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The present study aimed to evaluate cryo-injury during the cryopreservation process
in sterlet (Acipenser ruthenus) sperm, focusing on ultrastructural characteristics. Post-
thaw sperm quality parameters, including total motility rate, curvilinear velocity (VCL),
linearity (LIN), plasma membrane integrity, antioxidant status, DNA damage, and
fine ultrastructure were examined on fresh and cryopreserved sperm with/without
addition of a single optimal dose of AFPI (10 ng/mL). A lower motility rate,
VCL and plasma membrane integrity, and increased DNA damage (p < 0.05)
were observed in frozen-thawed spermatozoa with/without AFPI compared to fresh
spermatozoa. The morphology and ultrastructure of spermatozoa were affected during
the cryopreservation process with/without supplementation of AFPI. Morphological
abnormalities were observed in mitochondria (49-54%) and flagellum (55-57%) of
cryopreserved spermatozoa with/without AFPI compared to fresh spermatozoa. In
conclusion, the morphology and ultrastructure of spermatozoa were slightly changed
after cryopreservation of sterlet spermatozoa with/without 10 wg/mL AFPI.

Keywords: DNA damage, antioxidant enzyme, membrane integrity, motility, ultrastructural change

INTRODUCTION

Sturgeons (Chondrostei, Acipenseriformes)—members of the ancient Acipenseridae family—have
been categorized as a critically endangered species and included in biodiversity conservation
programs for population restoration. The deteriorating sturgeon population is the result of growing
market demand for caviar and boneless meat (Bronzi et al., 2011; Mims et al., 2011; Golpour et al.,
2016a; Niksirat et al., 2017).

Sperm cryopreservation is a powerful approach in aquaculture and can potentially be used
for numerous applications in hatcheries and biodiversity programs for endangered species.
Synchronization of artificial reproduction, an alternative to decreased broodstock males, selective
breeding, and gene banking of endangered species (Lahnsteiner et al., 2002; Billard et al., 2004; Sarvi
et al,, 2006; Kopeika et al., 2007; Cabrita et al., 2010) is among the most important applications of
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sperm cryopreservation. However, a deleterious effect of
cryopreservation on sperm viability has been reported in many
fish species (Glogowski et al., 2002; Asturiano et al., 2007).
Cryopreservation may deteriorate sperm quality parameters,
such as sperm motility and fertilization ability (Beirdo et al.,
2012; Zilli et al., 2014). One possible mechanism of cryo-damage
is excessive production of reactive oxygen species (ROS) in
spermatozoa, which causes oxidative stress, lipid peroxidation,
damage to plasma membranes and DNA fragmentation during
cryopreservation (Wang et al., 1997; Baumber et al., 2003; Li et al.,
2007,2010; Thomson et al., 2009; Figueroa et al., 2016, 2020). The
relatively weak endogenous antioxidant protection of fish sperm
may be the cause of this susceptibility (Koppers et al., 2010; Gazo
etal., 2013). Moreover, during cryopreservation, spermatozoa are
affected by various physical and chemical factors during slow
freezing (due to high solute concentration) or rapid freezing (due
to intracellular ice formation) (Mazur et al., 1972).

Motility parameters such as percentage of motile spermatozoa,
velocity and linearity are commonly used as quality indices for
both fresh and cryopreserved spermatozoa and correlate strongly
with fertilization ability (Lahnsteiner et al., 2002; Rurangwa et al.,
2004; Xin et al, 2020). In addition, plasma membrane and
DNA integrity have been considered key factors in assessing the
damage caused by sperm freezing and thawing in different species
(Labbe et al., 2001; Zilli et al., 2003; Riesco et al., 2012; Figueroa
et al., 2016; Xin et al., 2020; Hossen et al., 2021).

Other approaches, such as ultrastructural study using electron
microscopy, can provide more specific information, such
as damage to the plasma membrane and fragmentation of
the flagella. The mentioned approach can provide important
information about the morphology and ultrastructural changes in
frozen-thawed spermatozoa (Golpour et al., 2017; Balamurugan
et al, 2019). Cryo-injury can cause a major challenge for
practical application of sperm cryopreservation in aquaculture
and fish conservation programs. This technique can lead
to lethal and sublethal changes in compartments of the
spermatozoa such as acrosome, nucleus, midpiece, flagella,
plasma membrane, and cytosol, resulting in impairment of cell
structure (Xin et al., 2020).

To protect spermatozoa from cryo-injury, numerous
studies have suggested the addition of various proteins,
non-enzymatic and enzymatic antioxidants, and antifreeze
proteins (AFPs) to cryopreservation protocols (Cabrita
et al, 2011; Mogielnicka-Brzozowska and Kordan, 2011;
Shaliutina-Kolesova et al., 2014; Figueroa et al., 2017, 2018).
Despite the growing success of cryopreservation of fish
sperm and the availability of various optimized protocols for
cryopreservation of sturgeon spermatozoa, this technique
is believed to cause extensive lethal and sublethal cryo-
damage to cells (Ciereszko et al, 1996; Urbanyi et al,
2004; Boryshpolets et al., 2011). Therefore, the present
study aimed to evaluate sperm quality parameters with
special attention to ultrastructural damage after applying an
established cryopreservation protocol with addition a previously
optimized concentration of AFPI in sterlet, Acipenser ruthenus:
a widely used model fish from the sturgeon family to study
artificial reproduction.

MATERIALS AND METHODS

Ethics Statement and Animals

This study was performed in accordance with valid legislative
regulations in Czech Republic (law No. 166/1996 and no.
246/1992); the permit was issued to No. 2293/2015-MZE-17214
and No. 55187/2016-MZE-17214 in project NAZV QK1710310.
All the samplings were carried out with the relevant permission
from the Departmental Expert Committee for Authorization of
Experimental Projects of the Ministry of Education, Youth and
Sports of the Czech Republic (permit No. MSMT 4394/2017-2).

Fish and Sperm Collection

Semen was collected during the natural spawning season
(February-April) from six apparently healthy and mature sterlet
males (6-7 years, 2-3 kg). The fish were kept in 4 m3 plastic
tanks with pond water at a constant flow of 20 l/min (8-
10°C) in the hatchery of the Research Institute of Fish Culture
and Hydrobiology, Vodnany, Czech Republic. Prior to the
experiment, the water temperature was gradually increased to
14-15°C over the course of 24 h. The fish were kept at the
above temperature for another 4 days until the beginning of the
experiment. Spermiation was induced by intramuscular injection
of carp pituitary powder dissolved in 0.9% NaCl solution at a
dose of 4 mg/kg body weight. After 24 h, semen was collected at
the uro-genital sinus by aspiration with a 4 mm plastic catheter
attached to a plastic syringe. The samples were stored on ice
before and during the experiments.

Sperm Cryopreservation

Six freshly collected sperm samples with motility greater than
90% (sperm concentration: 0.55-0.75 x 10° spermatozoa mL™!)
were diluted separately (1:1) in an extender composed of
23.4 mM sucrose, 0.25 mM KCl, 30 mM Tris-HCI, pH 8.0, 10%
methanol (Glogowski et al., 2002; modified by Xin et al., 2018a,b)
with/without 10 pwg/mL AFPI (optimized protocol according
to Xin et al.,, 2018a). The diluted sperm from each male were
immediately loaded into 0.5 mL plastic straws (CRYO-VET,
France) and placed on a 3 cm thick polystyrene raft on ice
for 10 min of equilibration. The polystyrene raft containing
the straws was then transferred and frozen in liquid nitrogen
vapor in a styrofoam box. After 10 min, the straws were directly
immersed in liquid nitrogen and stored in plastic goblets. Finally,
the samples were thawed in a water bath at 40°C for 6 s and then
immediately used for further assessments and sample processing.

Spermatozoa Motility and Concentration
Assessment

Fresh, cryopreserved, and cryopreserved sperm with an
addition of 10 pwg/mL AFPI (A/F Protein Inc., Waltham, MA,
United States) (cryopreserved + AFP) were activated in an
activation medium (AM) consisting of 10 mmol/L Tris-HCI
buffer, pH 8.0, 2 mmol/L CaCl2, and 0.125% pluronic acid.
For this purpose, the sperm to AM ratio was maintained at
approximately 1:50. The sperm was mixed with AM on a
24 x 32 mm microscopic glass slide (ISO 8037/1, Thermo Fisher

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 783278


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Dadras et al.

Cryopreservation of Sterlet Spermatozoa

a B -2
100+ D 200 5 100
b b
b
T < 120- — é
= 60 E g 60— é é
z E 80 =
- -1 | -
§ 40 S 40
204 404 20
0 T T T 0 T T T 0 T T T
AN > Q BN > Q AN ]
‘<‘Q? é”& 8(‘;5 <<"‘2:7 4’7\@ b"é ‘<&% & b"vQ
< < < )
& o° $ o° S
S & © 2 Q &
© oQ‘ o & © oQ'\
O
FIGURE 1 | Effect of cryopreservation on motility parameters at 15 s post-activation in fresh, cryopreserved, and cryopreserved spermatozoa with supplementation
of 10 pg/mL AFPI (cryopreserved + AFP) in sterlet: (A) motility; (B) curvilinear velocity (VCL); (C) linearity (LIN). Values with different lower-case letters are significantly
different [p < 0.05, one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference test].

Scientific, Waltham, MA, United States) at room temperature
(21°C). Spermatozoa motility parameters were recorded on the
top and bottom of the AM using a CCD video camera (Sony,
SSCDC50AP, Tokyo, Japan) operating in 25 frame per second
(fps) mode, mounted on an inverted microscope (Olympus
IX83, United Kingdom) with a 20 x NIC contrast objective lens
(Dadras et al., 2019a). Analysis of recorded videos for curvilinear
velocity (VCL; time-averaged velocity of a sperm head along
its actual curvilinear path, pm/s), linearity [LIN; defined as
straight-line velocity (VSL)/curvilinear velocity (VCL);%] and
total motility rate (%) were performed for approximately
100-150 spermatozoa per microscopic field in triplicate (three
fields/sample) using ISAS software (PROISER, Paterna, Spain)
15 s after activation. Spermatozoa concentration was determined
according to Xin et al. (2018b).

Assessment of Plasma Membrane

Integrity

Flow cytometry was used to investigate the integrity of the
plasma membrane of fresh and cryopreserved spermatozoa
with/without AFPI. 10,000 cells were analyzed for each sample
by flow cytometry. Two fluorescent dyes were used to distinguish
spermatozoa with intact and impaired membrane integrity.
SYBR Green binds to spermatozoa (live and dead), but only
dead spermatozoa were labeled with propidium iodide (PI).
A total of 2 pL of fresh or cryopreserved sperm samples
with/without AFPI were prediluted in 2 mL of phosphate-
buffered saline (PBS) (PH 7.4). Then 5 pwL of 1:500 diluted
SYBR Green (Sigma-Aldrich, St. Louis, MO, United States)
was added to the diluted sperm samples. After 5 min, 5
WL of propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO,
United States) was added to the sperm diluted with PBS
and SYBR Green. After incubating the sperm samples with
both fluorescent dyes for 30 min at room temperature, flow
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FIGURE 2 | Effect of cryopreservation on plasma membrane integrity in fresh,
cryopreserved, and cryopreserved spermatozoa with supplementation of 10
ng/mL AFPI (cryopreserved + AFP) in sterlet. Values with different lower-case
letters are significantly different [p < 0.05, one-way analysis of variance
(ANOVA) followed by Tukey’s honest significant difference test].

cytometry was performed using a fluorescence-activated cell
sorter (FACS) Canto II flow cytometer (BD Biosciences). FACS
Diva software, v. 5.0 (BD Biosciences) was then used for
data analysis. The number of SYBR Green positive events in
the FITC channel and the number PI positive events in the
PE -Texas Red channel were used to determine dead sperm.
Intact plasma membranes (live spermatozoa) were determined as
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FIGURE 3 | Effect of cryopreservation on lipid peroxidation and antioxidant enzyme activities in fresh, cryopreserved, and cryopreserved sperm with supplementation
of 10 pg/mL AFPI (cryopreserved + AFP) in sterlet spermatozoa and seminal fluid (mean £ SD): (A) catalase activity (CAT); (B) superoxide dismutase activity (SOD);
(C) thiobarbituric acid-reactive substances (TBARS) [p < 0.05, one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference test].

SYBR Green positive and PI negative events. Each analysis was
performed in triplicate.

Lipid Peroxidation and Antioxidant
Enzyme Activity

Sperm  samples  (fresh; sperm  concentration:  0.55-
0.75 x 10° spermatozoa mL~! and cryopreserved; sperm
concentration: 0.27-0.37 x 10° spermatozoa mL™!) sperm
with/without AFPI] were centrifuged at 500 x g at 4°C for
20 min to obtain seminal fluid (SF) and a spermatozoa pellet.
The pellet was suspended in 50 mM potassium phosphate (KPi)
buffer, pH 7.0, containing 0.5 mM EDTA and homogenized
in an ice bath using a Sonopuls HD 2070 ultrasonicator
(Bandelin Electronic, Berlin, Germany). The homogenate
pellet was centrifuged at 10,000 x g at 4°C for 10 min to
obtain supernatant. The obtained supernatant (containing
spermatozoa) and SF were used to measure the thiobarbituric
acid reactive substances (TBARS) and the activities of superoxide
dismutase (SOD) and catalase (CAT). The protein concentration
of the samples was measured using a BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, United States).

The CAT activity was determined spectrophotometrically
at 240 nm according to the method described by
Marklund et al. (1981). The reaction medium consisted of
10 mM K + phosphate buffer containing 0.1 mM EDTA, pH
7.4, and 15 mM H,O; was used. The activity of CAT was
calculated from the H,O, decomposition rate using the molar
extinction coefficient 43.6 M~! cm™!, and the specific activity
was expressed as micromole/min X mg protein.

The activity of SOD was determined spectrophotometrically
at 420 nm as described by Marklund and Marklund (1974). The
activity of SOD was measured by the inhibition of autoxidation

of pyrogallol by the sample. The addition of the analyzed sample
led to the inhibition of autoxidation of 0.2 mM pyrogallol in air-
equilibrated 50 mM Tris-HCl buffer containing 1 mM EDTA, pH
8.2. The amount of enzyme inhibiting the reaction (pyrogallol
autoxidation) by 50% is considered as one unit of enzyme. The
specific activity of SOD was expressed as unit/mg protein.

The TBARS level was determined spectrophotometrically
(Asakawa and Matsushita, 1980): briefly, 0.025 mL of a solution of
butylated hydroxytoluene (22 mg in 10 mL ethanol), 0.025 mL of
a ferric chloride solution (27 mg FeClz 6H,O in 10 mL water),
0.375 mL of a 0.2 M glycine-hydrochloric acid buffer, pH 3.6,
and 0.375 mL of TBA reagent (0.5% TBA and 0.3% sodium
dodecyl sulfate) were added to 0.4 mL of the supernatant and
heated in a boiling water bath for 15 min. The samples were
allowed to cool, then 0.25 mL of glacial acetic acid and 0.5 mL
of chloroform were added. After vigorous shaking, the samples
were centrifuged at 1,500 x g for 10 min. The absorbance was
measured at 535 nm. TBARS content was determined using a
molar extinction coefficient of 1.56 105 M~ ! cm~! and expressed
as nmol/mg protein sample. All measurements were performed
in triplicate for each sample.

Assessment of DNA Damage

DNA integrity of fresh (sperm concentration: 0.57-
0.70 x 10° spermatozoa mL~!) and cryopreserved sperm
with/without AFPI was assessed using the comet assay. Sperm
samples from each male were diluted 1:300 with pre-chilled PBS
and stored at 4°C. Agarose gel (0.6% NuSieve GTG Agarose
OxiSelect™ with low melting point; Cell Biolabs, Inc., San
Diego, United States) was melted at 90°C and cooled to 37-40°C.
The agarose gel was mixed with diluted sperm at a ratio of
9:1. Then, 50 pL of the prepared sperm samples were pipetted
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FIGURE 4 | Photomicrograph of comets with different levels of DNA damage in sterlet spermatozoa post-cryopreservation: (A) fresh spermatozoa; (B)
cryopreserved spermatozoa; (C) cryopreserved spermatozoa with supplementation of 10 pwg/mL AFPI.
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FIGURE 5 | The percent of DNA in the tail as measured in the comet assay
before (fresh) and after cryopreservation of sterlet spermatozoa without
(cryopreserved) and with supplementation of 10 pg/mL AFPI

(cryopreserved + AFP). Values with different lower-case letters are significantly
different (o < 0.05, non-parametric Kruskal-Wallis ANOVA followed by
multiple comparison of mean ranks for all groups).

into each well of the slides (OxiSelect™; Cell Biolabs, INC.,
United States) and spread over the well. The slides were allowed
to solidify at 4°C and then immersed in lysis buffer prepared
according to the protocol for the OxiSelect Comet assay with
the addition of proteinase K (1 mg/mL of lysis solution).
The slides were incubated in the lysis buffer for 5 h at 37°C.
After incubation, the lysis buffer was carefully aspirated and
replaced with electrophoresis solution (90 mM Tris Base, 90 mM
boric acid, 2.5 mM EDTA, pH 8.0). After incubation in the
electrophoresis solution for 20 min at room temperature, the
slides were carefully transferred to the electrophoresis chamber
filled with the electrophoresis solution. Electrophoresis was
performed at 35 V and 170 mA for 15 min. The slides were
then transferred to a small container of distilled water for 5 min.

The slides were then drained well, dehydrated by immersion in
70% ethanol for 5 min, and air-dried. Once the agarose slides
were completely dried, they were stained with DAPI (50 pL, 1
pg/mL). The slides were observed under an Olympus Fluoview
microscope (Olympus Corp., Tokyo, Ja-pan) using filters with an
excitation wavelength of 450-480 nm and recorded with a SONY
DXC -9100D video camera (SONY, Tokyo, Japan). Spermatozoa
DNA damage (Tail DNA, %) was assessed in one hundred cells
for each sample using CASP software (version 1.2.3.,2001).

Ultrastructural Analysis

For scanning electron microscopic (SEM) observations, sperm
samples (fresh and cryopreserved sperm with/without AFPI)
were fixed in freshly prepared 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4) at 0-4°C for 3 h, rinsed in the same
buffer, and immersed for 2 h in 1.0% osmium tetroxide in 0.1
M phosphate buffer (pH 7.4) at room temperature for 2 h. After
rinsing in the buffer, samples were dehydrated in a graded acetone
series (30, 50, 70, 80, and 100% for 10 min each). Then, the
samples were dried using a critical point dryer (XD -1, Eiko) and
coated with gold using a coater (IB -3, Eiko). Finally, the samples
were examined and photographed using a scanning electron
microscope (Hitachi-S570, Tokyo, Japan and JSM 6300, JEOL
Ltd., Akishima, Tokyo, Japan).

For transmission electron microscopy (TEM), the sperm
samples were centrifuged at 200 x g for 30 min, and the
supernatant was discarded. The samples were fixed with the
same solutions used for SEM. Then the samples were dehydrated
in a graded acetone series and embedded in Epon812. The
solidified blocks were sectioned at 50-70 nm and the sections
mounted on copper grids. Post-staining with 2% uranyl acetate
in 50% ethanol was performed, followed by staining with
Reynolds’ lead citrate (Golpour et al., 2016a,b; Dadras et al,
2019b). The prepared grids were examined and photographed by
transmission electron microscopy (JEM -1230, Tokyo, Japan and
JEOL 1010, JEOL Ltd., Tokyo, Japan). For TEM, specimens were
processed separately for each treatment and then approximately
400 electron micrographs were taken for each treatment. For
SEM, about 100 electron micrographs were taken. The electron
micrographs were examined for changes in the structure of the
spermatozoa. Finally, the best images showing normal structure
in the control treatment or altered spermatozoa structure in both
treatments (with/without addition of AFP1) were selected.
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FIGURE 6 | Scanning electron micrographs showing the ultrastructure of sterlet spermatozoa in: (A) fresh spermatozoa without damage in the ultrastructure; (B)
cryopreserved spermatozoa without supplementation of 10 wg/mL AFPI showing swollen midpiece (white arrows), and ruptured and detached flagellum (white
arrowheads); and (C) cryopreserved spermatozoa with supplementation of 10 wg/mL AFPI showing swollen midpiece (white arrows) and detached flagellum (white

arrowheads). A, acrosome; N, nucleus; M, mitochondria; F, flagellum.
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For quantitative analysis, thirty TEM micrographs of each
group studied were evaluated to determine the morphological
abnormalities. Quantification of the abnormalities in the
micrographs was performed using Image] v1 software
(Wayne Rasband, United States). The analyses
performed in triplicate.

were

Statistical Analysis

Experimental values for each studied parameter were obtained
by averaging the results of six male fish with three replicates for
each male. The mean values of the males were calculated and
used for statistical analyses. The data distribution characteristics
and homogeneity of dispersion were evaluated using Shapiro-
Wilk and Levene’s tests, respectively. The normally distributed
data with similar dispersion values were analyzed using one-
way ANOVA followed by Tukey’s honest significant difference
test. Non-homogeneous data (Tail DNA) were analyzed using
a non-parametric Kruskal-Wallis ANOVA followed by multiple

comparison of mean ranks for all groups. Statistical significance
was accepted at p < 0.05. Data are presented as box plots and bar
graphs (mean & SD). All analyses and plots were performed using
STATISTICA v. 12 (Statsoft Inc.)' and GraphPad Prism v. 8.

RESULTS

Spermatozoa Motility

After dilution with AM, the fresh spermatozoa exhibited
93.3 £ 5%, 182.2 £ 17.8 wm/s and 62 £ 8% for motility
rate, VCL and LIN, respectively (Figures 1A-C). A significant
decrease in motility rate was observed in cryopreserved
spermatozoa (with 10 pg/mL AFPI: 80 + 6%; without 10
pg/mL AFPI: 78.3 &+ 7%) compared with fresh spermatozoa
(Figure 1A). The curvilinear velocity (VCL) showed a significant

L www.statsoft.com
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PM

FIGURE 7 | Transmission electron micrographs of the fresh spermatozoon in sterlet. (A) Longitudinal sagittal section of the spermatozoon showing different parts of
the cell; (B) higher magnification longitudinal section of the truncate of spermatozoon exhibiting acrosome (A), endonuclear canals (ENC), nucleus (N), and
posterolateral projections (PLP); (C) ultrastructure of the midpiece showing nuclear membrane (NM), flagellum (F) separated by cytoplasmic channel (CC),
mitochondrion (M), distal centriole (DC), proximal centriole (PC), and implantation fossa (IF); (D) higher magnification of spermatozoon midpiece region displaying
various normal and unchanged sections of the spermatozoon; (E) higher magnification of spermatozoon flagellum showing cytoplasmic canal without abnormality in

the plasma membrane (PM).

500 nm
—

a

difference between fresh spermatozoa (182.2 &+ 17.8 wm/s) and
cryopreserved spermatozoa with/without 10 wg/mL AFPI (with
AFPL: 141.5 &+ 11.4 pm/s; without AFPI: 155.8 + 8.3 pwm/s)
(Figure 1B). No significant differences were observed in LIN
between fresh and cryopreserved spermatozoa with/without the
addition of the antifreeze protein (Figure 1C).

Plasma Membrane Integrity

The integrity of the plasma membrane of fresh spermatozoa was
96 + 2.2%. The spermatozoa with intact plasma membranes
were significantly decreased in cryopreserved sperm with
(70.4 £ 2.4%) and without AFPI (70.3 & 3.6%) (Figure 2). No

significant difference in spermatozoa membrane integrity was
observed between cryopreserved sperm with and without the
addition of AFPI (Figure 2).

Lipid Peroxidation and Antioxidant
Enzyme Activity

The protein concentrations of seminal fluid and spermatozoa
were in the range of 0.17-0.8 and 0.58-1.71 mg/mL, respectively.
The CAT and SOD activities in the spermatozoa and seminal
fluid of each group are shown in Figures 3A,B, respectively. No
significant difference was observed among the studied groups
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FIGURE 8 | Transmission electron micrographs of cryopreserved spermatozoon in sterlet. (A) Longitudinal sagittal section of cryopreserved spermatozoon showing
different parts of the cell; (B) longitudinal section of cryopreserved spermatozoon with some abnormalities in the midpiece; (C) higher magnification of spermatozoon
midpiece showing weakening of the midpiece, and particularly, loss of the mitochondria envelope (black arrowheads indicate the mitochondrial crests); (D) higher
magnification of spermatozoon flagellum showing detachment and rupture of the plasma membrane of the flagellum (black arrowheads). A, acrosome; Ax, axenome;
CC, cytoplasmic channel; F, flagellum; M, mitochondrion; N, nucleus; PM, plasma membrane.

with regard to the enzymatic antioxidant activities (SOD and
CAT). The TBARS value also showed no difference among the
groups (Figure 3C).

DNA Damage

An illustration of the assay used to assess DNA damage for all
groups is shown in Figures 4A-C. The evaluation of tail DNA%,
which is representative of DNA damage, showed that the level
of DNA fragmentation was significantly higher in cryopreserved
spermatozoa with (4.8%) and without (4.9%) AFPI than in fresh
spermatozoa (2.2%) (Figure 5). The cryopreserved spermatozoa
supplemented with 10 pg/mL AFPI showed no difference in tail
DNA% compared to those without AFPI (Figure 5).

Ultrastructural Changes

Sterlet spermatozoa consist of an elongated head with an
acrosome, a cylindrical midpiece, and a flagellar region
surrounded by the plasma membrane (Figures 6A, 7A, 8A, 9A).
The SEM micrographs show no damage to the fresh spermatozoa,
while morphological damages such as swelling of midpiece
and detachment of the plasma membrane of flagellum were
clearly observed in cryopreserved spermatozoa with/without
AFP (Figures 6A-C).

Most of the visualized fresh spermatozoa showed normal
morphology and ultrastructure (Figure 7A). The homogeneous
nucleus was surrounded by the nuclear membrane (Figure 7B),
and the mitochondria were irregularly dispersed in the cytoplasm
with smooth matrix structures (Figures 7C,D). The flagellum
was separated by the cytoplasmic channel as in other sturgeon
spermatozoa (Figure 7E). The ultrastructure of the spermatozoa
was partially affected by the standard cryopreservation procedure
with/without AFPIL In both cases, visible changes were observed
in the structure of the spermatozoa (Figures 8B-D, 9B-E).
Partial damage to the structure of the midpiece and flagellum was
visible (Figures 8C,D, 9D,E). Abnormalities of varying severity
were observed, such as changes in the structure of the midpiece
and detachment of the plasma membrane in the flagellum
(Figures 8B,C, 9C,D). In addition, changes in the position of the
mitochondrion and, in some cases, the absence of this organelle
were observed (Figure 9D). Moreover, partial rupture of the
plasma membrane in the flagellum of spermatozoa was observed
after the standard cryopreservation procedure with/without AFPI
(Figures 8D, 9E).

Partial morphological abnormalities of the mitochondria were
observed in a small number of fresh spermatozoa (15 & 15.07%)
(Figure 10A). Significant mitochondrial damage (p < 0.05) was
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FIGURE 9 | Transmission electron micrographs of cryopreserved spermatozoon with supplementation of antifreeze protein type | (AFPI) in sterlet. (A) Longitudinal
sagittal section of cryopreserved spermatozoon showing different parts of the cell; (B) higher magnification of cryopreserved spermatozoon head region showing the
unchanged acrosom, sub-acrosome area, and nucleus; (C) longitudinal sagittal section of midpiece exhibiting damage to the midpiece spermatozoon; (D) higher
magnification of spermatozoon midpiece region showing visible damage in the mitochondria, midpiece envelope, and plasma membrane of the flagellum (black
arrowheads); (E) higher magnification of spermatozoon flagellum showing rupture of the plasma membrane of the flagellum (black arrowheads). A, acrosome; Ax,
axenome; CC, cytoplasmic channel; F, flagellum; M, mitochondrion; N, nucleus; PM, plasma membrane.

observed in cryopreserved spermatozoa with (49.16 £ 18%) and
without AFPI (54.28 £ 15.11%) (Figure 10A). Moreover, the
percentage of fresh spermatozoa with morphological changes in
the flagellum was 9.16 & 9.96% (Figure 10B). However, increased
morphological abnormalities of the flagellum were observed in
cryopreserved spermatozoa with (55 £ 13.22%) and without AFP
(57.14 £ 12.53%) (Figure 10B).

DISCUSSION

Despite the practical application of sperm cryopreservation in
more than 200 freshwater and marine fish species (Tsai and
Lin, 2012), cryo-injuries in various cell compartments, damage

to the plasma membrane (Lahnsteiner et al.,, 1996), changes in
DNA integrity (Zilli et al., 2003), and impaired spermatozoa
motility and velocity (Linhart et al., 2000) are blamed for lower
fertilization and hatching rates in most fish species when frozen
sperm are used (Suquet et al., 1998; Li et al., 2006).

A significant decrease in motility of sterlet cryopreserved
spermatozoa has been reported (Boryshpolets et al., 2011; Xin
et al, 2018b). In the present study, a significant decrease
in motility rate and VCL was observed in cryopreserved
spermatozoa with/without supplementation of 10 png AFPI
(an optimized concentration of AFPI perceived in a previous
study) compared to fresh spermatozoa. However, a previous
study on supplementation of different concentrations of AFPI
showed improvement in sperm motility rate after the use
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FIGURE 10 | Quantification of morphological alterations in (A) mitochondria
and (B) flagellum, comparing fresh, cryopreserved, and cryopreserved
spermatozoa with supplementation of 10 wg/mL AFPI (cryopreserved + AFP).
Values with different lower-case letters are significantly different [p < 0.05,
one-way analysis of variance (ANOVA) followed by Tukey’s honest significant
difference test].

of AFPI (Xin et al, 2018a). The post-thaw motility of
cryopreserved spermatozoa of Pacific Abalone, Haliotis discus
hannai supplemented with 10 pg/mL AFPIII in combination
with 8% DMSO, 8% ethylene glycol (EG), 6% propylene glycol
(PG), or 2% glycerol (GLY) was significantly improved compared
to spermatozoa cryopreserved without AFPIII, though this rate
was significantly lower than that of fresh spermatozoa (Hossen
et al,, 2021). No significant differences in velocity were observed
between fresh and cryopreserved spermatozoa with/without the
addition of AFPI/AFPIII in sea bream (Zilli et al., 2014) and
sterlet (Xin et al., 2018a,b).

The structural and functional integrity of the plasma
membrane is considered one of the most important indicators
of sperm quality after cryopreservation (Muller et al., 2008;
Ahmad et al., 2014; Cuevas-Uribe et al.,, 2015). In the present
study, a significant decrease was observed in the plasma
membrane integrity of cryopreserved spermatozoa with/without
supplementation of 10 g AFPI compared to fresh spermatozoa.
The decreased plasma membrane integrity may be due to
chemical toxicity and osmotic damage (Dzuba and Kopeika,
2002). These findings are supported by the relative change in
the lipid composition of the plasma membrane after spermatozoa
freezing (Holt and North, 1984; Beirdo et al., 2012).

In the present study, we did not observe significant
changes in lipid peroxidation (TBARS) and antioxidant
enzymes (CAT and SOD) activities in sterlet spermatozoa and
seminal fluid. These results are in agreement with those
reported by Shaliutina-Kolesovd et al. (2015) in sterlet
cryopreserved spermatozoa with 10% dimethylacetamide
(DMA) as cryoprotectant. Moreover, studies on European sea
bass, Dicentrarchus labrax and salmonids (Lahnsteiner et al,
2011; Martinez-Péramo et al., 2012) did not demonstrate any
significant change in lipid peroxidation levels before or after

freezing. On the other hand, the induction of oxidative stress
in frozen-thawed sperm was reported in some other studies on
common carp, Cyprinus carpio (Li et al., 2010) and Asian sea bass,
Lates calcarifer (Klaiwattana et al., 2016). The difference between
studies could be due to differences in freezing procedures or the
type of cryoprotectant used (Sandoval-Vargas et al., 2021).

Spermatozoa DNA quality assessment is a classic quality
biomarker of fresh and cryopreserved spermatozoa in many
fish species (Zilli et al., 2003; Riesco et al, 2012; Figueroa
et al,, 2018, 2020). DNA fragmentation in frozen-thawed fish
spermatozoa has been reported in the presence and absence
of a cryoprotectant (Xin et al, 2020). In the present study, a
low level of DNA damage (with AFPI, 4.87%; without AFPI,
4.96%) was observed in cryopreserved spermatozoa according to
the criteria published by Linhartova et al. (2015). In agreement
with the present study, slight DNA damage was observed in
cryopreserved spermatozoa of rainbow trout, Oncorhynchus
mykiss (Labbe et al., 2001). It is suggested that ice formation or
osmotic stress could break the DNA through mechanical pressure
or apoptotic events that may occur during freezing/thawing
(Medeiros et al., 2002). Significant levels of DNA fragmentation
were detected in the post-thawed spermatozoa of rainbow trout,
brown trout Salmo trutta caspius, common carp, European sea
bass and sterlet with different cryoprotectants (Billard, 1983;
Kornilova et al., 1997; Zilli et al., 2003; Shaliutina-Kolesova et al.,
2015). In contrast, 10 pg/mL AFPIII combined with 8% DMSO
improved DNA integrity in cryopreserved spermatozoa of Pacific
abalone (Hossen et al., 2021). In gray mullet, Mugil cephalus,
freezing-thawing process had no effect on DNA integrity
(Balamurugan et al., 2019). The low DNA damage observed in
the present study might be due to the reduced susceptibility of
sperm chromatin due to high degree of chromatin packaging
(Singh et al., 2003).

In the present study, the morphology and ultrastructure of
sterlet spermatozoa were slightly changed after applying the
established protocol of cryopreservation with/without addition
of the optimal concentration of AFPIL This is the first report
of ultrastructural and morphological changes in frozen-thawed
spermatozoa supplemented with/without AFPI in sturgeons. The
morphological changes in the present study, such as weakening
of the midpiece and rupture of the plasma membrane of
the flagellum were visible after thawing of the cryopreserved
spermatozoa. Similar effects were observed in the ultrastructure
of Atlantic salmon, Salmo salar spermatozoa, in addition to
the detachment of the mitochondrion after cryopreservation
(Diaz et al., 2019).

Various abnormalities, such as swelling or rupture of the
plasma membrane in the flagellum and midpiece, swelling of
mitochondria, change of the position of the mitochondria, loss
of mitochondrial crests, vacuolization and rupture of axonemes
were observed in cryopreserved spermatozoa of Atlantic croaker
Micropogonias undulatus (Gwo and Arnold, 1992), grayling
Thymallus thymallus (Lahnsteiner et al., 1992), rainbow trout
(Lahnsteiner et al., 1996), flounder Paralichthys olivaceus (Zhang
etal., 2003), striped bass Morone saxatilis (He and Woods, 2004),
pejerrey Odontesthes bonariensis (Garriz and Miranda, 2013),
and Atlantic salmon (Figueroa et al., 2019). The ruptured plasma
membrane of the flagellum and deformed region of the midpiece
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may be caused by an osmotic regulation deficiency or by leakage
of the plasmalemma due to changes in its molecular structure
mediated by osmotic shock and/or intracellular ice crystals
(Grout and Morris, 1987).

Our ultrastructural results showed no additional protection
of plasma membrane or mitochondria by cryopreservation
with optimal dose of AFPI in sterlet spermatozoa. Despite
several advantages of sperm cryopreservation, this approach
is associated with extreme freezing and thawing temperatures
that can lead to lethal and sublethal changes in the plasma
membrane, flagella and mid-piece/mitochondria of spermatozoa
(Lahnsteiner et al., 1992; Billard et al., 2004). The occurrence
of membrane destabilization after cryopreservation is the result
of physical damage caused by the formation of ice crystals
within the cell and in the external environment, as well as
osmotic stress (Watson and Morris, 1987; Martinez-Paramo
et al,, 2012). Certain cellular and physiological processes in
spermatozoa, such as ion transport, water balance, receptors for
fertilization signals, and regulation of fluidity and permeability
can be affected by the above changes (Lahnsteiner et al., 2009;
Berrios et al, 2010). These changes, including swelling or
rupture of the tail, and certain lesions on other organelles can
lead to displacement of mitochondria or loss of their function
(Taddei et al., 2001). In addition, damage to spermatozoa
membrane may also result from cryoprotectant toxicity, duration
of exposure, and interactions with phospholipids in the
membrane (Garriz and Miranda, 2013). Changes in head
shape and chromatin condensation of vacuoles and tail region
have been demonstrated as a result of structural damage in
cryopreserved carp spermatozoa (Drokin et al., 2003). Moreover,
cryopreservation of Atlantic salmon spermatozoa revealed some
membrane damages (morphological abnormalities) in the head
(64.7%), mitochondria (62%) and flagellum (66.4%) (Diaz et al.,
2019). In the present study, similar morphological abnormalities
were observed in the ultrastructure of mitochondria (49-54%)
and flagellum (55-57%) of spermatozoa after cryopreservation
with/without AFPI. However, it is worth noting that thawed
sperm with damaged flagella still have the potential to move,
as has been reported in the Siberian sturgeon, Acipenser baerii
(Tsvetkova et al.,, 1996). According to the present results, the
observed damage to cryopreserved spermatozoa was not due to
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