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Abstract

Male pronucleus (MPN) formation is a very important physiological event during fer-

tilization, which affects in vitro production of transferrable embryos. The aim of this

study was to find out the correlation between the number of penetrated sperm and

the occurrence of failure of MPN formation in porcine oocytes. In vitro matured por-

cine oocytes were fertilized in vitro with frozen epididymal sperm. Two different

frozen sperm lots were tested in this study, which were different in terms of poly-

spermy rates. The numbers and the status of penetrated sperm in oocytes were

evaluated 10 h after insemination. Under high polyspermy condition, the polyspermy

rate was 83.5% with an average mean of 3.5 sperms per penetrated oocyte, whereas

the percentage of polyspermy was 65.5% with an average mean of 2.4 sperms per

penetrated oocyte under moderate polyspermic condition. Correlation analysis

revealed a negative correlation between the number of penetrated sperm and their

MPN formation percentage both in the sperm lot of high polyspermy (R = �0.560,

p < 0.05) and in the sperm lot of moderate polyspermy (R = �0.405, p < 0.05) which

suggests that penetration of excessive spermatozoa disables the oocyte cytoplasm to

promote MPN formation.
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1 | INTRODUCTION

In vitro fertilization (IVF) is an important technology for the utiliza-

tion of sperm cryopreserved in livestock gene banks (Kikuchi

et al., 2016). Besides this, IVF is a basic technology that enables the

production of embryos in a large amount, which can be used for

embryonic development research. However, polyspermy (penetra-

tion of the oocyte with more than one spermatozoon) is present in

most mammalian IVF systems. Polyspermy occurs in relatively low

frequencies in human (Kola et al., 1987; Rudak et al., 1984) and

cattle (Iwasaki et al., 1989, 1992). However, in pigs, it is still a major

problem causing abnormal chromosome numbers in embryos

(Abeydeera & Day, 1997b; Grupen, 2014; Koo et al., 2005; Nagai

et al., 2006). Although most embryos with of chromosomal abnor-

mality fail to develop to term (Causio et al., 2002; Plachot, 1989;

Yoshizawa, 2003), some polyspermic zygotes can develop to diploid

embryos (Somfai et al., 2008) and even to live piglets (Han

et al., 1999). Several different mechanisms to repair the chromo-

some status after polyspermic fertilization have been suggested

(Funahashi, 2003; Han et al., 1999); however, experimental evidence
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to prove these mechanisms is still lacking. In fact, we still have

limited knowledge on the cytoplasmic mechanisms that occur in

oocytes after polyspermic fertilization. The aim of the present study

was to clarify if the number of penetrated spermatozoa affects the

ability of the oocyte cytoplasm to promote male pronucleus (MPN)

formation. To do so, we performed IVF of porcine oocytes in both

highly and moderately polyspermic systems established earlier

(Nguyen et al., 2020) and analyzed the correlation between the

number of penetrated spermatozoa and the frequency of MPN

formation in individual oocytes.

2 | MATERIALS AND METHODS

2.1 | Oocyte collection and in vitro maturation

The ovaries were collected from prepubertal crossbred gilts

(Landrace � Large White � Duroc) at a local slaughterhouse and car-

ried to the laboratory in Dulbecco’s phosphate-buffered saline (PBS)

(Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) at 35–37�C within 1 h.

Cumulus–oocyte complexes (COCs) were collected from follicles

3–6 mm in diameter in collection medium consisting of Medium

199 (with Hanks’ salts; Sigma Chemical Co., St. Louis, MO, USA) sup-

plemented with 10% fetal bovine serum (Gibco; Invitrogen Corp.,

Carlsbad, CA, USA), 20-mM HEPES (Dojindo Laboratories, Kumamoto,

Japan), and antibiotics (100-U/ml penicillin G potassium [Sigma] and

0.1-mg/ml streptomycin sulfate [Sigma]). In vitro maturation (IVM) of

oocytes was carried out as reported previously (Kikuchi et al., 1999).

In brief, about 50 COCs were cultured in each 500-μl aliquot of

maturation medium, which was a modified North Carolina State

University (NCSU)-37 solution (Petters & Wells, 1993) containing

10% (v/v) porcine follicular fluid, 0.6-mM cysteine (Sigma), 50-mM

β-mercaptoethanol (Axon Medchem, Groningen, the Netherlands),

1-mM dibutyryl cyclic adenosine 30,50-monophosphate (dbcAMP;

Sigma), 10-IU/ml equine chorionic gonadotropin (Setrotropin; ASKA

Pharmaceutical Co., Ltd., Tokyo, Japan), and 10-IU/ml human chori-

onic gonadotropin (Gonatropin; ASKA) in four-well dishes (Nunclon

Multidishes; Thermo Scientific, Waltham, MA, USA) for 22 h in an

atmosphere of 5% CO2, 5% O2, and 90% N2 at 38.5�C. The COCs

were subsequently cultured in the maturation medium without

dbcAMP and hormones for an additional 24 h under the same

atmosphere.

2.2 | IVF and in vitro culture

Oocytes were in vitro fertilized according to the two-step IVF

method reported by Grupen and Nottle (2000) with some modifi-

cations (Nguyen et al., 2020). Excess layers of cumulus cells were

removed from oocytes after a 30-s treatment with 0.1% (w/v)

hyaluronidase in oocyte collection medium leaving only the corona

radiata on the zona pellucida. The medium used for IVF was a

modified Pig-FM medium (Suzuki et al., 2002) containing 10-mM

HEPES, 2-mM caffeine, and 5-mg/ml BSA. The oocytes were

washed three times in IVF medium. They were then transferred

into 90-μl IVF droplets (approximately 20 oocytes in each droplet)

covered by paraffin oil (Paraffin Liquid; Nacalai Tesque). Frozen–

thawed epididymal spermatozoa from each of two Meishan boars

were preincubated at 38.5�C in Medium 199 (with Earle’s salts,

Gibco, pH adjusted to 7.8) for 15 min (Kikuchi et al., 1998). To

obtain the final sperm concentration (1 � 105 sperms/ml), 10 μl of

the sperm suspension was introduced into the IVF medium con-

taining oocytes and coincubated for 30 min at 38.5�C under 5%

CO2, 5% O2, and 90% N2. The oocytes with the attached sperma-

tozoa were then transferred to a second droplet of the IVF

medium containing no sperm and subsequently incubated for 3 h.

At the end of IVF, spermatozoa were removed from the surface of

zona pellucida by gentle pipetting with a fine glass pipette. Embryo

culture was performed in 500-μl drops of NCSU-37 medium con-

taining 4-mg/ml BSA and 50-mM β-mercaptoethanol supplemented

with 0.17-mM sodium pyruvate and 2.73-mM sodium lactate

(Kikuchi et al., 2002) in four-well dishes in an atmosphere of 5%

CO2, 5% O2, and 90% N2 at 39�C for 10 h.

2.3 | Evaluation of the number and status of
fertilizing sperm in putative zygotes

The putative zygotes were fixed 10 h after IVF in a mixture of acetic

acid ethanol 99.5% (v/v) (1:3) for at least 3 days, stained with 1%

aceto-orcein (Sigma), and examined for sperm penetration and the

status of penetrating sperm head under a phase-contrast microscope.

Sperm head was classified as MPN, condensed sperm head (CSH), and

enlarged sperm head (ESH) based on their morphological appearance

(Figure 1).

2.4 | Experiment design

The oocytes after IVM for 46 h were fertilized with each of the two

frozen sperm lots of different boars, which were earlier characterized

by moderate and high polyspermy (Nguyen et al., 2020). The putative

zygotes derived under moderate and high polyspermic conditions

were fixed separately at 10 h after IVF for examining the number and

status of fertilizing sperm in each oocyte. For each penetrated oocyte,

the numbers of total fertilizing spermatozoa and the MPN formation

were recorded.

2.5 | Statistical analysis

Percentages of polyspermic fertilization and mean numbers of sperms

per penetrated oocyte were compared between sperm samples of

high and moderate polyspermy by t test after arcsine transformation.

Results are presented as mean � SEM. The correlation between the

total number of fertilizing sperm and the percentage of MPN
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formation from total penetrating sperm was analyzed in a total of

383 oocytes in 15 replications under high polyspermic condition and

in a total of 73 oocytes in three replications under moderate poly-

spermic condition by linear correlation analysis using the KyPlot 5.0

software (KyensLab Inc., Tokyo, Japan). A value of p < 0.05 was con-

sidered statistically significant.

3 | RESULTS

Representative figures of monospermic and polyspermic fertilization

are shown in Figure 1. Overall polyspermy rates and sperm numbers

per oocyte in moderate and high polyspermic conditions are shown in

Table 1. The polyspermy rate and the average mean of sperm pene-

trated into an oocyte in high polyspermy condition (83.5 � 3.6% and

3.5 � 0.1, respectively) were significantly higher than those of moder-

ate polyspermy (p < 0.05, 65.5 � 4.3% and 2.4 � 0.2, respectively).

Linear correlation analysis revealed a statistically significant negative

correlation between the total number of penetrating spermatozoa and

their percentage to form an MPN under both high and moderate

polyspermy conditions (Figure 2).

4 | DISCUSSION

The results of this study revealed that the more sperm penetrated the

oocytes, the less frequently they formed a normal pronucleus in por-

cine IVF, and this result was confirmed in two frozen/thawed sperm

samples, which were different in terms of the frequencies of poly-

spermic penetration.

Irrespective of the sperm used for IVF, in nearly all penetrated

oocytes, MPN formation was observed by 10 h after IVF; however, in

cases of excessive sperm penetration, some spermatozoa failed to

develop to MPN and remain at the enlarged or condensed state

(Figure 1c,d). The results revealed that the incidences of MPN forma-

tion failure increased dramatically in oocytes penetrated excess num-

ber (under moderate polyspermy more than three) of spermatozoa

(Figure 2).

One possible speculation for the cause of MPN formation failure

is simply the lack of time for late-penetrating spermatozoa because

late-fertilizing sperm might have less time to form pronucleus. How-

ever, it cannot be the case here because in this study, status of fertiliz-

ing sperm in oocyte cytoplasm was evaluated at 10 h after

fertilization whereas sperm and oocytes were coincubated for only

F I GU R E 1 Penetrated
oocytes at 10 h after in vitro
fertilization stained by orcein,
under a phase-contrast
microscope. The oocyte was
penetrated by (a) one, (b) two,
(c) three, and (d) five sperm(s).
When the oocytes were
penetrated by more than four
sperms, the ability of male
pronucleus formation decreased.
The arrow heads show MPN,
which is associated with a tail
(out of focus). The bold arrows
show female pronucleus, and thin
arrows show condense/enlarged
sperm head. The area of ooplasm
varies depending on the oocyte
(figure plate) depending on the
state of specimen preparation.
The scale bar represents 50 μm

T AB L E 1 Polyspermy rates with two different sperm samples

Sperm type No. of fertilized oocytes examined Polyspermy (%) No. of sperms per penetrated oocyte

High polyspermy 383 325 (83.5 � 3.6%)a 3.5 � 0.1a

Moderate polyspermy 73 48 (65.5 � 4.3%)b 2.4 � 0.2b

Note: Fifteen replications for high polyspermy condition and three replications for moderate polyspermy condition were carried out. Results with different

subscripts (a and b) are significantly different (p < 0.05). Data are presented as mean � SEM.
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30 min (thus, all fertilizing sperm had to finish attachment to oocytes

within this time frame), and in the present system, sperm penetration

into oocytes occurs within 3 h (Kikuchi et al., 2002, 2006). Further-

more, pronuclear formation in pigs is observed about 6 h after sperm

penetration (Abeydeera & Day, 1997a). This suggests that failure of

MPN formation might have occurred due to the lack of the ability of

oocyte cytoplasm to facilitate MPN formation for the excessive

fertilizing sperm.

Unlike the chromatin of somatic cells, the DNA in mammalian

spermatozoa is associated with a sperm-specific protein, protamine, in

a crystalline-like structure (McLay & Clarke, 2003). It makes the chro-

matin the most highly compacted in eukaryotes (McLay &

Clarke, 2003) and therefore “packageable” into the relatively small

head of the sperm (Jenkins & Carrell, 2012; Nakazawa et al., 2002).

After penetration into oocytes, the chromatin of porcine sperm

undergoes structural and morphological changes (chromatin remo-

deling) during which the compact (condensed) chromatin first enlarges

(decondenses) and then recondenses and forms a large membrane-

bound MPN (Jenkins & Carrell, 2012; Kikuchi et al., 2006;

Yanagimachi, 1994). This process is associated with the replacement

of protamine to histone (McLay & Clarke, 2003). These processes

require glutathione (GSH) and histone from the oocyte cytoplasm

(Jenkins & Carrell, 2012; Nakazawa et al., 2002; Shimada et al., 2000).

In porcine oocytes, GSH is accumulated in the cytoplasm during IVM

(Nagai, 2001) and insufficient cytoplasmic GSH levels were proven to

be associated with the failure of MPN formation (Yoshida, 1993;

Yoshida et al., 1993). During IVM, GSH is synthesized from cysteine

(Yoshida et al., 1993) and GSH accumulation in oocytes requires

cumulus cells attached to oocytes by gap junctions (Maedomari

et al., 2007). The cases for insufficient MPN formation in the present

study are likely to be caused by the failure of the oocyte cytoplasm to

facilitate MPN formation from excessively penetrating sperm. Never-

theless, it must be noted that in the present study, nearly all

(382/383) fertilized oocytes had at least one MPN. This was no sur-

prise because both cysteine and cumulus cells were given in the cur-

rent IVM system, which has been proven previously to be efficient to

promote MPN formation after IVF and even development to term

(Kikuchi et al., 2002). Based on the mentioned above, our results sug-

gest that to some extent, all oocytes could facilitate the formation of

at least one MPN; however, as the number of penetrating spermato-

zoa increased, some oocytes may have lost their ability to promote

MPN formation for the excessive penetrating sperm. It is possible that

excessive spermatozoa employ too much of the oocyte GSH and/or

histone for chromatin remodeling and the oocytes cannot provide

such material to promote MPN formation for some sperm heads. Fur-

ther studies will be needed to clarify this theory. Furthermore, the use

of the highly polyspermic condition revealed a great variation of

oocytes in terms of their ability to promote MPN formation when

penetrated by the same numbers of sperm. This suggests a variation

in the oocyte population in their ability to develop further after

polyspermic penetration.

In conclusion, our study suggests that the insufficient MPN for-

mation in polyspermic oocytes may be caused by the failure of the

oocyte to facilitate MPN formation from excess spermatozoa in cyto-

plasm. The negative correlation between the number of fertilizing

sperm and MPN formation ability of oocyte cytoplasm is revealed in

this study, which could be useful information to understand the devel-

opment of polyspermic embryos in future studies.

ACKNOWLEDGMENTS

Hiep Thi Nguyen is a recipient of a Monbukagakusho scholarship

from the Japanese Ministry of Education, Culture, Sports, Science

and Technology for foreign PhD students (2016–2020). The study

has been supported in part by Science and Technology Research

Partnership for Sustainable Development (SATREPS) (JPMJSA1404)

from the Japan Science and Technology Agency/Japan International

Cooperation Agency (JST/JICA) and also by Accelerating Social

Implementation for SDGs Achievement (aXis) (JPMJAS2006)

from JST.

CONFLICT OF INTERESTS

All authors declare no conflicts of interest.

ORCID

Thanh Quang Dang-Nguyen https://orcid.org/0000-0001-8176-

4827

Tamas Somfai https://orcid.org/0000-0002-4882-6878

F I GU R E 2 The correlation between the total number fertilizing
sperm and the success of male pronucleus (MPN) formation in an
in vitro fertilization system utilized under high and moderate

polyspermy conditions

4 of 6 NGUYEN ET AL.

 17400929, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/asj.13650 by Zhaw

 Zürcher H
ochschule Für, W

iley O
nline Library on [02/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://orcid.org/0000-0001-8176-4827
https://orcid.org/0000-0001-8176-4827
https://orcid.org/0000-0001-8176-4827
https://orcid.org/0000-0002-4882-6878
https://orcid.org/0000-0002-4882-6878


Hiroyuki Kaneko https://orcid.org/0000-0003-1829-3895

Kazuhiro Kikuchi https://orcid.org/0000-0002-7198-9237

REFERENCES

Abeydeera, L. R., & Day, B. N. (1997a). In vitro penetration of pig oocytes

in a modified Tris-buffered medium: Effect of BSA, caffeine and

calcium. Theriogenology, 48(4), 537–544. https://doi.org/10.1016/

S0093-691X(97)00270-7

Abeydeera, L. R., & Day, B. N. (1997b). Fertilization and subsequent devel-

opment in vitro of pig oocytes inseminated in a modified tris-

buffered medium with frozen-thawed ejaculated spermatozoa. Biol-

ogy of Reproduction, 57(4), 729–734. https://doi.org/10.1095/

biolreprod57.4.729

Causio, F., Fischetto, R., Sarcina, E., Geusa, S., & Tartagni, M. (2002). Chro-

mosome analysis of spontaneous abortions after in vitro fertilization

(IVF) and intracytoplasmic sperm injection (ICSI). European Journal of

Obstetrics & Gynecology and Reproductive Biology, 105(1), 44–48.
https://doi.org/10.1016/S0301-2115(02)00151-3

Funahashi, H. (2003). Polyspermic penetration in porcine IVM–IVF
systems. A review. Reproduction, Fertility and Development, 15(3),

167–177. https://doi.org/10.1071/RD0207

Grupen, C. G. (2014). The evolution of porcine embryo in vitro production.

Theriogenology, 81(1), 24–37. https://doi.org/10.1016/j.

theriogenology.2013.09.022

Grupen, C. G., & Nottle, M. B. (2000). A simple modification in the in vitro

fertilization procedure improved the efficiency of in vitro pig embryo

production. Theriogenology, 53, 422. (abst)

Han, Y. M., Wang, W. H., Abeydeera, L. R., Petersen, A. L., Kim, J. H.,

Murphy, C., Day, B. N., & Prather, R. S. (1999). Pronuclear location

before the first cell division determines ploidy of polyspermic pig

embryos. Biology of Reproduction, 61(5), 1340–1346. https://doi.org/
10.1095/biolreprod61.5.1340

Iwasaki, S., Hamano, S., Kuwayama, M., Yamashita, M., Ushijima, H.,

Nagaoka, S., & Nakahara, T. (1992). Developmental changes in the

incidence of chromosome anomalies of bovine embryos fertilized

in vitro. Journal of Experimental Zoology, 261(1), 70–85. https://doi.
org/10.1002/jez.1402610109

Iwasaki, S., Shioya, Y., Masuda, H., Hanada, A., & Nakahara, T. (1989). Inci-

dence of chromosomal anomalies in early bovine embryos derived

from in vitro fertilization. Gamete Research, 22(1), 83–91. https://doi.
org/10.1002/mrd.1120220109

Jenkins, T. G., & Carrell, D. T. (2012). Dynamic alterations in the paternal

epigenetic landscape following fertilization. Review article. Frontiers

in Genetics, 3, 143. https://doi.org/10.3389/fgene.2012.00143

Kikuchi, K., Kaneko, H., Nakai, M., Somfai, T., Kashiwazaki, N., & Nagai, T.

(2016). Contribution of in vitro systems to preservation and utiliza-

tion of porcine genetic resources. Theriogenology, 86(1), 170–175.
https://doi.org/10.1016/j.theriogenology.2016.04.029

Kikuchi, K., Kashiwazaki, N., Noguchi, J., Shimada, A., Takahashi, R.,

Hirabayashi, M., Shino, M., Ueda, M., & Kaneko, H. (1999). Develop-

mental competence, after transfer to recipients, of porcine oocytes

matured, fertilized, and cultured in vitro. Biology of Reproduction,

60(2), 336–340. https://doi.org/10.1095/biolreprod60.2.336
Kikuchi, K., Nagai, T., Kashiwazaki, N., Ikeda, H., Noguchi, J., Shimada, A.,

Soloy, E., & Kaneko, H. (1998). Cryopreservation and ensuing in vitro

fertilization ability of boar spermatozoa from epididymides stored at

4�C. Theriogenology, 50(4), 615–623. https://doi.org/10.1016/

S0093-691X(98)00166-6

Kikuchi, K., Nakai, M., Shimada, A., & Kashiwazaki, N. (2006). Production

of viable porcine embryos by in vitro fertilization (IVF) and

intracytoplasmic sperm injection (ICSI). Journal of Mammalian Ova

Research, 23(3), 96–106. https://doi.org/10.1274/jmor.23.96

Kikuchi, K., Onishi, A., Kashiwazaki, N., Iwamoto, M., Noguchi, J.,

Kaneko, H., Akita, T., & Nagai, T. (2002). Successful piglet production

after transfer of blastocysts produced by a modified in vitro system.

Biology of Reproduction, 66(4), 1033–1041. https://doi.org/10.1095/
biolreprod66.4.1033

Kola, I., Trounson, A., Dawson, G., & Rogers, P. (1987). Tripronuclear

human oocytes: Altered cleavage patterns and subsequent karyo-

typic analysis of embryos. Biology of Reproduction, 37(2), 395–401.
https://doi.org/10.1095/biolreprod37.2.395

Koo, D. B., Kim, Y. J., Yu, I., Kim, H. N., Lee, K. K., & Han, Y. M. (2005).

Effects of in vitro fertilization conditions on preimplantation devel-

opment and quality of pig embryos. Animal Reproduction Science,

90(1–2), 101–110. https://doi.org/10.1016/j.anireprosci.2005.

01.005

Maedomari, N., Kikuchi, K., Ozawa, M., Noguchi, J., Kaneko, H.,

Ohnuma, K., Nakai, M., Shino, M., Nagai, T., & Kashiwazaki, N.

(2007). Cytoplasmic glutathione regulated by cumulus cells during

porcine oocyte maturation affects fertilization and embryonic devel-

opment in vitro. Theriogenology, 67(5), 983–993. https://doi.org/10.
1016/j.theriogenology.2006.11.012

McLay, D. W., & Clarke, H. J. (2003). Remodelling the paternal chromatin

at fertilization in mammals. Reproduction, 125(5), 625–633. https://
doi.org/10.1530/rep.0.1250625

Nagai, T. (2001). The improvement of in vitro maturation systems for

bovine and porcine oocytes. Theriogenology, 55(6), 1291–1301.
https://doi.org/10.1016/S0093-691X(01)00483-6

Nagai, T., Funahashi, H., Yoshioka, K., & Kikuchi, K. (2006). Up date of

in vitro production of porcine embryos. Frontiers in Bioscience, 11(2),

2565–2573. https://doi.org/10.2741/1991
Nakazawa, Y., Shimada, A., Noguchi, J., Domeki, I., Kaneko, H., &

Kikuchi, K. (2002). Replacement of nuclear protein by histone in pig

sperm nuclei during in vitro fertilization. Reproduction, 124(4), 565–
572. https://doi.org/10.1530/rep.0.1240565

Nguyen, H. T., Dang-Nguyen, T. Q., Somfai, T., Men, N. T., Viet Linh, N.,

Xuan Nguyen, B., Noguchi, J., Kaneko, H., & Kikuchi, K. (2020). Selec-

tion based on morphological features of porcine embryos produced

by in vitro fertilization: Timing of early cleavages and the effect of

polyspermy. Animal Science Journal, 91, e13401. https://doi.org/10.

1111/asj.13401

Petters, R. M., & Wells, K. D. (1993). Culture of pig embryos. Journal of

Reproduction and Fertility. Supplement, 48, 61–73.
Plachot, M. (1989). Chromosome analysis of spontaneous abortions after

IVF. A European survey. Human Reproduction, 4(4), 425–429.
https://doi.org/10.1093/oxfordjournals.humrep.a136921

Rudak, E., Dor, J., Mashiach, S., Nebel, L., & Goldman, B. (1984). Chromo-

some analysis of multipronuclear human oocytes fertilized in vitro.

Fertility and Sterility, 41(4), 538–545. https://doi.org/10.1016/

s0015-0282(16)47774-5

Shimada, A., Kikuchi, K., Noguchi, J., Akama, K., Nakano, M., & Kaneko, H.

(2000). Protamine dissociation before decondensation of sperm

nuclei during in vitro fertilization of pig oocytes. Journal of Reproduc-

tion and Fertility, 120(2), 247–256. https://doi.org/10.1530/jrf.0.

1200247

Somfai, T., Ozawa, M., Noguchi, J., Kaneko, H., Karja, N. W., Fahrudin, M.,

Nakai, M., Maedomari, N., Dinnyés, A., Nagai, T., & Kikuchi, K.

(2008). In vitro development of polyspermic porcine oocytes: Rela-

tionship between early fragmentation and excessive number of

penetrating spermatozoa. Animal Reproduction Science, 107(1–2),
131–147. https://doi.org/10.1016/j.anireprosci.2007.06.025

Suzuki, K., Asano, A., Eriksson, B., Niwa, K., Nagai, T., & Rodriguez-

Martinez, H. (2002). Capacitation status and in vitro fertility of boar

spermatozoa: Effects of seminal plasma, cumulus-oocyte-complexes-

conditioned medium and hyaluronan. International Journal of

Andrology, 25(2), 84–93. https://doi.org/10.1046/j.1365-2605.2002.
00330.x

Yanagimachi, R. (1994). Mammalian fertilization. In E. Knobil & J. D. Neill

(Eds.), The physiology of reproduction (pp. 189–317). Raven Press Ltd.

NGUYEN ET AL. 5 of 6

 17400929, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/asj.13650 by Zhaw

 Zürcher H
ochschule Für, W

iley O
nline Library on [02/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://orcid.org/0000-0003-1829-3895
https://orcid.org/0000-0003-1829-3895
https://orcid.org/0000-0002-7198-9237
https://orcid.org/0000-0002-7198-9237
https://doi.org/10.1016/S0093-691X(97)00270-7
https://doi.org/10.1016/S0093-691X(97)00270-7
https://doi.org/10.1095/biolreprod57.4.729
https://doi.org/10.1095/biolreprod57.4.729
https://doi.org/10.1016/S0301-2115(02)00151-3
https://doi.org/10.1071/RD0207
https://doi.org/10.1016/j.theriogenology.2013.09.022
https://doi.org/10.1016/j.theriogenology.2013.09.022
https://doi.org/10.1095/biolreprod61.5.1340
https://doi.org/10.1095/biolreprod61.5.1340
https://doi.org/10.1002/jez.1402610109
https://doi.org/10.1002/jez.1402610109
https://doi.org/10.1002/mrd.1120220109
https://doi.org/10.1002/mrd.1120220109
https://doi.org/10.3389/fgene.2012.00143
https://doi.org/10.1016/j.theriogenology.2016.04.029
https://doi.org/10.1095/biolreprod60.2.336
https://doi.org/10.1016/S0093-691X(98)00166-6
https://doi.org/10.1016/S0093-691X(98)00166-6
https://doi.org/10.1274/jmor.23.96
https://doi.org/10.1095/biolreprod66.4.1033
https://doi.org/10.1095/biolreprod66.4.1033
https://doi.org/10.1095/biolreprod37.2.395
https://doi.org/10.1016/j.anireprosci.2005.01.005
https://doi.org/10.1016/j.anireprosci.2005.01.005
https://doi.org/10.1016/j.theriogenology.2006.11.012
https://doi.org/10.1016/j.theriogenology.2006.11.012
https://doi.org/10.1530/rep.0.1250625
https://doi.org/10.1530/rep.0.1250625
https://doi.org/10.1016/S0093-691X(01)00483-6
https://doi.org/10.2741/1991
https://doi.org/10.1530/rep.0.1240565
https://doi.org/10.1111/asj.13401
https://doi.org/10.1111/asj.13401
https://doi.org/10.1093/oxfordjournals.humrep.a136921
https://doi.org/10.1016/s0015-0282(16)47774-5
https://doi.org/10.1016/s0015-0282(16)47774-5
https://doi.org/10.1530/jrf.0.1200247
https://doi.org/10.1530/jrf.0.1200247
https://doi.org/10.1016/j.anireprosci.2007.06.025
https://doi.org/10.1046/j.1365-2605.2002.00330.x
https://doi.org/10.1046/j.1365-2605.2002.00330.x


Yoshida, M. (1993). Role of glutathione in the maturation and fertilization

of pig oocytes in vitro. Molecular Reproduction and Development,

35(1), 76–81. https://doi.org/10.1002/mrd.1080350113

Yoshida, M., Ishigaki, K., Nagai, T., Chikyu, M., & Pursel, V. G. (1993). Glu-

tathione concentration during maturation and after fertilization in pig

oocytes: Relevance to the ability of oocytes to form male pronucleus.

Biology of Reproduction, 49(1), 89–94. https://doi.org/10.1095/

biolreprod49.1.89

Yoshizawa, M. (2003). Chromosomal abnormalities and embryonic devel-

opment into the blastocyst stage in mammalian embryos derived

in vitro. A review. Journal of Mammalian Ova Research, 20(1), 7–15.
https://doi.org/10.1274/jmor.20.7

How to cite this article: Nguyen, H. T., Dang-Nguyen, T. Q.,

Somfai, T., Men, N. T., Beck-Woerner, B., Viet Linh, N., Xuan

Nguyen, B., Noguchi, J., Kaneko, H., & Kikuchi, K. (2021).

Excess polyspermy reduces the ability of porcine oocytes to

promote male pronuclear formation after in vitro fertilization.

Animal Science Journal, 92(1), e13650. https://doi.org/10.

1111/asj.13650

6 of 6 NGUYEN ET AL.

 17400929, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/asj.13650 by Zhaw

 Zürcher H
ochschule Für, W

iley O
nline Library on [02/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1002/mrd.1080350113
https://doi.org/10.1095/biolreprod49.1.89
https://doi.org/10.1095/biolreprod49.1.89
https://doi.org/10.1274/jmor.20.7
https://doi.org/10.1111/asj.13650
https://doi.org/10.1111/asj.13650

	Excess polyspermy reduces the ability of porcine oocytes to promote male pronuclear formation after in vitro fertilization
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Oocyte collection and in vitro maturation
	2.2  IVF and in vitro culture
	2.3  Evaluation of the number and status of fertilizing sperm in putative zygotes
	2.4  Experiment design
	2.5  Statistical analysis

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTERESTS
	REFERENCES


