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Abstract Enucleation is a crucial procedure for mam-
malian somatic cell nuclear transfer (SCNT), especially for
domestic animal cloning. Oocytes of domestic animals
such as pigs and cattle contain dark lipid droplets that
hinder localization and removal of the nucleus. Using an
oocyte enucleation technique that can obtain a high
enucleation rate but has minimal negative effects on the
reprogramming potential of oocyte for cloning is beneficial
for enhancing the outcome of SCNT. In this study, we
compared the pig cloning efficiency resulting from blind
aspiration-based (BA-B) enucleation and spindle imaging
system-assisted (SIS-A) enucleation, and compared the pig
SCNT success rate associated with BA-B enucleation and
blind aspiration plus post-enucleation staining-based
(BAPPS-B) enucleation. SIS-A enucleation achieved a
significantly higher oocyte enucleation success rate and
tended to obtain a higher in vivo full term development rate
of SCNT embryos than BA-B enucleation. BAPPS-B
enucleation also obtained significantly higher in vitro as
well as in vivo full term development efficiency of cloned
porcine embryos than BA-B enucleation. These data
indicate that SIS-A and BAPPS-B enucleation are better
approaches for pig SCNT than BA-B enucleation.
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1 Introduction

Enucleation is a key step for successful somatic cell
nuclear transfer (SCNT). It is important especially in the

cloning of domestic animals such as pigs and cattle,
because the oocytes of these species contain dark lipid
droplets, which hamper nucleus identification and
removal. Increasing the enucleation rate and minimizing
the detrimental effects of enucleation on the reprogram-
ming ability of enucleated oocytes can improve the success
rate of cloning.
Blind aspiration-based (BA-B) enucleation is a simple

mechanical technique commonly used in SCNT. This
method performs enucleation by removing a small volume
of cytoplasm that presumably contains the nucleus
adjacent to the first polar body[1,2]. This approach results
in an enucleation rate that varies widely among labora-
tories (40%–90%) depending on the skill and experience of
the operators; it is usually difficult to reach a high
enucleation rate due to “blind” localization of the
nucleus[2–5].
To increase enucleation efficiency, spindle imaging

system-assisted (SIS-A) enucleation has been used for
oocyte enucleation in pig, cattle and other species[6–13].
This method employs a polarized light microscope to
visualize the meiotic spindle-containing oocyte nucleus.
The SIS-A approach can achieve a high oocyte enucleation
rate (88%–100%) in several mammalian species[8,10,12,13]

and improve the in vitro development efficiency of cloned
embryos in pigs and cattle[6,7].
Fluorescence dye staining has also been used to localize

clearly the oocyte nucleus before enucleation[14,15]. This
method can be referred to as pre-enucleation staining-
assisted enucleation. Using this approach, oocytes can be
precisely and completely enucleated; however, prior to
enucleation, they suffer from prolonged ultraviolet (UV)
light exposure, which negatively affects the reprogram-
ming competence of enucleated oocytes[6,16–18]. To
minimize the damaging effect of UV light irradiation,
oocytes can be stained with fluorochrome after BA-B
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enucleation and then examined under UV light to quickly
discard non-enucleated or incompletely enucleated
oocytes. This method could be called BA plus post-
enucleation staining-based (BAPPS-B) enucleation. It not
only minimizes the detrimental effect of UV light by
shortening the exposure time of oocytes but also ensures
the identification of 100% enucleated oocytes for subse-
quent nuclear transfer.
Thus far, no study has compared the effects of the BA-B,

SIS-A and BAPPS-B enucleation on in vitro and in vivo
development rate of cloned porcine embryos. In this study,
pig SCNT embryos were produced through BA-B, SIS-A
and BAPPS-B enucleation, and the in vitro as well as in
vivo full term development efficiency between BA-B-
produced and SIS-A-produced and between BA-B-pro-
duced and BAPPS-B-produced pig SCNT embryos were
compared.

2 Materials and methods

2.1 BA-B enucleation

Matured oocyte was sucked firmly onto a holding pipette
(outer diameter = 100–120 µm, inner diameter =
20–30 µm) to ensure immobility. The enucleation pipette
(inner diameter = 15 µm) was inserted through the zona
pellucida. The first polar body and adjacent cytoplasm that
presumably contains all the chromosomes were aspirated
into the enucleation pipette, which was then withdrawn
from the oocyte.

2.2 SIS-A enucleation

Matured oocytes were placed individually in 10 µL
microdroplets covered with mineral oil on a glass Petri
dish. Meiotic spindle visualization was performed using
the Oosight Imaging System (CRI, Woburn, MA, USA).
Each oocyte was rotated with the help of two micropipettes
to set the meiotic spindle at 90°. Each oocyte was sucked
firmly onto a holding pipette (outer diameter =
100–120 µm, inner diameter = 20–30 µm) to ensure
immobility. The enucleation pipette (inner diameter =
15 µm) was inserted through the zona pellucida. The
second meiotic spindle with a positive signal of a white spot
was aspirated into the enucleation pipette under polarized
light microscopy and then withdrawn from the oocyte.

2.3 BAPPS-B enucleation

Each batch of oocytes enucleated by the BA-B procedure
described above was stained with 1 g$mL–1 DNA dye
Hoechst 33342 and examined under UV light irradiation
for less than 10 s. Non-enucleated or incompletely
enucleated oocytes with positive staining signal inside
the cytoplasm were immediately discarded.

2.4 Analysis of enucleation rates

Oocytes enucleated by the BA-B or SIS-A method were
stained with 1 mg$mL–1 DNA dye Hoechst 33342. Non-
enucleated and incompletely enucleated oocytes with
positive staining signal inside the cytoplasm were counted
under UV light for the calculation of enucleation rate.

2.5 SCNT

Porcine ovaries were purchased from a slaughterhouse
located in Guangzhou City, Guangdong Province, China.
Cumulus-oocyte complexes were aspirated from the
ovaries, matured in vitro for 42–44 h, then freed from
their cumulus cells by repeated pipetting in 0.10%
hyaluronidase. Only oocytes with an extruded first polar
body were selected for subsequent enucleation. About
500–600 matured oocytes derived from the same batch of
ovaries collected from the same slaughterhouse were
produced each time. In Experiment 1, half of the mature
oocytes were randomly selected and allocated to the BA-B
group, and the other half was allocated to the SIS-A group.
In Experiment 2, half of the mature oocytes were randomly
selected and allocated to the BA-B group, and the other
half was allocated to the BAPPS-B group. Matured
oocytes were enucleated by the BA-B, SIS-A or BAPPS-
B techniques described above. After enucleation, ear
fibroblasts derived from a 2-year old adult Duroc boar that
has a high breeding value were microinjected into the
perivitelline space of the enucleated oocytes. The oocyte-
donor cell complexes (for the BAPPS-B group) were
cultured in porcine zygote medium 3 (PZM3) at 39°C, 5%
CO2, 5% O2, 90% N2 and 100% humidity for 1.5 h. The
cell complexes were activated to fuse in a medium
containing 250 mmol$L–1 mannitol, 0.1 mmol$L–1

CaCl2$2H2O, 0.1 mmol$L–1 MgCl2$6H2O, 0.5 mmol$L–1

HEPES and 0.01% polyvinyl alcohol by two successive
DC pulses at 1.2 kv$cm–1 for 30 µs using an electrofusion
instrument (CF-150/B, Biological Laboratory Equipment
Maintenance and Service, Budapest, Hungary). The
activated cloned embryos were then cultured in PZM3
containing cytochalasin B (5 µg$mL–1) for 4 h. After the
post-activation treatment, the reconstructed embryos were
cultured in PZM3 at 39°C, 5% CO2, 7% O2, 88% N2 and
100% humidity.
Cloned embryos cultured for 22–24 h (at one to two cell

stages) were examined to remove dead embryos and
abnormally cleaved embryos with broken membrane. The
remaining normal cloned embryos were loaded into a
transparent transfer tube and kept in a portable incubator
(Minitube, Delavan, WI, USA) during transportation to the
farm where the recipient sows were housed. Yorkshire
sows in parities 2–5 with similar genetic background,
raised in a same pig farm under the same conditions and
exhibiting a naturally standing estrus within 40–42 h prior
to embryo transfer, were used as embryo recipients. The
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sows were anesthetized with an anesthetic consisting of
ketamine (25 mg$kg–1) and xylazine (1.1 mg$kg–1) for
induction and 3% of isoflurane for maintenance. The
ovaries and oviducts were exposed by cutting an incision
(about 7 cm) along the midline of the sow’s abdomen
between the last two pairs of teats. The cloned embryos in
0.1 mL culture medium were delivered directly into the
recipient oviduct using a 1-mL syringe attached to a
transparent transfer tube. The transfer tube was examined
subsequently under a microscope to ensure that all the
embryos were transferred. Two sows were used as embryo
recipients each time. In Experiment 1, one recipient
received embryos of the BA-B group and another received
embryos of the SIS-A group. In Experiment 2, one
recipient received embryos of the BA-B group and another
received embryos of the BAPPS-B group. Each recipient
sow received 200–230 cloned embryos.

2.6 Analysis of the in vitro development indexes of cloned
embryos

Activated cloned embryos were cultured in PZM3 at 39°C,
5% CO2, 7% O2, 88% N2 and 100% humidity. The time of
embryo activation was set as 0 h. The cleavage and
blastocyst rates of cultured embryos were assessed 24 and
168 h after activation, respectively. The total number of
cells of blastocysts was counted at 168 h by staining the
embryos with 1 mg$mL–1 DNA dye Hoechst 33342 and
viewing the cell nuclei under a fluorescence microscope.

2.7 Diagnosis of recipient pregnancy and delivery of cloned
piglets

The pregnancy status of the recipient sows was examined
by a B-mode ultrasound scanner (Wuxi Biomedical
Technology Co., Ltd., Wuxi, China) one month after
embryo transfer. If spontaneous farrowing did not occur
until gestation day 116, then the recipient sows were
injected with a prostaglandin analog (cloprostenol, 200 µg
per recipient) to induce delivery. If the recipients still did
not start to farrow 24 h after the injection, then Caesarean
section was performed to deliver the cloned piglets. The
total number of born cloned piglets was recorded.

2.8 Statistical analysis

To analyze the enucleation, cleavage, blastocyst, preg-
nancy and delivery rates of recipients and the development
rate of transferred cloned embryos, chi-square analysis and
Fisher’s exact test were performed to determine the

differences between the experimental groups. To analyze
the total number of cells per blastocyst between two means
(�SEM), t-test was used. Statistical significance was
determined when the P< 0.05. All the data were analyzed
by using SPSS software version 17 (IBM Corp, Armonk,
NY, USA).

3 Results

The SIS-A enucleation resulted in a significantly higher
oocyte enucleation success rate than BA-B enucleation
(95.0 vs. 83.1, P< 0.01; Table 1). However, cloned
porcine embryos produced by SIS-A and BA-B enuclea-
tion had similar in vitro development indexes, including
cleavage rates (74.6% vs. 76.3%), blastocyst rates (13.3%
vs. 18.3%) and total numbers of cells per blastocyst
(47�4.10 vs. 40�3.34; Table 2). Sows that received BA-
B-generated SCNT embryos exhibited the same pregnancy
rates (69.70% vs. 69.70%) and farrowing rates (42.42% vs.
42.42%) as sows that received SIS-A-generated SCNT
embryos (Table 3). The in vivo full term development
efficiency (total number of born cloned piglets/total
number of transferred cloned embryos) was not signifi-
cantly different between the BA-B and SIS-A embryos, but
there was an increased trend for SIS-A embryos (0.86% vs.
1.11%, P = 0.13).

Although BAPPS-B and BA-B embryos had similar
cleavage rates (72.3% vs. 76.0%) and blastocyst rates
(17.8% vs. 21.9%) in in vitro culture, the former has a
significantly higher total number of cells per blastocyst
than the latter (41�1.69 vs. 36�1.77, P< 0.05; Table 4).
Sows that received BAPPS-B embryos also had a
significantly higher farrowing rate than sows that received
BA-B embryos (48.4% vs. 22.6%, P< 0.05). However,
these two groups of recipient sows did not exhibit a
significant difference in pregnancy rates (67.7% vs.
58.1%). The in vivo full term development rate (total
number of born cloned piglets/total number of transferred
cloned embryos) of BAPPS-B embryos was significantly

Table 1 Comparison of the success rates of BA-B and SIS-A

enucleation

Enucleation
method

Number of manipulated/successfully
enucleated oocytes

Enucleation
rate/%

BA-B 384/319 83.07**

SIS-A 322/306 95.03**

Note: ** Significantly different at P< 0.01.

Table 2 Comparison of in vitro development rate of pig SCNT embryos generated by BA-B and SIS-A enucleation

Enucleation method SCNT embryos Cleaved/% Blastocysts/% Total number of cells per blastocyst

BA-B 240 183 (76.25) 44 (18.33) 40�3.34

SIS-A 279 208 (74.55) 37 (13.26) 47�4.10
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higher than for BA-B embryos (0.82% vs. 0.34%,
P< 0.01; Table 5).

4 Discussion

Previous studies have shown that SIS-A enucleation has no
detrimental effect on the developmental competence of
enucleated oocytes[11,19–21] and that this method can obtain
a higher number of successfully enucleated pig oocytes
and a higher development rate for cloned pig embryos than
BA-B enucleation[7,22]. The results of the current study
also indicated that SIS-A enucleation achieves a higher
number of successfully enucleated oocytes and tends to
produce a higher in vivo SCNT embryo development rate
than BA-B enucleation. These results suggest that SIS-A
enucleation is a better approach for pig SCNT than BA-B
enucleation.
The findings from this study further demonstrated that in

vitro development capacity as well as in vivo full term
development rate of pig SCNT embryos produced via
BAPPS-B enucleation are significantly higher than those
of pig SCNT embryos produced via BA-B enucleation.
This result indicates that BAPPS-B enucleation can
enhance pig cloning efficiency more effectively than BA-
B enucleation. The difference in the cloning efficiency
between BAPPS-B and BA-B enucleation can be attrib-
uted to the difference in the oocyte enucleation success
rates of these two techniques. BAPPS-B enucleation can
ensure the production of 100% enucleated oocytes for
subsequent SCNT, which BA-B enucleation cannot
achieve. The BAPPS-B enucleation used in this study
only requires less than 10 s of UV irradiation of oocytes.

Exposure of oocytes under UV light for less than 10–15 s
did not affect the development potential of rabbit and
bovine reconstructed embryos[23,24], whereas the exposure
of rabbit oocytes or mouse zygotes to UV irradiation for
20–30 s reduced their viability[24,25]. Therefore, the short
UV exposure time used in BAPPS-B enucleation in this
study probably has no negative effect on the development
of cloned porcine embryos.

5 Conclusions

In summary, SIS-A enucleation is a better method for pig
SCNT than BA-B enucleation because it gives a higher
oocyte enucleation success rate and tends to improve in
vivo development rate of pig SCNT embryos compared to
BA-B enucleation. BAPPS-B enucleation is also a better
method for pig cloning than BA-B enucleation because it
enhances in vitro as well as in vivo development efficiency
of cloned porcine embryos compared with BA-B enuclea-
tion.
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Table 3 Comparison of in vivo development rate of pig SCNT embryos generated by the BA-B and SIS-A enucleation

Enucleation
method

Total number of
transferred SCNT embryos

Total number/pregnant/farrowed
recipients

Pregnancy/farrowing
rate/%

Total number of cloned
piglets born

Development
rate/%

BA-B 7469 33/23/14 69.70/42.42 64 0.86

SIS-A 6779 33/23/14 69.70/42.42 75 1.11*

Table 4 Comparison of in vitro development rate of pig SCNT embryos generated by the BA-B and BAPPS-B enucleation

Enucleation method SCNT embryos Cleaved/% Blastocysts/% Total number of cells per blastocyst

BA-B 429 326 (75.99) 94 (21.91) 36�1.77*

BAPPS-B 501 362 (72.26) 89 (17.76) 41�1.69*

Note: * Significantly different at P< 0.05.

Table 5 Comparison of in vivo development rate of pig SCNT embryos generated by the BA-B an BAPPS-B enucleation

Enucleation
method

Number of manipulated
/successfully enucleated oocytes

Total number of trans-
ferred SCNT embryos

Total number/pregnant
/farrowed recipients

Pregnancy/farrowing
rate/%

Total number of born
cloned piglets

Development
rate/%

BA-B 8023/not determined 7038 31/18/7 58.06/22.58* 24 0.34**

BAPPS-B 9049/7234 6735 31/21/15 67.74/48.39* 55 0.82**

Note: * Significantly different at P< 0.05; ** Significantly different at P< 0.01.

64 Front. Agr. Sci. Eng. 2019, 6(1): 61–65



References

1. McGrath J, Solter D. Nuclear transplantation in the mouse embryo

by microsurgery and cell fusion. Science, 1983, 220(4603): 1300–

1302

2. Prather R S, Sims M M, First N L. Nuclear transplantation in early

pig embryos. Biology of Reproduction, 1989, 41(3): 414–418

3. Dominko T, Chan A, Simerly C, Luetjens C M, Hewitson L,

Martinovich C, Schatten G. Dynamic imaging of the metaphase II

spindle and maternal chromosomesin bovine oocytes: implications

for enucleation efficiency verification, avoidance of parthenogen-

esis, and successful embryogenesis. Biology of Reproduction, 2000,

62(1): 150–154

4. Tani T, Shimada H, Kato Y, Tsunoda Y. Demecolcine-assisted

enucleation for bovine cloning. Cloning and Stem Cells, 2006, 8(1):

61–66

5. Jeon B G, Betts D H, King W A, Rho G J. In vitro developmental

potential of nuclear transfer embryos cloned with enucleation

methods using pre-denuded bovine oocytes. Reproduction in

Domestic Animals, 2011, 46(6): 1035–1042

6. Kim E Y, Park M J, Park H Y, Noh E J, Noh E H, Park K S, Lee J B,

Jeong C J, Riu K Z, Park S P. Improved cloning efficiency and

developmental potential in bovine somatic cell nuclear transfer with

the oosight imaging system. Cellular Reprogramming, 2012, 14(4):

305–311

7. Li Y, Liu J, Dai J, Xing F, Fang Z, Zhang T, Shi Z, Zhang D, Chen

X. Production of cloned miniature pigs by enucleation using the

spindle view system. Annual meeting of Chinese experimental

animal science. 2010, 45(4): 608–613

8. Liu L, Oldenbourg R, Trimarchi J R, Keefe D L. A reliable,

noninvasive technique for spindle imaging and enucleation of

mammalian oocytes. Nature Biotechnology, 2000, 18(2): 223–225

9. Caamaño J N, Maside C, Gil M A, Muñoz M, Cuello C, Díez C,

Sánchez-Osorio J R, Martín D, Gomis J, Vazquez J M, Roca J,

Carrocera S, Martinez E A, Gómez E. Use of polarized light

microscopy in porcine reproductive technologies. Theriogenology,

2011, 76(4): 669–677

10. Chen N, Liow S L, Abdullah R B, EmbongWKW, Yip WY, Tan L

G, Tong G Q, Ng S C. Somatic cell nuclear transfer using

transported in vitro-matured oocytes in cynomolgus monkey.

Zygote, 2007, 15(1): 25–33

11. Caamaño J N, Muñoz M, Diez C, Gómez E. Polarized light

microscopy in mammalian oocytes. Reproduction in Domestic

Animals, 2010, 45(S2): 49–56

12. Byrne J A, Pedersen D A, Clepper L L, Nelson M, Sanger W G,

Gokhale S, Wolf D P, Mitalipov S M. Producing primate embryonic

stem cells by somatic cell nuclear transfer. Nature, 2007, 450(7169):

497–502

13. Mitalipov S M, Zhou Q, Byrne J A, Ji W Z, Norgren R B, Wolf D P.

Reprogramming following somatic cell nuclear transfer in primates

is dependent upon nuclear remodeling. Human Reproduction, 2007,

22(8): 2232–2242

14. Critser E S, First N L. Use of a fluorescent stain for visualization of

nuclear material in living oocytes and early embryos. Stain

Technology, 1986, 61(1): 1–5

15. Smith L C. Membrane and intracellular effects of ultraviolet

irradiation with Hoechst 33342 on bovine secondary oocytes

matured in vitro. Journal of Reproduction and Fertility, 1993, 99

(1): 39–44

16. Gil M A, Maside C, Cuello C, Parrilla I, Vazquez J M, Roca J,

Martinez E A. Effects of Hoechst 33342 staining and ultraviolet

irradiation on mitochondrial distribution and DNA copy number in

porcine oocytes and preimplantation embryos. Molecular Repro-

duction and Development, 2012, 79(9): 651–663

17. Iuso D, Czernik M, Zacchini F, Ptak G, Loi P. A simplified approach

for oocyte enucleation in mammalian cloning. Cellular Reprogram-

ming, 2013, 15(6): 490–494

18. Maside C, Gil M A, Cuello C, Sanchez-Osorio J, Parrilla I, Lucas X,

Caamaño J N, Vazquez J M, Roca J, Martinez E A. Effects of

Hoechst 33342 staining and ultraviolet irradiation on the develop-

mental competence of in vitro-matured porcine oocytes. Therio-

genology, 2011, 76(9): 1667–1675

19. Gomez E, Diez C, Munoz M, Martin D, Carrocera S, Caamano J N.

Effects of polarized light Microscopy on the viability of in vitro

matured bovine oocytes. 1st Joint International Meeting, 2008, 64–

65

20. Molina I, Muñoz M, Díez C, Gómez E, Martínez E A, Martín D,

Trigal B, Carrocera S, Gil M A, Sánchezosorio J, Caamaño J N. 351

polarized light microscopy: detection of microtubules and its effects

on the viability of in vitro-matured porcine oocytes. Reproduction,

Fertility, and Development, 2009, 22(1): 332–332

21. Navarro P A, Liu L, Trimarchi J R, Ferriani R A, Keefe D L.

Noninvasive imaging of spindle dynamics during mammalian

oocyte activation. Fertility and Sterility, 2005, 83(4 S1): 1197–

1205

22. Yang Y, Dai J J, Zhang T Y, Wu H L, Chen X J, Zhang D F, Ma H

D. Application of spindle-view in the enucleation porcine of

oocytes. Chinese Journal of Biotechnology, 2007, 23(6): 1140–1145

23. Westhusin M E, Levanduski M J, Scarborough R, Looney C R,

Bondioli K R. Viable embryos and normal calves after nuclear

transfer into Hoechst stained enucleated demi-oocytes of cows.

Journal of Reproduction and Fertility, 1992, 95(2): 475–480

24. Yang X, Zhang L, Kovács A, Tobback C, Foote R H. Potential of

hypertonic medium treatment for embryo micromanipulation: II.

Assessment of nuclear transplantation methodology, isolation,

subzona insertion, and electrofusion of blastomeres to intact or

functionally enucleated oocytes in rabbits. Molecular Reproduction

and Development, 1990, 27(2): 118–129

25. Tsunoda Y, Shioda Y, Onodera M, Nakamura K, Uchida T.

Differential sensitivity of mouse pronuclei and zygote cytoplasm to

Hoechst staining and ultraviolet irradiation. Journal of Reproduc-

tion and Fertility, 1988, 82(1): 173–178

Chengcheng ZHAO et al. Effects of enucleation method on cloned pig embryo development 65


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25


