and goldfish (Carassius auratus) (Marinović et  al. 
2019; Nóbrega et al. 2010); commercial species such 
as salmonids, Nile tilapia (Oreochromis niloticus), or 
common carp (Cyprinus carpio) (Franek et al. 2019; 
Lacerda et al. 2010; Takeuchi et al. 2004); and species 
for conservation purpose such as the Murray river 
rainbowfish (Melanotaenia fluviatilis), the brown 
trout (Salmo trutta), the Chinese sturgeon (Acipenser 
sinensis), or piracanjuba (Brycon orbignyanus) (de 
Siqueira-Silva et  al. 2021; Fernández-Díez et  al. 
2012; Ye et al. 2017; Rivers et al. 2020a, 2020b). This 
technique can be also applied in species suffering 
reproductive dysfunctions in captivity or in those dif-
ficult to maintain due to their large size at maturation, 
such as the yellowtail (Seriola quinqueradiata) and 
bluefin tuna (Thunnus orientalis) (Morita et al. 2012; 
Yazawa et al. 2021). It has been also applied in some 
donor sturgeon species with late maturation where 
faster-maturing hosts can be used to produce donor 
progeny (Psenicka et al. 2015; Franek et al. 2022).

Most of the research developed used fresh isolated 
spermatogonia obtained after testes dissociation. 
Fewer studies used spermatogonia obtained from 
in vitro culture or cryopreserved, although these man-
agement techniques can be a useful tool and source 
for germ cell banks for conservation or production 
management. Regarding the use of cryopreserved 

cells, there are some concerns that need to be 
addressed related to in  vitro and in  vivo post-thaw 
quality that have been most of the time neglected.

In the present study, we developed and assessed 
a cryopreservation methodology for the cryostor-
age of testicular fragments containing Senegalese 
sole germ cells and we analyzed their in vitro post-
thaw quality, as well as their ability to colonize host 
gonads after larval intraspecific transplantation. 
Senegalese sole undergoes a complex metamorphic 
process during larval development, involving the 
final stages of organogenesis, including genital ridge 
germ cell colonization, formation of the undifferen-
tiated gonads, and several morphological and physi-
ological changes (Pacchiarini et al. 2013; Sarasquete 
et al. 2019). Its high commercial value represents a 
good candidate for the application of this technology 
since some reproductive constraints in captivity have 
been identified in F1 breeders (Morais et al. 2016). 
The availability of cells from the germline and the 
application of reproductive strategies based on germ 
cell transplantation could counteract some of these 
reproductive problems from a biological and pro-
ductive point of view, especially if cryopreserved 
germ cells could be used in transplantation studies 
and if a host candidate is available (Pacchiarini et al. 
2014; Zhou et al. 2021).

Several procedures need to be attuned to establish a 
successful donor germ lineage in the host gonad after 
transplantation. Some of them, such as cell isolation, 
cell labeling, choice of the proper host, or prepara-
tion of the recipient gonad, have been addressed in 
several studies, as reviewed by Lacerda et al. (2013). 
As mentioned before, cryopreservation protocols for 
spermatogonia of some species have been attempted. 
Nevertheless, not much attention has been given to 
the evaluation of the quality of the transplanted germ 
cells, obtained either from fresh or cryopreserved 
tissues. This represents a crucial factor since it has 
been demonstrated that the use of cryopreservation 
can produce cell damage affecting recovery and cell 
incorporation (Marinović et  al. 2019; Zupa et  al. 
2020), or even some defects in gametogenesis or cell 
proliferation (Whelan et al. 2022; Xie et al. 2020).

Cryopreservation of germ cells would facilitate 
the availability of cells at any time, allowing trans-
plantation when the recipient species is not synchro-
nized with the donor. It would also be of great use in 
endangered species or specimens captured overseas. 
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Transplantation procedures would be simplified 
since donor species can be previously selected and 
the germ cells stored, maintaining control of sam-
ple quality. A cryopreservation procedure for iso-
lated primordial germ cells (PGCs) was applied in 
rainbow trout (Kobayashi et  al. 2007), though the 
characterization of these cells was neglected. Cryo-
preserved germ cells were also used in Nile tilapia 
by Lacerda et  al. (2010), demonstrating promising 
results of cell functionality, but a certain delay in 
testes colonization in comparison with fresh cells. 
These data are encouraging, but the establishment 
of post-thaw quality analysis in cryopreservation 
protocols seems to be crucial for studies in germ 
cell transplantation.

Material and methods

All chemicals, unless otherwise stated, were pur-
chased from Sigma-Aldrich and were reagent grade 
or higher.

Testes and isolated cells

Twelve-month-old immature fish (length: 12.54 ± 
1.3 cm; weight: 27.63 ± 2.8 g) were acquired from 
a fish farm and euthanized with a lethal dose of 
phenoxyethanol (2000 ppm). Testes were removed 
by surgical incision and maintained in PBS or 
L-15 media (Leibovitz) until processed (no longer 
than 15 min). To obtain isolated germ cells, testes 
were sliced with surgical micro scissors (Vannas, 
Quirumed) and the small fragments were incubated 
in 1500 μL of 0.25% trypsin in PBS + 0.5% FBS 
+ 200 units DNase-I for 2 h at 22 °C with gentle 
shaking (350 rpm). Cells were pipetted to sepa-
rate clumps every half hour. Trypsin treatment was 
stopped by adding 500 μL of PBS or L-15 plus 
0.5% FBS to the cell suspension followed by filtra-
tion with a 80-μm mesh and washed twice by cen-
trifugation (400 g× 10 min 15 °C) to eliminate the 
trypsin. The cells were maintained at 4 °C in 300 
μL PBS or L-15 depending on the cryopreservation 
protocol followed. To obtain fragments, each testis 
was cut into 3 or 4 small pieces of approximately 1 
 mm3 and kept in PBS or L-15 at 4 °C.

Cryopreservation of cell suspensions vs testes 
fragments

For this experiment, 35 fish were used, collecting one 
testis from each male for cell isolation and the other 
one for gonadal tissue fragments. Two cryopreservation 
procedures were tested using cell suspensions obtained 
after testes trypsinization (n=35), as described above, 
or small testes fragments (n=35). Cellular suspen-
sions and testes fragments were cryopreserved in PBS 
or L-15 based media supplemented with 0.5% BSA 
and 5.5 mM glucose with 1.5 M dimethyl sulfoxide 
(DMSO) or 1.5 M glycerol (modified from Kobayashi 
et  al. 2007). For all treatments, isolated cells were 
loaded in 0.5 mL French straws (n=10) (IMV, France) 
and testes fragments were stored in cryovials contain-
ing 500 μL of freezing media (10–12 fragments per 
cryovial) (n=8) and left to equilibrate for 15 min at 
4 °C. Freezing was performed using a portable pro-
grammed biofreezer (Asymptote EF600, Grant Instru-
ments, Cambridge, UK) following the steps described 
in Fig. 1. The freezing rates were settled in the biof-
reezer according to a previous protocol (Cabrita et al. 
2010), where samples were frozen 2 cm above liquid 
nitrogen and the temperature was registered using a 
thermocouple. Freezing rates are expressed in Fig. 1A 
for cryovials and Fig. 1B for straws. Thawing was car-
ried out in a water bath at 25 °C for 30 s for the straws 
and 40 °C for 140 s for the cryovials. Thawed testes 
fragments were dissociated as previously described to 
obtain cell suspensions. Plasma membrane integrity 
was analyzed in both cryopreservation treatments (iso-
lated cells vs testes fragments) after thawing using PI/
SYBR-14 double staining (Invitrogen, Madrid, Spain).

In vitro cell analysis of post-thaw testes fragments

To perform a more exhaustive analysis of cell quality 
after thawing, cell recovery, plasma membrane integ-
rity and viability, oxidative stress, DNA integrity, and 
cell apoptosis were performed in cells obtained from 
post-thaw fragments, following the protocols previ-
ously described. In this experiment, testes from 40 
male juveniles (80 testes) were cut into pieces as pre-
viously described, loaded in 40 cryovials, and frozen 
with the above four solutions (10 vials per solution), 
following the protocol for freezing-thawing previ-
ously described.



 Fish Physiol Biochem

1 3
Vol:. (1234567890)

To perform the evaluation of the cryopreservation 
protocols, frozen/thawed testes fragments were disso-
ciated according to the protocol described, and cells 
were resuspended in PBS or L-15 media.

Germ cell recovery

Spermatogonia differential cell counting (SPG) in 
the cell suspension was performed with a Neubauer 
chamber in a fluorescence microscope (Nikon Eclipse 
E400; Nikon, Japan) with a 40× objective using 
DAPI stain. SPGs were identified by their specific 
morphology (large and granular nucleus) according to 
Takeuchi et al. (2009). The number of recovered sper-
matogonia after dissociation of frozen/thawed testes 
was registered in 8 samples per treatment.

Plasma membrane integrity and cell viability

Plasma membrane integrity was analyzed with the 
live/dead sperm viability kit (Invitrogen, Spain). 
Cells were incubated in the dark for 5 min with 0.25 
μM SYBR-14 plus 5 min with 24 μM propidium 
iodide (PI) at 4 °C. At least 100 cells per sample 
were observed (40×) with a fluorescence microscope 
(Nikon Eclipse E400; Nikon, Japan) with a blue exci-
tation filter (450–480 nm). Cells staining red were 
classified as membrane permeable to PI whereas 
green cells were classified as non-permeable to PI. 
Plasma membrane integrity was calculated from the 
number of cells counted as non-permeable to PI with 

respect to the total number of cells. At least 100 cells 
were counted in triplicate.

Cell viability (metabolic active cells) was deter-
mined using calcein AM (Invitrogen, Spain). Briefly, 
50 μL of cell suspension (5 ×  104 cells) from each 
treatment (PBS + glycerol; PBS + DMSO; L-15 + 
glycerol and L-15 + DMSO) was incubated with 50 
μL of 2 μM calcein AM (final concentration 1 μM) 
for 30 min and fluorescence emission was determined 
by fluorometry (Infinite 200 PRO, TECAN, Spain) 
after excitation at 515 nm. In viable cells, the non-flu-
orescent calcein was converted to green-fluorescent 
calcein and retained in intact cells, after acetoxym-
ethyl ester hydrolysis by intracellular esterase. Higher 
absorbance levels indicated a higher number of cells 
with the intact plasma membrane and esterase activ-
ity (Kaya et al. 2003).

A total of 10 samples per treatment were analyzed.

Oxidative stress

Oxidative stress was determined by lipid peroxida-
tion through the determination of malondialdehyde 
(MDA) concentration, a subproduct of lipid peroxi-
dation, using a colorimetric assay (Bioxytech LPO-
586™ kit, OxisResearch™, USA) and following the 
protocol described by Martínez-Páramo et al. (2012), 
adapted for germ cells. Briefly, 100 μL of cell sus-
pension was sonicated for 6 s and incubated in a 200 
μM sodium ascorbate solution containing 40 μM 
 FeSO4 for 30 min at 37 °C in the dark to induce MDA 

Fig. 1  Freezing conditions used to cryopreserve testicular 
germ cells both in cryovials (A) and 0.5 mL French straws (B). 
Cryovials were used to freeze testes fragments containing sper-

matogonia and straws were used to freeze cell suspension also 
containing these cells
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release. After that, reagents provided by the kit were 
added to 100 μL of the cell suspension, following the 
manufacturer’s instructions, and the samples were 
incubated for 1 h at 45 °C in the dark. Samples were 
then centrifuged at 10,000 g for 10 min at 4 °C, and 
200 μL of supernatants was transferred to a 96-well 
flat-bottom transparent plate (Nunc, Denmark). 
Absorbance was read using a microplate reader at 
586 nm (Infinite 200 PRO, TECAN, Spain) and MDA 
concentrations were calculated from a standard curve 
(0 to 30 μM MDA) and presented as μM of MDA × 
 104 germ cells. Each sample was processed in tripli-
cate. A total of 10 samples were analyzed.

DNA integrity

DNA fragmentation was determined using the comet 
assay method (single-cell gel electrophoresis). Cells 
from each treatment (5 ×  104 cells) were embedded 
in agarose slides according to Cabrita et  al. (2005), 
with some modifications. For cell lysis, DNA dena-
turation, and electrophoresis, buffers and solutions 
were freshly prepared with milli-Q water. The slides 
were placed in a Coplin jar containing lysis solution 
(2.5 M NaCl, 100 mM  Na2-EDTA, 10 mM Tris, 1% 
Triton X-100, 1% lauryl sarcosine) for 1 h at 4 °C. To 
decondense the DNA, dithiothreitol was added to the 
lysis buffer to a final concentration of 10 mM and the 
slides were immersed for 30 min at 4 °C. After lysis, 
the slides were placed horizontally in an electropho-
resis cube (BioRad, Spain) filled with electropho-
resis solution (0.3 M NaOH, 1 mM  Na2-EDTA, pH 
12) for 30 min at 4 °C to allow the DNA to unwind. 
Electrophoresis was then conducted for 10 min at 25 
V and 300 mA at 4 °C. Amperage was controlled by 
adjusting the volume of the electrophoresis buffer 
before the onset of the procedure. After electropho-
resis, the slides were drained and placed in a Coplin 
jar with neutralizing solution (0.4 M Tris, pH 7.5) for 
5 min at 4 °C. This operation was carried out twice 
to ensure the elimination of all alkalis and detergents. 
The slides were left to drain and sample fixation was 
performed by immersing the slides in a pure ethanol 
solution for 3 min. The slides were then left to drain 
in the air and stored protected from light and dust.

For comet visualization, 25 μL of propidium 
iodide (0.1 mM) was pipetted into the sample and 
covered with a coverslip. The samples were observed 
in an epifluorescence microscope (Leica DM 2000, 

Germany) with an excitation filter of 510–560 nm 
and a barrier filter of 590 nm. Each slide was ana-
lyzed randomly selecting several fields for image 
recording. Approximately 80 spermatogonia from 
each slide were recorded with a digital camera (Leica 
DFC420C) and Leica Application Suite software. 
Comet analysis was performed with the imaging sys-
tem Komet software v6.0 (Andor Technology, Bel-
fast, Ireland). For each cell analyzed, the percentage 
of tail DNA (%  DNAt) was used to characterize fresh 
and cryopreserved spermatogonia. This parameter 
has been described elsewhere (Cabrita et al. 2005). A 
total of 10 cryovials per treatment were processed.

Cell apoptosis

Apoptotic cells were identified in 5-μm slide sec-
tions obtained from post-thaw fragments and from 
fresh fragments using the in situ cell death detection 
kit (Roche, Barcelona, Spain), which identifies DNA 
damage at 3′-OH endings. The slides were treated 
with proteinase K (10 μg/mL in 10 mM Tris/HCl, pH 
7.4) for 30 min at 37 °C to permeabilize cells, washed 
with PBS, and dried. Each slide was incubated with 5 
μL of enzymatic solution and 45 μL of labeling solu-
tion (Br-dUTP) for 1 h at 37 °C in the dark. After ris-
ing the slides twice with rising buffer, the slides were 
incubated in the dark with anti-BrDU FITC for 30 
min at RT according to the manufacturer’s instruc-
tions. Two controls were used: a positive control 
consisting of slides treated with DNase I (3 U/mL in 
50 mM Tris/HCl, pH 7.5) for 10 min prior to labe-
ling and a negative control consisting of slides incu-
bated without the enzymatic solution. All the slides 
were mounted with Vectashield (Vector Laborato-
ries, USA) and observed in a fluorescent microscope 
(LEICA DM 2000, Germany) with 450–490-nm exci-
tation and 515-nm emission. Images were recorded 
and analyzed with a digital camera (LEICA DFC 
420C, Germany) and the software LEICA Applica-
tion Suite.

In vivo cell functionality—intraspecific 
transplantation

For the rearing of host larvae, four Solea senega-
lensis spawns were incubated at 22 ± 1 °C in 4 cir-
cular tanks (400 L) with an aeration supply. Larvae 
hatched 2 days later and feeding started 2 days after 
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hatching. Enriched rotifers (Red Pepper, Bernaqua, 
Belgium) were added twice a day to the tanks and 
from day 8 until the end of the experiment (day 42) 
the larvae were fed ad libitum with enriched Artemia 
nauplii (Red Pepper). Nanocloropsis oculata and 
Isochrysis galbana were supplied to all tanks (green 
water method) 2 days after hatching until the end of 
the experiment.

For the transplantation of post-thaw isolated germ 
cells, testes from 32 males were frozen in fragments 
as described above with L-15 + DMSO. Two cryovi-
als were thawed (water bath, 40 °C, 140 s) and frag-
ments dissociated on each day of microinjection. For 
cell visualization, the suspension was stained with a 
PKH26 kit, according to the manufacturer’s protocol 
(Merck, Portugal). The dye allowed the visualization 
of the cells for long periods after microinjection. The 
cells were maintained at 4 °C in L-15 at the desired 
concentration for 1 h before microinjection.

Transplantation experiments were performed on 
larvae at 6, 10, 16, and 20 days after hatching (dah) 
(length size: 4.0 ± 0.21, 5.2 ± 0.17, 7.3 ± 0.84, and 
8.6 ± 0.20 mm)), which corresponded at the rearing 
temperature (22 ± 1 °C) to pelagic life, the begin-
ning of metamorphosis, end of metamorphosis, and 
post-metamorphic life, respectively (Pacchiarini et al. 
2013). Labeled cells (13.4 nL) were microinjected 
into the peritoneal cavity of 120 larvae (30 larvae per 
spawn, four spawns) at each stage of development. 
Prior to microinjection, transplantation needles were 
prepared by pulling glass capillaries (GD-1) (Nar-
ishige, Japan) using a magnetic puller (PN-31, Nar-
ishige, Japan). The needle tips were sharpened with a 
grinder (EG-400, Narishige, Japan) adapting the nee-
dle opening diameter (from 40 to 60 μm) and angle to 
the larvae skin resistance. The larvae were anesthe-
tized with 0.0075% MS222 (tricaine) in seawater for 
1 min. After microinjection and anesthesia recovery, 
they were separated into four batches and incubated in 
small incubation units (1 L) at 20 ± 1 °C for 3 weeks. 
A control group (no microinjection) from each spawn 
was incubated under the same conditions. Each day 
the larvae were counted, and dead individuals were 
recorded and removed from the incubation units. In 
order to determine Senegalese sole sensitivity to the 
microinjection procedure, survival rates were calcu-
lated for 1, 7, 14, and 21 days after microinjection. 
The larvae were fed according to the previously 
described procedure. At the end of the experiment 

(3 weeks after microinjection), larvae (control and 
microinjected) were fixed in Carnoy (60% methanol, 
30% chloroform, 10% glacial acetic acid), to avoid 
fixative autofluorescence, and observed in a fluores-
cence microscope excited with a 450–480-nm filter 
(LEICA, Germany). In parallel, each larva was also 
observed with brightfield. Images were recorded with 
a digital camera and the Application Suite software 
(LEICA, Germany). The percentage of larvae incor-
porating fluorescent spermatogonia was assessed by 
counting larvae with stained germ cells in compari-
son with the total number of larvae microinjected in 
each batch. No red fluorescence was observed in the 
control groups.

Statistical analysis

The statistical analysis was performed with SPSS Sta-
tistics 25.0 software for windows. All results are pre-
sented as mean values plus standard deviation. The 
Shapiro–Wilk test was used to analyze data normality 
and logarithmic transformation was performed when 
data were not normally distributed. For all cases, the 
level of significance was considered with a p-value < 
0.05. A one-way ANOVA was applied followed by 
a Student-Newman-Keuls (SNK) test (p < 0.05) to 
identify significant differences between treatments for 
each descriptor.

Results

Cryopreservation of cell suspensions vs testes 
fragments

The cryopreservation of germ cell suspensions and 
testes fragments provided rates of cell integrity rang-
ing between 90.05 ± 7.5% (testes fragments frozen 
with L-15 + DMSO) and 16.3 ± 3.8% (isolated cells 
frozen with L-15 + glycerol). No differences were 
observed according to the used cryoprotectants, with 
the exception of cells frozen in straws with DMSO or 
glycerol, showing glycerol worst results. More than 
70% of cells dissociated from post/thaw testes frag-
ments presented plasma membrane integrity with any 
of the tested solutions. Germ cell suspensions fro-
zen in L-15 extender, with both DMSO and glycerol, 
reached significantly lower cell integrity rates than 
the other treatments (Fig. 2).
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Cryopreservation of testes fragments: evaluation of 
thawed cells

The use of DMSO allowed the recovery of a signifi-
cantly higher number of spermatogonia per cryovial 
(between 0.39 ± 0.18 ×  106 cells in L-15 + DMSO to 
0.27 ± 0.04 ×  106 cells in PBS + DMSO) than glyc-
erol treatments (less than 0.12 ×  106 cells) (Fig. 3).

Cells obtained by dissociation of thawed testes 
fragments using different extenders and cryopro-
tectants showed 57.96 ± 26.31% of plasma mem-
brane integrity for fragments frozen with PBS + 
DMSO and 40.95 ± 10.22% for those frozen with 
PBS+glycerol, although there were no significant 
differences between treatments (Fig.  4A). The use 
of calcein to detect viable cells revealed a signifi-
cant effect of the extender, a higher rate of metabolic 
active cells being recorded in samples frozen with 
PBS than with L-15 (Fig. 4B).

The analysis of lipid peroxidation indicated no 
differences between fresh cells and those frozen 
with DMSO in either PBS or L-15. However, an 
important and significant increase in oxidation was 
detected in samples containing glycerol as a cryopro-
tectant (Fig. 5).

The analysis of DNA fragmentation in thawed 
germ cells revealed an increase in the percentage of 
 DNAt in all thawed cells in comparison with those 
obtained from fresh testes. Mean  DNAt increased 
from 11.95 ± 1.08% in fresh samples to values 
higher than 16% in all treatments. Samples frozen 
in PBS + glycerol reached mean values of 32.69 ± 
2.27%, significantly higher than the other treatments 
(Fig. 6A–B). This treatment also provided the highest 
percentage of germ cells with more than 40% of their 
DNA fragmented, which is considered to be a high 
level of damage, and non-compatible with long-term 
cell functionality (Fig.  6C). In fresh samples, only 

Fig. 2  Plasma membrane 
integrity obtained for germ 
cell suspensions frozen in 
0.5-mL straws and testes 
fragments frozen in cryovi-
als both in phosphate buffer 
(PBS) or Leibovitz media 
(L-15) containing dimethyl 
sulfoxide (DMSO) or glyc-
erol. Significant differences 
were signed with asterisks 
(*) (mean values ± SD, 
n=8, p ≤ 0.05) 0
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Fig. 3  Recovered sper-
matogonia after cryopreser-
vation of testes fragments in 
PBS or L-15 media incor-
porating DMSO or glycerol. 
Isolated cells were obtained 
after testes dissociation. 
Significant differences 
between treatments are 
signed by different letters 
(mean values ± SD, n=10, 
p ≤ 0.05)
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2.1% of spermatogonia presented high levels of DNA 
damage, followed by samples cryopreserved with L15 
+ DMSO, PBS + DMSO, and L15 + glycerol (6.9%, 
7.2%, 10.0%, respectively) (Fig. 6C).

A small number of cells were identified as apop-
totic cells using the TUNNEL assay, without any 
differences between treatments and fresh testes frag-
ments. Apoptotic cells were located in small groups 
within the same testicular cyst (Fig. 6D–F).

The survival rate in Solea senegalensis larvae 
decreased by approximately 20% in 6 dah larvae 
from day 1 to day 7 after microinjection, affecting 
both microinjected and control larvae (Fig.  7A). 
No decrease in survival rates was noticed in lar-
vae microinjected at later stages, being similar to 

those in the control batches. Regarding the use 
of cell transplantation procedures as a functional 
test, we have seen that Senegalese sole germ cells 
were positively labeled with PKH26 as shown in 
Fig.  7B and microinjection was successfully per-
formed in the intraperitoneal cavity of larvae at all 
the tested stages (Fig.  7C–D). Three weeks after 
cell transplantation, the presence of transplanted 
cells was observed in the abdominal region of the 
recipient larvae (Fig.  7F), but not in the controls, 
showing that larvae microinjected at the beginning 
of metamorphosis (10 dah) had a significantly 
higher capacity to incorporate post-thaw germ 
cells (27.30 ± 5.27%) (Fig.  7E) than other stages 
(lower than 11%).
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Fig. 5  Malondialdehyde 
(MDA) levels determined in 
testes fragments cryopre-
served in PBS or L-15 
media incorporating DMSO 
or glycerol. Significant dif-
ferences between treatments 
are signed by different 
letters (mean values ± SD, 
n=10, p ≤ 0.05)
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Fig. 6  DNA fragmenta-
tion in fresh and cryopre-
served spermatogonia (A) 
determined using the comet 
assay method as shown 
by the micrograph (C). 
Percentage of spermatogo-
nia with different degrees 
of DNA damage: low 
0–20%, medium 20–40%, 
and high >40% (B). A total 
of 800–1000 cells were 
analyzed per treatment. Sig-
nificant differences between 
treatments are signed by 
different letters (mean val-
ues ± SD, n=10, p ≤ 0.05). 
Micrographs of TUNEL 
assay (apoptosis) performed 
in frozen/thawed testes 
fragments cryopreserved 
with PBS-glycerol (D) and 
L15-DMSO (E). The right 
micrograph represents fresh 
testes processed for the 
same technique (F)
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Discussion

The present study has demonstrated for the first time 
that fish testes fragments can be successfully cryopre-
served in the flatfish Senegalese sole, an important 
aquaculture species, maintaining germ cell viability, 
functionality, and the capacity for incorporation into 
recipient larvae.

Cryopreservation is a very useful technique for 
xeno and allo-transplantation studies in fish and has 
previously been applied in rainbow trout primordial 
germ cells (PGCs) and spermatogonia suspensions, 
in Nile tilapia germ cell suspensions (Lacerda et  al. 
2010; Kobayashi et al. 2007; Yoshizaki et al. 2011), 
in starry goby, Asterropteryx semipunctata germ cells 

(Hagedorn et  al. 2018), within others. Our results 
showed that the efficiency of cryopreserving isolated 
cells in suspension was lower in terms of cell integ-
rity than cryopreserving testes fragments, regardless 
of the protocol used. This fact could be associated 
with cell manipulation procedures involved in cell 
dissociation and isolation (e.g., trypsinization), which 
render the cells more sensitive to cryoinjuries during 
freezing. Similar results were obtained by Hagedorn 
et  al. (2018) when freezing single-cell suspensions 
against gonadal tissue from the Indo-Pacific marine 
starry goby. Freezing testes fragments is simpler than 
dissociating and freezing cell suspensions, facilitat-
ing the storage of germ cells under different condi-
tions of work, such as offshore in the sea or in fish 

Fig 7  Survival rate of 
control and microinjected 
larvae with (13.4 nL) (A). 
Micrographs of PKH26 
marked germ cells (B) and 
two larval stages used for 
microinjection: the begin-
ning of larval metamorpho-
sis at 10 dah (C) and the 
end of metamorphosis at 16 
dah (D). Percentage of lar-
vae incorporating spermat-
ogonia-marked cells after 
three weeks of microinjec-
tion (E). Micrograph of 
microinjected larvae incor-
porating PKH26 marked 
germ cells. The illustration 
shows a fluorescence image 
overlapping with brightfield 
image (F). Significant dif-
ferences between treatments 
are signed by different 
letters (mean values ± SD, 
n=120, p ≤ 0.05)
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farms, as was our case. Riesco et al. (2012) working 
with zebrafish genital ridges containing PGCs also 
demonstrated better results in terms of cell viability 
and DNA integrity in fragments frozen in cryovials 
or straws than in PGC suspensions encapsulated in 
microspheres. Therefore, the cryopreservation of tes-
tes fragments containing undifferentiated germ cells 
seems to be a better option for further cell transplan-
tation. This technique has been attempted in some 
mammalian species (Izadyar et al. 2002; Keros et al. 
2007; Redden et al. 2009; Whelan et al. 2022), trans-
planting the fragments directly into the host after 
thawing. However, in fish, transplantation is per-
formed with isolated cells, making it necessary to 
dissociate the tissue after thawing. We reported high 
numbers of recovered spermatogonia after freezing/
thawing and dissociation. DMSO protected more 
specifically the testicular cells since a significantly 
higher number of spermatogonia were recovered with 
treatments incorporating this cryoprotectant, espe-
cially combined with L-15 media.

It is well known that cryopreservation can produce 
different types of cell damage, affecting cell integrity 
and DNA stability due, at least partially, to oxida-
tive stress, as reviewed by Aitken and Drevet (2020). 
This seems to be extremely important in germ cells 
since after thawing they need to maintain their capac-
ity to differentiate into other germ cells and prolifer-
ate to maintain male fertility throughout their lifetime 
(Ehmcke et al. 2006).

Cells obtained by dissociation of thawed testes 
fragments showed no significant differences between 
treatments, regarding plasma membrane integrity; 
however, a slight reduction in esterase activity was 
detected by calcein incubation of germ cells cryo-
preserved with L-15 media, regardless of the used 
cryoprotectant. It has been largely reported that chill-
ing injury can modify the structure and integrity of 
membranes, mainly composed of phospholipids and 
cholesterol, because during cryopreservation the 
cooling process may cause phase transition of mem-
brane lipids, impair membrane protein function, and 
produce loss of these compounds (Beirão et al. 2012; 
Di Santo et al. 2012). Our protocols promote a reduc-
tion in membrane integrity but seemed to provide 
enough cells with the required protection to be used 
for further transplantation since 57% of viable cells 
were recovered from PBS + 1.5 M DMSO treatment. 
Our cell viability data are encouraging since other 

authors working with meagre (Argyrosomus regius) 
spermatogonia obtained 29% of cell survival using 
1.4 M DMSO (Zupa et  al. 2020) or more variable 
results in zebrafish spermatogonia depending on the 
used DMSO concentration (15%, 20%, and 60% for 
1.6 M, 1 M and 1.3 M, respectively) (Marinović et al. 
2019). In the present study, we did not test different 
concentrations of DMSO, but according to previous 
data by Marinović et  al. (2019), this should be con-
sidered in future studies.

Cryopreservation has also been shown to dimin-
ish the antioxidant activity of cells, increasing the 
risk of oxidative stress. In addition, a modification of 
mitochondrial membrane fluidity may also lead to an 
alteration of its potential and release of reactive oxy-
gen species (ROS), responsible for oxidative damage 
(Aitken and Drevet 2020; Said et  al. 2010). In our 
study, the analysis of lipid peroxidation indicated no 
differences between fresh cells and those frozen with 
DMSO in either PBS or L-15. However, an important 
and significant increase in oxidation was detected in 
samples containing glycerol as a cryoprotectant. It 
seems that, although it has been proposed as a good 
cryoprotectant for certain mammalian cell types, 
glycerol produces oxidative stress in these germ cells 
which could affect DNA stability and impair other 
cell functions (Aitken and Drevet 2020). Spermato-
gonia are more resistant to ROS damage than other 
germ cells (e.g., spermatozoa) due to their better 
protective antioxidant system (Celino et  al. 2011; 
Paul et  al. 2009; Zhu et  al. 2022), but this mecha-
nism may be affected during cryopreservation, mak-
ing cells more susceptible to ROS damage. In fact, 
we investigated this hypothesis in the present study 
and observed an increase in DNA fragmentation in 
germ cells from thawed testes fragments compared 
with those from fresh samples (16.95–32.69%  DNAt 
vs 11.95%  DNAt). The treatment with PBS+glycerol 
gave a significantly higher number of cells with frag-
mented DNA and also a higher degree of fragmenta-
tion of those cells, confirming the results obtained by 
lipid peroxidation. DNA damage could be associated 
with other causes rather than ROS, since as we previ-
ously pointed out, spermatogonia are less sensitive to 
oxidative damage than other germ cells, but they are 
more prone to external agents inducing DNA dam-
age. This is in part due to the lower level of chroma-
tin condensation and to their location on the unpro-
tected side of the testis barrier, being more exposed 
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to circulating molecular damaging factors than cells 
on the protected side. This may be especially impor-
tant during cryopreservation when high concentra-
tions of cryoprotectants are used to allow correct 
preservation of all cells inside the testes fragment, 
spermatogonia being exposed to a more toxic solution 
for longer periods. The consequences of DNA dam-
age in spermatogonia could have severe implications. 
In teleost, differentiated spermatogonia are reported 
to undergo mitosis 6 to 16 times (Nóbrega et  al. 
2009; Shulz et  al. 2010), followed by two consecu-
tive cycles of meiosis, and therefore, any damage that 
could not be repaired by the DNA repair mechanisms 
may be transported to the following generations in 
the germ line, producing aberrant spermatozoa, and 
thus impairing fertilization ability. Therefore, DNA 
integrity is critical for these stem cells, and a correct 
cryopreservation protocol needs to ensure the integ-
rity of SPG genes required for gamete development 
and fertilization. The apoptotic process did not seem 
to be significant in the testes, and the distribution of 
apoptotic cells in particular cysts seemed to be more 
related to a physiological process than to secondary 
effects produced by freezing injury since they were 
also present in fresh samples.

Our cryopreservation protocol incorporating L-15 + 
DMSO produced the best results in terms of spermato-
gonia recovery and quality. Although there was a slight 
increase in DNA fragmentation compared to fresh 
samples, especially in higher levels of DNA damage, 
the results obtained using this protocol showed that 
more than half of the spermatogonia had less than 20% 
fragmentation, providing a good supply of undamaged 
cells to be used in further transplantation.

Our experiments on germ cell transplantation into 
Senegalese sole larvae confirmed the findings regard-
ing the quality of L-15 + DMSO cryopreserved cells, 
since transplantation was successfully achieved, and 3 
weeks after treatment, larvae showed incorporation of 
labeled spermatogonia. In a previous study, we dem-
onstrated that important changes in the expression 
pattern of different vasa gene transcripts take place in 
this species from hatching to post-metamorphic life 
(after 24 dah), indicating changes in germ cell activity 
during the metamorphic process. In post-metamor-
phic larvae, the gonad primordium containing undif-
ferentiated germ cells initiates a considerable prolif-
eration process, corresponding probably to the high 
levels of vasa3-4 expression from 24 dah onwards 

(Pacchiarini et al. 2013). Consequently, the analyzed 
period (3 weeks after microinjection) was considered 
the most appropriate to detect whether incorporated 
germ cells would be present or not. The percentage of 
larvae incorporating transplanted germ cells (PKH26 
positive cells) was significantly higher when 10 dah 
microinjected larvae were used as recipients than at 
other ages (6, 16, and 20 dah). As demonstrated by 
Takeuchi et al. (2009) in the nibe croaker, there is a 
labile period for the incorporation of undifferenti-
ated germ cells into the gonad primordium, which 
varies between species due to their different develop-
ment characteristics. This period corresponds to the 
moment when these microinjected cells receive exter-
nal stimuli and migrate into the surrounding area, 
adhering to the peritoneal wall or to the dorsal mesen-
tery of the recipient organism (Takeuchi et al. 2009).

Senegalese sole larvae spend much energy on 
important transformations during the metamorpho-
sis process related to the final stage of organogene-
sis, where organs migrate inside the body cavity, the 
intestine elongates to adapt to the new body struc-
ture, and the right eye migrates to the upper part of 
the body, going from a pelagic life to a benthonic 
stage (Sarasquete et al. 2019). Our data demonstrate 
that it is also during this period of life that Senega-
lese sole has the capacity to receive allogenic cells. 
In our study, larvae larger than 5.2 mm (10 dah) 
showed a significant decrease in their ability to incor-
porate germ cells. Although endogenous germ cells 
would be at their stage of proliferation when the lar-
vae were analyzed (3 weeks after microinjection), the 
optimum threshold for exogenous cell transplantation 
and incorporation was overpassed at the moment of 
microinjection. Therefore, microinjection of larvae 
at 20 dah was only succeeded by 3%. Moreover, at 
approximately 9 to 11 dah, Senegalese sole starts to 
develop the immune system, firstly by the appear-
ance of thymus and some undifferentiated cells (Sar-
asquete et al. 2019), possibly eliciting some immune 
reaction contributing to the worse results observed at 
later ages. Similar findings were reported by Takeuchi 
et al. (2009) in nibe croaker, where 4-mm recipients 
(6 dah) were more efficient receptors than larvae of 
other sizes or ages. In the present study, Senegalese 
sole proved to be a good model for flatfish transplan-
tation studies since unlike other marine reported spe-
cies (yellowtail 10% survival rate, nibe croaker 20.6% 
survival rate after 3 weeks), the survival rates at the 
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optimal period for transplantation were high (10 
dah larvae 98.3% and 79.16%, 1 and 21 days after 
transplantation, respectively) and did not signifi-
cantly differ from the controls. Therefore, although 
our incorporation rates were lower (28%), probably 
because of the use of cryopreserved cells than the 
values recorded by Morita et  al. (2012) for yellow-
tail (100%), the survival rates compensate for this 
result, giving higher efficiency rates (incorporation 
rate × survival rate) at the end of the experiment than 
those reported for other marine species (10% in yel-
lowtail and 7.5% in nibe croaker) (Morita et al. 2012; 
Takeuchi et al. 2009).

Our results are very promising and open new 
perspectives in the reproduction of Senegalese sole 
including surrogate production with the use of cryo-
preserved germ cells transplanted into an appropri-
ate host species.
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