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Abstract

Apoptosis plays an important role in preimplantation embryonic development. Investigating mechanisms of apoptosis can provide
useful information for obtaining high-quality embryos and help to improve cloning efficiency. Here, we investigated the incidence of
blastomere apoptosis in transgenic blastocysts generated by somatic cell nuclear transfer (SCNT) and recloning using a terminal deoxy-
nucleotidyl transferase-mediated d-UTP nick end-labeling (TUNEL) assay. Transgenic recloned embryos were the second generation
SCNT embryos derived from the somatic cells of a transgenic SCNT calf. The blastocyst rate of transgenic SCNT embryos was lower
than that of nontransgenic SCNT embryos. The incidence of apoptosis in transgenic SCNT embryos was higher than that of nontrans-
genic SCNT embryos. The blastocyst rate and the incidence of apoptosis in transgenic recloned embryos were similar to nontransgenic
SCNT embryos. The process of donor cell transfection and drug selection may decrease the developmental capacity of transgenic SCNT
embryos. Serial cloning did not influence the developmental capacity of transgenic recloned embryos.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Somatic cell nuclear transfer (SCNT) has been success-
fully used to generate transgenic calves since the birth of
‘‘Dolly” the sheep. SCNT combined with gene modification
techniques of somatic cells provides a cell-mediated, cost
effective and time effective method of producing transgenic
animals. This cutting-edge technology is superior to other
traditional methods (e.g. pronuclear microinjection), and
can overcome problems of low efficiency in transgenic live-
stock production using conventional pronuclear DNA
microinjection [1–3]. However, the process of gene transfec-
tion in somatic donor cells may decrease cloning efficiency
[4,5].

Blastocysts that appear healthy at stereomicroscopy may
have subcellular defects. Terminal deoxynucleotidyl trans-
ferase-mediated d-UTP nick end-labeling (TUNEL), which
allows the analysis of apoptosis in fragmented mammalian
embryonic blastomeres, is a new method for evaluating via-
ble embryos [6]. Apoptosis is regarded as self-directed cell
death that is based on a genetic mechanism. The major char-
acteristics of apoptosis include cell shrinkage, chromatin
condensation, DNA fragmentation, apoptotic body forma-
tion, and phagocytosis of the apoptotic body [7]. The most
important function of apoptosis during preimplantation
development is the elimination of blastomeres with abnor-
mal, detrimental and superfluous potential cells [8]. The
index of apoptosis is an important parameter measuring
blastocyst quality and viability [9,10]. Apoptosis has been
assayed in several mammalian blastocysts using TUNEL,
which is influenced by suboptimal developmental conditions
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and stress, but mainly in in vitro fertilized (IVF) and parthe-
nogenetic embryos [11–14].

Apoptosis is known to occur in SCNT embryos where
the DNA-fragmented nucleus index is negatively correlated
with the total number of cells in nuclear transfer (NT) blas-
tocysts, but this relationship has not been observed in IVF
blastocysts [15]. To generate transgenic animals by SCNT,
long-term culture in vitro is required during donor cell
transfection and drug selection. The long-term culture of
donor cells increases the incidence of apoptosis in bovine
SCNT embryos but does not affect the developmental com-
petence and the cell number of blastocysts [16]. It has been
reported that donor cell transfection and drug selection
have a possible negative gene effect in transgenic embryos
[17]. The results indicated that an increase in the number
of apoptotic cells might be related to high embryonic loss
and low birth rates of SCNT or transgenic cloned embryos
after transfer.

Transgenic calves with the transfected gene expressed in
galactophore are produced by nuclear transfer (NT).
Expression of the transfected gene and protein function
in galactophore can be assessed after galactia. The selection
of transgenic calves with desired genotype is a long and
costly process via NT. Therefore, after the transgenic
cloned calves are obtained, serial cloning may be a more
efficient method for producing additional transgenic calves.
Here, the vector (pCE-EGFP-Ires-Neo-dNdB) was transfec-
ted into donor fibroblasts to produce a cloned transgenic
calf. Subsequently, somatic cells of the transgenic SCNT
calf were used as donor cells to produce a recloned trans-
genic calf by NT. To assess the effect of gene transfection
and recloning on the developmental competence of preim-
plantation SCNT embryos, apoptosis in transgenic SCNT
and recloned blastocysts was investigated. Nontransgenic
SCNT embryos were used as controls. To date, there have
been no reports about the incidence of apoptosis in trans-
genic recloned blastocysts. Embryonic apoptosis may offer
suitable clues for obtaining high-quality SCNT embryos
and help to improve the efficiency of transgenic SCNT
and recloning in calves.

2. Materials and methods

2.1. Chemicals

Unless otherwise stated, chemicals were purchased from
Sigma–Aldrich Corporation (St. Louis, MO, USA).

2.2. Culture and preparation of somatic donor cells

Donor cells for transgenic recloned embryos were col-
lected from ear tissue biopsies of a one-year-old female
transgenic SCNT calf. Donor cells for transgenic and non-
transgenic SCNT embryos were collected from ear tissue
biopsies of a one-year-old female calf. The tissue biopsies
were cut into small pieces, washed in Ca2+ and Mg2+ free
DPBS, and subsequently cultured in a 25 cm2 tissue culture

flask containing 6 ml DMEM/F12 (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; Hyclone,
USA) at 37.5 �C in a 5% CO2 humidified atmosphere.
When the cells reached confluence after 6–7 days, they were
frozen at passage 2 in DMEM/F12 supplemented with 20%
FBS and 10% dimethylsulfoxide (DMSO) [18].

2.3. Cell transfection and selection

At passage 2–3, adult fibroblasts were suspended in
Hepes-buffered saline, mixed with the linearized vector
(pCE-EGFP-Ires-Neo-dNdB) (Fig. 1) and electroporated
in an electroporation cuvette (BTX, USA). After 48 h,
the cells were selected with G418 (Gibco, USA) for 14 days.
The G418-resistant colonies were isolated and cultured for
a further 4–5 passages. Before being used as donor cells for
SCNT, the cells were starved in culture medium supple-
mented with 0.5% FBS for 2–4 days [18].

2.4. In vitro maturation of oocytes

Bovine ovaries collected from a slaughterhouse were
transported to the laboratory within 4 h. Cumulus-oocyte
complexes (COCs) were aspirated from small antral folli-
cles 2–8 mm in diameter and washed three times in matura-
tion medium. A group of COCs with evenly-granulated
cytoplasm and enclosed by more than three layers of com-
pact cumulus cells was selected based on their morphology.
The COCs were cultured to maturation in one well of
0.5 ml TCM-199 supplemented with 10% FBS, 0.01 U/ml
FSH, 0.01 U/ml LH, 1 lg/ml 17ß-estradiol and 1% penicil-
lin/streptomycin (Life Technologies, USA) at 39 �C in a
humidified atmosphere of 5% CO2 for 18–20 h [18].

2.5. Reconstruction and in vitro culture of embryos

A single fibroblast cell was deposited into the perivitel-
line space of enucleated oocytes. The couples were fused

Fig. 1. Schematic presentation of the pCE-EGFP-Ires-Neo-dNdB vector.
CMV-IE enhancer, enhancer of the encephalomyocarditis virus; pEF321,
the human elongation factor 1a promoter; EGFP, enhanced green
fluorescent protein; IVS, synthetic intron; IRES, internal ribosome entry
site; Neor, neomycin resistance gene; poly A, SV40 early poly (A) signal.
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by two DC pulses of 2.5 kV/cm for 10 ls each at 1 s apart
in fusion medium comprising 0.26 M mannitol, 0.1 mM
MgSO4, 0.5 mM Hepes and 0.05% BSA. The fused
embryos were cultured for 1 h in CR1aa, and then acti-
vated in CR1aa containing 5 lM ionomycin for 4 min at
37 �C, followed by incubation for 4 h in CR1aa supple-
mented with 1.9 mM of 6-dimethylaminopurine (6-
DMAP). After activation, cloned embryos were cultured
in CR1aa medium containing 0.1% BSA in a humidified
atmosphere of 5% O2, 5% CO2 and 90% N2 for 2 days.
Cleaved embryos were then cultured in CR1aa supple-
mented with 5% FBS on cumulus cell monolayers in a
humidified atmosphere at 5% CO2 for an additional 5 days.
Apoptosis was detected using TUNEL assay on randomly
selected blastocysts [18].

2.6. TUNEL and confocal microscopy

Embryos were removed from embryo culture medium
and washed three times in PBS–PVP and fixed with 4%
paraformaldehyde solution for 2 h at room temperature.
Membranes were permeabilized with a solution of 0.5%
Triton X-100, 0.1% sodium citrate for 30 min at room tem-
perature. Fixed embryos were labeled with the TUNEL (In
Situ Cell Death Detection Kit, Roche, Mannheim, Ger-
many) reaction mixture for 1–2 h at 37 �C in the dark.
Embryos were incubated in RNase (50 lg/ml) for 1 h.
Labeled embryos were stained with 10 lg/ml PI for 7 min
at room temperature in the dark. Positive control embryos
were incubated in RNA free DNase (50 U/ml) at room
temperature for 1 h in the dark before TUNEL. The nega-
tive controls were incubated only with label solution for 1 h
at 37 �C in the dark, in the absence of the enzyme terminal
transferase. The labeled embryos were transferred to a slide
with 15 ll of mounting medium (antifade) and covered
with a coverslip. Red (PI) fluorescence indicated non-apop-
totic cells and yellow indicated apoptotic cells. The
embryos were subsequently subjected to confocal laser
scanning microscopy on a Leica TCS4D microscope (Leica

Laser Technik, GmbH, Heidelberg, Germany) using an
argon/krypton laser for detection of fluorescence in isothi-
ocyanate and PI (Fig. 2). For counting, the nuclei of the
trophoblast and ICM were labeled by differential staining,
and not used with the TUNEL reaction. The nuclei in the
trophoblast, and ICM of each blastocyst were scored using
reconstructed confocal image stacks, and an average value
was taken from repeated counts to reduce error [19].

2.7. Statistical analysis

Data of embryonic development in vitro were analyzed
using v2. Values of p < 0.05 were considered as significant
difference. Experiments were replicated at least ten times,
and random distribution of blastocysts was made in each
treatment group. The data were analyzed using SPSS
12.0 statistical software (SPSS Inc., Chicago, IL, USA).
The significant difference was analyzed by Ducan’s test.
The values of p < 0.05 were considered as significant
difference.

3. Results

3.1. In vitro development of SCNT embryos

As shown in Table 1, the blastocyst rate of transgenic
SCNT embryos was significantly lower than that of trans-
genic recloned and nontransgenic SCNT embryos. The
blastocyst rate of transgenic recloned embryos was similar
to that of nontransgenic SCNT embryos.

3.2. Mean cell number of SCNT blastocysts

As shown in Table 2, transgenic SCNT blastocysts were
similar to nontransgenic SCNT and transgenic recloned
blastocysts in total cell number, trophectoderm (TE) cell
number and inner cell mass (ICM) cell number. There
were no significant differences in ICM: total cell ratio of

Fig. 2. Detection of DNA fragmentation and nuclei in calf SCNT blastocysts by terminal deoxynucleotidyl transferase (TdT) nick end-labeling (TUNEL)
(green channel) and propidium iodide (red channel). Red color represents the nuclei of blastocyst cells stained by propidium iodide and yellow color
represents apoptotic nuclei labeled with TUNEL and propidium iodide. (a) Transgenic SCNT blastocysts; (b) nontransgenic SCNT blastocysts; (c)
transgenic recloned blastocysts.
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transgenic SCNT, nontransgenic SCNT and transgenic
recloned blastocysts.

3.3. Apoptotic index in the total blastocyst, ICM and TE

As shown in Table 3, the apoptotic indexes of the total
blastocyst, ICM and TE in transgenic recloned and non-
transgenic SCNT blastocysts were lower than those of
transgenic SCNT blastocysts. But the apoptotic indexes
of transgenic recloned blastocysts in the total blastocyst,
ICM and TE were not different from those of nontransgen-
ic SCNT blastocysts.

4. Discussion

The developmental rate of blastocysts is an important
parameter for evaluating preimplantation embryo develop-
ment. We showed that the developmental rate of nontrans-
genic SCNT blastocysts was higher than that of transgenic
SCNT blastocysts. This is in agreement with the result that
in vitro development of bovine transgenic SCNT embryos
is negatively influenced by transfection of the human ProU
gene into donor fibroblasts [20]. Similarly, in vitro develop-
ment to the blastocyst stage of NT embryos was lower for

the transfection versus non-transfection donors with EGFP
gene in porcine and bovine embryos [21,22]. This finding
indicated that extended culture associated with transfection
and selection procedures may induce changes in donor cells
which markedly decrease the efficiency of NT and lead to
sub-populations of cells accumulating genetic and/or epige-
netic defects, with potential deleterious effects on develop-
ment following NT [23].

The developmental competence of transgenic SCNT
embryos might be related to the type of transfection gene
and the length of the transfection gene. The method of gene
transfection in SCNT combined with gene (<100 kb) mod-
ification techniques included electroporation and lipofec-
tion [1,3,34] and was not adopted to the length segment
gene (>100 kb) transfection because of low efficiency. The
lower efficiency (10�7) of homologous recombination and
knock-in/knock-out technology in mammalian embryos
(excluding mice) was the primary obstacle restricting fur-
ther application of the technology [24]. The development
rates to the blastocyst stage of NT embryos were signifi-
cantly different among different types of transgenic donor
cells. Blastocyst rates from fetal fibroblasts were lower than
those from fetal oviduct epithelial cells and granulosa cells
and higher than those from fetal ovary epithelial cells [25].
These factors could influence the developmental compe-
tence of transgenic SCNT embryos.

The effect of genetic transfection and drug selection on
the developmental capacity of SCNT embryos can be
assessed by the apoptosis index as an important parameter
of embryo quality and viability. Here, the apoptosis index
of transgenic SCNT embryos was higher than that of non-
transgenic SCNT embryos. To produce transgenic animals
by SCNT, long-term culture in vitro was required during
donor cells transfection and drug selection [2]. The use of
long-term cultured donor cells increased the incidence of
blastomere apoptosis in bovine SCNT embryos [16]. The
donor cells progress towards senescence during long-term
culture, which leads to disorder in the donor cell cycle

Table 1
In vitro development of transgenic SCNT, transgenic recloned and nontransgenic SCNT embryos.

Group Reconstructed embryos Number of fused (%) Four-eight cells (%) Blastocyst (%)

Transgenic SCNT 707 519(73.4)a 390(75.1)a 182(35.0)a

Transgenic recloned 758 522(68.9)a 422(80.8)a 255(48.9)b

Nontransgenic SCNT 968 699(72.2)a 542(77.5)a 329(47.1)b

Values are means ± SEM. a,bValues with different superscripts within the same column are significantly different (p < 0.05, ANOVA).

Table 2
Mean cell number of total, ICM and TE in transgenic SCNT, transgenic recloned and nontransgenic SCNT embryos.

Group Number of blastocysts Cell numbers of blastocysts ICM/total cells (%)

Total ICM TE

Transgenic SCNT 30 92.3 ± 3.8 32.1 ± 1.6 60.2 ± 2.8 35.1 ± 1.1
Transgenic recloned 30 96.3 ± 2.9 33.0 ± 1.7 63.4 ± 2.3 34.1 ± 1.3
Nontransgenic SCNT 30 102.5 ± 4.5 34.7 ± 2.0 67.8 ± 3.6 34.4 ± 1.5

Values are means ± SEM.

Table 3
Apoptosis in transgenic SCNT, transgenic recloned and nontransgenic
SCNT embryos.

Group Number of
blastocysts

Apoptotic index

ICM TE Total

Transgenic
SCNT

30 12.7 ± 1.2a 9.1 ± 0.7a 10.3 ± 0.7a

Transgenic
recloned

30 9.3 ± 1.1b 6.0 ± 0.6b 7.0 ± 0.6b

Nontransgenic
SCNT

30 9.5 ± 1.1b 5.0 ± 0.4b 6.3 ± 0.5b

Values are means ± SEM. a,bValues with different superscripts within a
column are significantly different (p < 0.05, ANOVA).
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and interferes with proper G0/G1 synchronization of
donor cells for NT [26,27]. Cycling cells erroneously chosen
and fused to metaphase-arrested enucleated oocytes often
induce an increase in chromosomal abnormalities [27,28].
Chromosomal abnormalities are a possible cause of apop-
tosis in preimplantation embryos [14,29,30].

The selection of transgenic calves with a desired pheno-
type is a long and costly process via NT. After a transgenic
SCNT calf is selected, serial cloning may be a useful
method for producing more transgenic calves. Serial clon-
ing of adult animals has been reported in mice [31]. The
production of serial bovine clones by SCNT and of second
generation clones developing to term were reported, with
one animal surviving for over 4 years, but the production
of third generation clones was unsuccessful [32]. Serial
cloning could influence developmental competence of
SCNT embryos. However, little is known about which
developmental phases are affected by serial cloning. To
address this, the incidence of apoptosis and the develop-
mental competence of transgenic recloned blastocysts were
investigated. To our knowledge, this is the first report that
the indexes of apoptosis in transgenic recloned blastocysts
are similar to that of nontransgenic SCNT embryos. Fur-
thermore, the blastocyst rate of transgenic recloned
embryos was not different to that of nontransgenic SCNT
embryos. We have indicated that serial cloning did not
influence developmental competence of transgenic recloned
embryos. It supports previous findings that the gene itself
did not affect the developmental capacity of bovine SCNT
embryos from transfected adult fibroblasts [23]. It was also
reported that EGFP does not reduce the development of
transgenic SCNT embryos [33,34].

Donor cell transfection and drug selection increased the
incidence of apoptosis and decreased the developmental
rate of transgenic SCNT blastocysts. Furthermore, serial
cloning did not affect apoptosis incidence and the
decreased blastocyst rate in transgenic recloned embryos.
We have indicated that serial cloning did not influence
the developmental competence of preimplantation trans-
genic recloned embryos. Subsequently, serially-cloned
transgenic calves have been produced in our laboratory,
but survival rates to adulthood still remain low (unpub-
lished data). Therefore, epigenetic and gene expression of
recloned embryos is worthy for further investigation to
understand the mechanisms behind the low efficiency of
serial cloning in transgenic calves.
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