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ABSTRACT

Background: Despite considerable technological advancements, polyspermy remains
a significant challenge in in vitro fertilization (IVF) procedures in pigs, disrupting normal
embryonic development. Here, we aimed to determine whether optimal fertilization
conditions reduce the polyspermy incidence in pigs.

Methods: In vitro-matured oocytes were co-incubated with sperm according to a
modified two-step culture system.

Results: In the first experiment, oocytes were briefly co-incubated with sperm, washed
in IVF medium, and then moved to fresh IVF medium for 5 or 6 h. Although the 6 h
sperm-free cultured group had a higher penetration rate than the 5 h cultured group,
the polyspermy rate significantly increased in the 6 h sperm-free cultured group. The
gamete co-incubation period was either 20 or 40 min. The 40 min cultured group had a
higher rate of blastocyst formation and number of total cells in blastocysts than the 20
min cultured group. In experiment 2, oocytes were inseminated with sperm separated
by Pecroll treatment. Percoll treatment increased the rate of oocyte penetration and
blastocyst formation compared to the control. In experiment 3, fertilized oocytes were
cultured in 25 puL microdroplets (10 gametes/drop) or 500 pL (100 gametes/well) of
culture medium in 4-well plates. The large volume of medium significantly reduced the
number of dead oocytes and increased the rate of blastocyst formation compared to
the small volume.

Conclusions: Collectively, these results demonstrate that various fertilization conditions,
including modified co-culture period, active sperm separation, and culture medium
volume, enhance fertilization efficiency and subsequent embryonic development by
decreasing polyspermy occurrence.
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INTRODUCTION

In vitro fertilization (IVF) is a fundamental technique
that promotes the generation of a substantial number of
embryos and facilitates research on embryonic develop-
ment (Romar et al., 2019). Despite recent advancements
in in vitro maturation and IVF techniques for pig oocytes,

porcine IVF programs continue to face significant chal-
lenges compared to other species, such as a notable prev-
alence of polyspermy and poor embryo quality (Machaty
et al., 1998; Romar et al., 2019). Consequently, the major-
ity of studies conducted thus far have focused on investi-
gating the factors influencing the outcome of IVF. Various
strategies have been adopted to address this issue, includ-
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ing modifying gamete co-incubation times (Marchal et al.,
2002; Gil et al., 2004), adjusting sperm concentration (Koo
et al., 2005), considering the source of spermatozoa (Gil
et al., 2005) and oocytes (Marchal et al., 2001), and exam-
ining the effect of the co-culture medium (Abeydeera and
Day, 1997) on embryo production. However, a successful
IVF system for pigs has yet to be established.

The occurrence of polyspermic penetration can be re-
duced by decreasing the number of sperms during IVF.
However. This approach also leads to a decline in the
overall sperm penetration rate (Coy et al., 1993) and
compromises the fertilization efficiency. Along with poly-
spermy, the suboptimal quality of IVF-derived pig em-
bryos poses another challenge that needs to be addressed
for in vitro production systems. Specifically, compared
to in vivo-derived blastocysts, IVF-derived blastocysts
have a lower total cell number (Machaty et al., 1998). To
resolve this problem, various sperm-selection methods
are routinely applied to prepare semen for IVF in various
species. These procedures aim to enhance sperm quality
and eliminate seminal plasma/cryoprotectants (Henkel
and Schill, 2003). Several recent studies have explored
the potential benefits of reducing the co-incubation time
of gametes in terms of pre-embryo development and
implantation potential, however, the results have been
inconsistent (Dirnfeld et al., 1999; Almifana et al., 2005).
Given the current state of research, comprehensive in-
formation on the impact of different conditions on IVF
and embryo development would greatly contribute to our
understanding of how processing methods influence IVF
outcomes.

The aim of the present study was to assess the effect of
different conditions during IVF on fertilization parameters
and subsequent embryonic development and to improve
fertilization conditions by reducing the high frequency of
polyspermy in pigs.

MATERIALS AND METHODS

All chemicals were acquired from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise stated.

Oocyte collection and in vitro maturation

Oocyte collection was performed as described previ-
ously (Kwon et al., 2022). Prepubertal porcine ovaries
were obtained from a local slaughterhouse (Farm Story

Hannang, Chungwon, Chungbuk, South Korea) and trans-
ported to the laboratory at 37C in saline supplemented
with 75 mg/mL penicillin G and 50 mg/mL streptomycin
sulfate. Follicles with a diameter of 3-6 mm were aspi-
rated using an 18-gauge needle connected to a 10 mL dis-
posable syringe. Cumulus-oocyte complexes (COCs) were
chosen based on their morphological features, and those
that exhibited a minimum of three layers of cumulus cells
and an evenly granulated ooplasm were selected. After
three washes with in vitro maturation medium TCM-199
(11150-059; Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 0.1 g/L sodium pyruvate, 0.6 mJVI I-
cysteine, 10 ng/mL epidermal growth factor, 10% (v/v)
porcine follicular fluid, 10 IU/mL luteinizing hormone,
and 10 IU/mL follicle-stimulating hormone, 100 COCs
were transferred into 4-well dishes containing 500 uL of
maturation medium covered with mineral oil. The plates
were incubated at 38.5C in a humidified atmosphere of
5% CO, for 44 h.

Sperm preparation

Fresh liquid semen was supplied weekly from a Darby
Pig Artificial Insemination Center (Darby Genetics, An-
seong, Gyeonggi-do, South Korea) and kept at 18C prior
to use. Sperm concentration was determined using a
hemocytometer. Sperm motility was evaluated before fer-
tilization, and > 80% motile sperm were used in each ex-
periment. In experiment 3, sperms were chosen through a
discontinuous Percoll gradient according to the treatment
(90% and 45%). Percoll at each concentration was placed
in a 1.5 mL tube at a volume of 200 uL, whereas the semen
volume was 100 uL. After centrifugation at 5,000 x g for
5 min and subsequent washing in modified Tris-buffered
medium (mTBM) medium, sperm concentration was evalu-
ated prior to fertilization.

In vitro fertilization and in vitro culture

In vitro fertilization and culture were conducted as previ-
ously described (Jeon et al., 2015; Zhou et al., 2020), with
some modifications. For IVF, cumulus cells were removed
from the oocytes by repeated pipetting with 1 mg/mL hy-
aluronidase. Then, groups of 15 denuded oocytes were
randomly placed into 40 uL droplets of mTBM. Next, the
semen sample was washed twice with Dulbecco’s phos-
phate-buffered saline supplemented with 0.1% bovine
serum albumin (BSA) by centrifugation at 2,000 x g for
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2 min. After washing, the sperm pellet was resuspended
in mTBM, which had been pre-equilibrated for 18 h at
38.5C in the presence of 5% CO,. After proper dilution,
5 uL of the sperm suspension was added to a 40 uL drop
of mTBM to achieve a final sperm concentration of 5.0 X
10° sperm/mL. A modified two-step culture system was
used to utilize stored liquid semen. The oocytes were co-
incubated with sperm for 20 or 40 min at 38.5C in a hu-
midified atmosphere of 5% CO,. After the co-incubation
period, any loosely attached sperm on the zona pel-
lucida was gently removed by pipetting. Subsequently,
the oocytes underwent three washes in mTBM and were
incubated in mTBM without sperm for 5 or 6 h at 38.5C.
Next, the gametes were thoroughly washed and cultured
in porcine zygote medium-5 supplemented 4 mg/mL BSA
in 25 pL microdroplets or 500 uL in 4-well plates for 7
days at 38.5C and 5% CO,.

Assessment of fertilization parameters

To assess sperm penetration and pronucleus formation,
presumptive zygotes from each group were stained with
DAPI for 5 min 12 h after the initiation of IVF. After em-
bryos were washed in embryo culture medium, they were
placed in a droplet of HEPES and immediately imaged us-
ing a digital camera (DP72; Olympus, Tokyo, Japan) con-
nected to a fluorescence microscope (IX70; Olympus). The
number of penetrated oocytes, presence of monospermy
and polyspermy, and efficiency of fertilization (number of
monospermic oocytes/total number of inseminated oo-
cytes) were assessed as the number of pronuclei under a
fluorescence microscope.

Embryo evaluation and total cell count

To determine the total cell number, blastocysts were
randomly selected on day 7 and fixed in 3.7% paraformal-
dehyde for 30 min at room temperature. Subsequently,
the blastocysts were stained with 10 mg/mL Hoechst
33342 (bisbenzimide) for 5 min, washed thrice with PBS-
PVA, and mounted onto glass slides. Images were ob-
tained using a digital camera (DP72; Olympus) connected
to a fluorescence microscope (IX70; Olympus).

Experimental design

In experiment 1, the effects of the sperm-oocyte co-
culture period on polyspermy and blastocyst formation
in a two-step culture system of IVF embryos were investi-
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gated. In vitro-matured oocytes were briefly co-incubated
with sperm for 20 or 40 min, washed in IVF medium by
gentle pipetting to remove spermatozoa loosely attached
to the zona pellucida, and transferred to fresh IVF medium
(sperm-free) for 5 or 6 h. The sperm-free incubation pe-
riod was 5 or 6 h, and fertilization parameters and rate
of polyspermy were investigated. The first co-incubation
period was 20 or 40 min to evaluate its effect on embry-
onic development. For each group, the rate of blastocyst
formation and total number of cells were determined.

In experiment 2, we investigated the effects of Percoll
treatment on sperm penetration and subsequent embry-
onic development. Fresh semen was treated with differ-
ent concentrations of Percoll (90% and 45%), and active
sperms were separated in 90% Percoll. The oocytes were
inseminated with the separated sperm. The number of
penetrating oocytes and the blastocyst formation rates
were recorded for each group.

In experiment 3, the effects of culture medium volume
on embryonic survival and development were investigat-
ed. The oocytes were divided into two groups for in vitro
culture; 25 pL microdroplets (10 gametes/drop) or 500 pL
in 4-well plates (100 gametes/well). Twenty-five-microli-
ter microdroplets were renewed at 48 h (day 2) and 96 h
(day 4) following IVFE. The number of dead embryos and
blastocyst formation rates were examined for each group.

Statistical analysis

Each experiment was repeated at least three times, and
data were analyzed using Student’s t-test. All percentage
data were subjected to arcsine transformation before con-
ducting statistical analysis and are presented as the means +
SEM. Statistical significance was set at p < 0.05. All calcula-
tions were performed using the GraphPad Prism 6 software
(GraphPad, San Diego, CA, USA).

RESULTS

Effects of sperm—free culture time on polyspermy in
porcine embryos

To investigate the effect of sperm-free culture time on
polyspermy occurrence during IVF, oocytes bound to sper-
matozoa were incubated for 5 or 6 h in sperm-free me-
dium according to a two-step culture system. As shown in
Fig. 1A, the rate of penetrated oocytes in the 6 h cultured
group was higher than that in the 5 h cultured group (p <
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Fig. 1. Effects of sperm-free culture time on polyspermy and fertilization efficiency in porcine embryos. (A) Representative images of
the polyspermy and monospermy in the 5 or 6 h sperm-free cultured group, respectively. 'Spermatozoa attached to the zona pellu-
cida. Bar = 20 pm. (B) The rate of efficiency of fertilization (number of monospermic oocytes/total inseminated) in porcine embryos.
*p < 0.05. MPN, male pronuclear; FPN, female pronuclear; PB1, first polar body.

Table 1. Effect of sperm-free culture time on polyspermy in porcine
IVF embryos

Total Penetrated oocytes  Polyspermic oocytes

Treatment
(n) % (No.) % (No.)
5h 84 48.01+1.87 (39) 15.17 + 1.40 (6)
6h 80 69.44 £ 1.31 (56)* 47.01 +1.68 (26)**

Polyspermy rate was calculated as the no. of polyspemic oocytes divided
by the no. of penetrated oocytes x 100. Data are indicated as the mean +
SEM. No, number. *p < 0.05; **p < 0.01.

0.05). Although the rate of sperm penetration increased,
the rate of polyspermy significantly increased in the 6 h
cultured group (Table 1, p < 0.01). Finally, the 6 h cultured
group showed significantly reduced fertilization efficiency
in IVF embryos compared to the 5 h cultured group (Fig.
1B, p < 0.05). These results indicate that a short sperm-
free culture time reduces polyspermy frequency in pig IVF

embryos.

Effect of sperm—-oocyte co—culture time on
development and quality of embryos

To determine the optimal IVF co-culture period for em-
bryo quality, oocytes were co-cultured with sperm for 20
or 40 min during the first step of the culture system, and
the rates of blastocyst formation and quality were inves-
tigated. Given the observed effect of a sperm-free culture
time of 5 h, oocytes were incubated for 5 h in sperm-free
medium after the first step of culturing for 20 or 40 min.
In the 40 min cultured group, the rate of blastocyst for-
mation was significantly higher than that in the 20 min
culture (Fig. 2A, p < 0.05). Moreover, the 40 min cultured
group showed significantly increased total cell numbers
in blastocysts compared to the 20 min culture, result-
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Fig. 2. Effects of sperm-oocyte co-culture time on development
and quality of IVF-derived embryos. (A) The rate of blastocyst
formation in the 20 or 40 min co-cultured group. *p < 0.05.
(B) Total cell number in porcine blastocyst in the 20 or 40 min
co-culture group. (C) Representative images of the total cells
according to different co-culture time in IVF-derived embryos.
Blue, DNA.

ing in good-quality embryos (Fig. 2B and 2C, p < 0.05).
Collectively, these results suggest that a long co-culture
time in the first step of the culture system enhances the
developmental competence and quality of IVF embryos.

Effect of Percoll treatment of sperm on penetration
and blastocyst formation in embryos

To evaluate the effect of Percoll treatment on the pen-
etration rate and developmental competence of IVF em-
bryos, oocytes were fertilized with selected sperms using
a discontinuous Percoll gradient (90% and 45%). The
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Table 2. Effect of Percoll treatment of sperm on penetration and
development in IVF embryos

Table 3. Effect of volume of culture medium on survivability and
development in IVF embryos

Total Penetrated oocytes  Blastocyst formation Total Dead oocytes Blastocyst formation
Treatment Treatment
() % (No.) % (No.) (n) % (No.) % (No.)
Control 365 63.66 + 1.63 (230) 13.03£1.03 (48) 25 L 401 63.72 +1.57 (269) 12.55 % 0.8 (49)
Percoll 420 79.51 +1.03 (327)* 18.72£0.88 (77)* 500 pL 543 12.27 £ 1.30 (70)* 21.38+0.84(125) *

Fertilization rate was calculated as the no. penetrated oocytes (2-cell
embryos) divided by the total no. of inseminated oocytes x 100. Data are
indicated as the mean £ SEM. No, number. *p < 0.05.

number of penetrating oocytes increased significantly
after Percoll treatment. In addition, Percoll treatment sig-
nificantly increased the rate of blastocyst formation com-
pared to the untreated control, suggesting that it improves
developmental competence (Table 2). Therefore, these re-
sults suggest that the separation of active sperm enhances
the fertilization rate and development of IVF embryos.

Effect of volume of culture medium on survivability
and development of embryos

To set IVF and culture condition, embryos were cultured
in two volumes of culture medium: 25 or 500 pL (10 oo-
cytes/drop or 100 oocytes/well, respectively). As shown in
Table 3, 500 pL volume of medium significantly reduced
the dead embryos compared to the 25 uL volume group,
suggesting that it improves the survivability of embryos.
Moreover, the rate of blastocyst formation in the 500 pL
volume group was significantly higher than that in the 25
uL volume group. These results indicate that an increase
in medium volume enhances the stability and develop-
mental competence of IVF embryos.

DISCUSSION

Polyspermic fertilization is observed more frequently
in pigs than in other species, even when in vivo fertiliza-
tion is conducted under diverse experimental conditions
(Hunter, 1990; Hunter, 1991). In the present study, we
demonstrated that several IVF and culture conditions in-
duced a decrease in polyspermy and an increase in fertil-
ization efficiency, resulting in an increase in developmen-
tal competence in pigs. Our results showed that a sperm-
free culture period of 6 h significantly increased the
polyspermy rate compared to the 5 h culture period. On
the other hand, a long oocyte-sperm co-culture time of
40 min increased the rate of embryonic development and
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Data are indicated as the mean + SEM. No, number. *p < 0.05.

its quality by increasing the total cell number of blasto-
cysts compared to the 20 min cultured group. In the sec-
ond experiment, fertilization with sperm-treated Percoll
resulted in a higher rate of oocyte penetration and blas-
tocyst formation than in the control with no treatment. In
the third experiment, a high culture volume significantly
increased the survivability of embryos and developmental
rate by reducing the number of dead embryos compared
to a low culture volume.

In general, polyspermy arises more frequently in vitro
than in vivo (Mahé et al., 2021), and greater sperm concen-
trations and longer periods of sperm-oocyte co-incubation
result in enhanced frequencies of polyspermic penetra-
tion (Marchal et al., 2002; Matas et al., 2003). Sperm-free
culture time for 6 or 5 h had been applied for porcine IVF
system, but comparative effects have not been studied
yet. In this study, the degree of polyspermy and the rate
of oocyte penetration significantly increased when the
sperm-free culture time was used for 6 h compared to the
5 h during IVF. The efficiency of fertilization was signifi-
cantly decreased in the 6 h cultured group. Some studies
have reported that co-incubation for 2 h and 4 h leads
to a higher rate of monospermy compared to the group
cultured for 6 h, even when the penetration and number
of spermatozoa per oocyte increase over time (Matas et
al., 2003). These results suggest that a short sperm-free
culture period can reduce the rate of polyspermy in por-
cine IVF embryos. However, these results indicated that
short sperm-free incubation period still has a problem
that reduced the penetration rate during IVF. Spermato-
zoa that bind to the zona pellucida within the initial 10
min can fertilize a considerable number of oocytes (Gil
et al., 2004), suggesting that this is a crucial period dur-
ing IVF. Several studies focused on gamete co-incubation
time have been showed different effects under the various
conditions in human and pig (Almifiana et al., 2005; Le
Bras et al., 2017), gamete co-incubation for 20 or 40 min
was investigated to improve embryonic development and
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quality. The results showed that the rate of blastocyst for-
mation and the number of total cells in blastocysts signifi-
cantly increased in the 40 min cultured group, suggesting
that it enhanced the quality of IVF-derived embryos in
pigs. Polyspermy triggers the abnormal development and
death of early embryos (Hunter, 1991). However, even
polyspermic porcine IVF embryos exhibiting multiple
pronuclei can develop to the blastocyst stage at a rate
similar to that of monospermic IVF embryos. Blastocysts
from polypronuclear oocytes have a lower number of in-
ner cell mass nuclei than blastocysts derived from oocytes
with two pronuclei (Han et al., 1999). Therefore, these
results demonstrate that proper two periods of porcine
IVF system have an effect on the rate of monospermy and
penetration resulting in high developmental competence
and quality.

Sperm selection methods such as swim-up, Percoll gra-
dient, and centrifugation-based washing are commonly
used in IVF systems for diverse species (Rodriguez-Marti-
nez et al., 1997; Palomo et al., 1999). Compared with the
swim-up method, the Percoll gradient technique yields a
much higher recovery of motile spermatozoa (Parrish et
al., 1995) and more successful IVF results. In experiment
2, the results indicated that fertilization with sperm sepa-
rated by a 90% Percoll gradient greatly increased the rate
of oocyte penetration and subsequent embryonic devel-
opment. Moreover, the behavior pattern showed that the
number of reacted live spermatozoa consistently improves
throughout incubation. Spermatozoa subjected to Percoll
treatment exhibit the fastest oocyte penetration and the
highest penetrability in pigs (Matas et al., 2003). Percoll
gradient treatment of frozen-thawed boar semen signifi-
cantly enhances cleavage and blastocyst development in
pigs (Jeong and Yang, 2001). Thus, these results suggest
that active sperms separated from fresh semen have a
higher capacity for penetration, resulting in an increase
in embryonic development.

Embryo density refers to the ratio of embryos to the
volume achieved during in vitro culture; in other words,
it quantifies the number of embryos within a defined
volume of the culture medium (Reed, 2012). To evaluate
the appropriate culture volume for embryonic develop-
ment, the culture density of 10 or 100 embryos cultured
in different volumes (25-uL droplets or 500 uL/well,
respectively) was investigated. The results showed that
low-density culture greatly reduced the number of dead

embryos, which resulted in an increase in the rate of blas-
tocyst formation in pigs compared to high-density cul-
ture. Some studies have suggested that embryos cultured
together produce better quality than cultured embryos,
and increasing embryo density might enhance the in vitro
culture of mammalian embryos (Reed, 2012). However,
high culture density where 8-10 embryos were cultured
in 20 pL droplets negatively affected embryo development
in cats (Sananmuang et al., 2011). Similarly, these results
indicate that a low culture density increases the develop-
mental rate by enhancing embryonic survivability in por-
cine IVF embryos.

CONCLUSION

In conclusion, the modified culture time in the two-step
culture system reduced the rate of polyspermy, increased
efficiency, and improved embryonic development in pigs.
Percoll treatment of sperm and low culture density en-
hances embryonic development in IVF embryos. Finally,
this could contribute to effective production and im-
proved quality of IVF embryos in pigs.

Author Contributions: Conceptualization, X-S.C., S-H.L.;
methodology and data curation, S-H.L.; writing-original
draft and review and editing, S-H.L., X-S.C.; supervision,
X-S.C.

Funding: This work was supported by the National Re-
search Foundation (NRF) of Korea grant funded by the Ko-
rea government (MSIT) (No. 2022R1A2C300769), Republic
of Korea.

Ethical Approval: Not applicable.

Consent to Participate: Not applicable.

Consent to Publish: Not applicable.

Availability of Data and Materials: Not applicable.

Acknowledgements: None.

Conflicts of Interest: No potential conflict of interest
relevant to this article was reported.

75



J Anim Reprod Biotechnol Vol. 38, No. 2, June 2023

REFERENCES

Abeydeera LR and Day BN. 1997. In vitro penetration of pig
oocytes in a modified Tris-buffered medium: effect of BSA,
caffeine and calcium. Theriogenology 48:537-544.

Almifana C, Gil MA, Cuello C, Roca J, Vazquez JM, Rodriguez-
Martinez H, Martinez EA. 2005. Adjustments in IVF system
for individual boars: value of additives and time of sperm-
oocyte co-incubation. Theriogenology 64:1783-1796.

Coy P, Martinez E, Ruiz S, Vazquez JM, Roca J, Matas C. 1993.
Sperm concentration influences fertilization and male pro-
nuclear formation in vitro in pigs. Theriogenology 40:539-
546.

Dirnfeld M, Bider D, Koifman M, Calderon I, Abramovici H.
1999. Shortened exposure of oocytes to spermatozoa im-
proves in-vitro fertilization outcome: a prospective, ran-
domized, controlled study. Hum. Reprod. 14:2562-2564.

Gil MA, Roca J, Cremades T, Herndndez M, Vazquez JM, Ro-
driguez-Martinez H, Martinez EA. 2005. Does multivariate
analysis of post-thaw sperm characteristics accurately esti-
mate in vitro fertility of boar individual ejaculates? Therio-
genology 64:305-316.

Gil MA, Ruiz M, Vazquez JM, Roca J, Day BN, Martinez EA.
2004. Effect of short periods of sperm-oocyte coincubation
during in vitro fertilization on embryo development in pigs.
Theriogenology 62:544-552.

Han YM, Abeydeera LR, Kim JH, Moon HB, Cabot RA, Day BN,
Prather RS. 1999. Growth retardation of inner cell mass cells
in polyspermic porcine embryos produced in vitro. Biol. Re-
prod. 60:1110-1113.

Henkel RR and Schill WB. 2003. Sperm preparation for ART. Re-
prod. Biol. Endocrinol. 1:10.

Hunter RH. 1990. Fertilization of pig eggs in vivo and in vitro. J.
Reprod. Fertil. Suppl. 40:211-226.

Hunter RH. 1991. Oviduct function in pigs, with particular ref-
erence to the pathological condition of polyspermy. Mol.
Reprod. Dev. 29:385-391.

Jeong BS and Yang X. 2001. Cysteine, glutathione, and Percoll
treatments improve porcine oocyte maturation and fertiliza-
tion in vitro. Mol. Reprod. Dev. 59:330-335.

Jeon Y, Yoon ]JD, Cai L, Hwang SU, Kim E, Lee E, Jeung EB,
Hyun SH. 2015. Effect of zinc on in vitro development of
porcine embryos. Theriogenology 84:531-537.

Koo DB, Kim Y], Yu I, Kim HN, Lee KK, Han YM. 2005. Effects of
in vitro fertilization conditions on preimplantation develop-
ment and quality of pig embryos. Anim. Reprod. Sci. 90:101-
110.

76

Kwon J, Jo Y], Yoon SB, You HJ, Youn C, Kim Y, Lee J, Kim NH,
Kim JS. 2022. M6A reader hnRNPA2/B1 is essential for por-
cine embryo development via gene expression regulation. J.
Anim. Reprod. Biotechnol. 37:121-129.

Le Bras A, Hesters L, Gallot V, Tallet C, Tachdjian G, Frydman N.
2017. Shortening gametes co-incubation time improves live
birth rate for couples with a history of fragmented embryos.
Syst. Biol. Reprod. Med. 63:331-337.

Machaty Z, Day BN, Prather RS. 1998. Development of early
porcine embryos in vitro and in vivo. Biol. Reprod. 59:451-
455.

Mahé C, Zlotkowska AM, Reynaud K, Tsikis G, Mermillod P,
Druart X, Schoen J, Saint-Dizier M. 2021. Sperm migration,
selection, survival, and fertilizing ability in the mammalian
oviductt. Biol. Reprod. 105:317-331.

Marchal R, Feugang JM, Perreau C, Venturi E, Terqui M, Mer-
millod P. 2001. Meiotic and developmental competence of
prepubertal and adult swine oocytes. Theriogenology 56:17-
29.

Marchal R, Pelédez J, Terqui M, Mermillod P. 2002. Effect of
sperm survival and CTC staining pattern on in vitro fertiliza-
tion of porcine oocytes. Theriogenology 57:1917-1927.

Matés C, Coy P, Romar R, Marco M, Gadea J, Ruiz S. 2003. Effect
of sperm preparation method on in vitro fertilization in pigs.
Reproduction 125:133-141.

Palomo M]J, Izquierdo D, Mogas T, Paramio MT. 1999. Effect of
semen preparation on IVF of prepubertal goat oocytes. The-
riogenology 51:927-940.

Parrish JJ, Krogenaes A, Susko-Parrish JL. 1995. Effect of bovine
sperm separation by either swim-up or Percoll method on
success of in vitro fertilization and early embryonic develop-
ment. Theriogenology 44:859-869.

Reed ML. 2012. Culture systems: embryo density. Methods
Mol. Biol. 912:273-312.

Rodriguez-Martinez H, Larsson B, Pertoft H. 1997. Evaluation
of sperm damage and techniques for sperm clean-up. Re-
prod. Fertil. Dev. 9:297-308.

Romar R, Canovas S, Matés C, Gadea J, Coy P. 2019. Pig in vitro
fertilization: where are we and where do we go? Therio-
genology 137:113-121.

Sananmuang T, Tharasanit T, Nguyen C, Phutikanit N, Techa-
kumphu M. 2011. Culture medium and embryo density in-
fluence on developmental competence and gene expression
of cat embryos. Theriogenology 75:1708-1719.

Zhou D, Niu Y, Cui XS. 2020. M-RAS regulate CDH1 function in
blastomere compaction during porcine embryonic develop-
ment. J. Anim. Reprod. Biotechnol. 35:12-20.


https://doi.org/10.12750/JARB.35.1.12
https://doi.org/10.12750/JARB.35.1.12
https://doi.org/10.12750/JARB.35.1.12



