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ABSTRACT Interspecies cloning may be used
as an effective method to conserve highly endangered
species and to support the development of non-human
primate animal models for studying therapeutic clon-
ing and nuclear–cytoplasm interaction. The use of the
monkey model for biomedical research can avoid legal,
ethical, and experimental limitations encountered in a
clinical situation. We describe in this study the in vitro
development of macaca–rabbit embryos produced by
fusing macaca fibroblasts with enucleated rabbit
oocytes and examine the fate of mitochondrial DNA
in these embryos. We show that macaca–rabbit cloned
embryos can develop to the blastocyst stage when
cultured in vitro in HECM10 þ10% FBS and that
mitochondrial DNA derived from donor somatic cells
was detectable in cloned embryos throughout pre-
implantation development. These results suggest that
(1) macaca fibroblast nuclei can dedifferentiate in
enucleated metaphase II rabbit oocytes; (2) HECM10

þ10% FBS can break through the development block
and support the development of macaca–rabbit cloned
embryos to blastocysts; and (3) donor-cell-derived
mitochondrial DNA is not eliminated until blastocyst
stage. Mol. Reprod. Dev. 65: 396–401, 2003.
� 2003 Wiley-Liss, Inc.
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INTRODUCTION

During the past several years, remarkable progress in
mammal somatic cloning has been achieved. Many
kinds of intraspecies somatic clonedmammals including
sheep,mouse, cattle, goat, pig, rabbit, and cat have been
obtained (Wilmut et al., 1997; Wakayama et al., 1998;
Kato et al., 1998; Baguisi et al., 1999; Polejaeva et al.,
2000; Chesne et al., 2002; Shin et al., 2002). At the same
time, interspecies somatic cloned gaur and mouflon
(Lanza et al., 2000; Loi et al., 2001) have been suc-
cessfully obtained. Recently, we reported the successful
implantation of panda–rabbit cloned embryos in the
uterus of a third species, the domestic cat (Chen et al.,
2002). Interspecies cloning is considered to be an effec-
tive method to conserve highly endangered species and
also cansupport thedevelopment ofnon-humanprimate
models for studying therapeutic cloning and nuclear–

cytoplasm interaction. This model also can avoid legal,
ethical, and experimental limitations encountered in a
clinical situation.

Rhesus monkeys produced by nuclear transfer (NT)
from embryonic blastomeres have been reported (Meng
et al., 1997) and intraspecies somatic cell clonedmonkey
embryos can develop to the blastocyst stage in vitro
(Mitalipov et al., 2002). Two other reports have confirm-
ed the ability of bovine and sheep oocyte cytoplasm to
support early development under the direction of dif-
ferentiated somatic cell nuclei of various mammals
(Dominko et al., 1999; White et al., 1999). In our pre-
vious study, we reported that giant panda somatic cell
nuclei could dedifferentiate in rabbit ooplasm and sup-
port early development followingNT (Chen et al., 1999).
At this point in time, it is unclear whether or not NT
embryos reconstructed between primate adult somatic
cell and enucleated rabbit oocyte can develop to advanc-
ed embryonic stages, and whether or not interspecies
cloned macaca–rabbit embryos would harbor only the
mitochondria from recipient oocytes. In the present
study, we describe the production of interspecies cloned
monkey embryos derived from adult fibroblasts, and
examine mitochondrial fate of macaca–rabbit cloned
embryos prior to implantation.

MATERIALS AND METHODS

Animals

Mature female Japanese Big Eared white rabbits
were purchased from the Laboratory Animal Center,
Institute of Zoology, Chinese Academy of Sciences and
housed in stainless steel cages. Fodder and water were
provided ad libitum. The collection and use of Taihang
macaca (Macaca mulatta) ear tissues were approved by
the ethical committee of the State Key Laboratory of
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Reproductive Biology, Institute of Zoology, Chinese
Academy of Sciences.

Culture and Cycle Analysis of Donor
Adult Fibroblasts

The method of cell culture and assessment has been
described previously (Han et al., 2001). Briefly, skin
biopsy specimens derived from a 6-year-old male and
two 7-year-old femalemacaque were finely chopped into
pieces measuring about 1 mm2 and digested with 0.25%
(w/v) trypsin (Gibco BRL, Grand Island, NY) for 12 hr at
48C and then for 30 min at 378C. The digested cells and
tissues were seeded into 75-cm3 cell culture flasks
containing Dulbecco’s modified Eagle’s medium/F12
(DMEM/F-12; Gibco) supplemented with 20% fetal
bovine serum (FBS; Gibco) and cultured in a 5% CO2

incubator at 378C. After reaching 75–85% confluency,
monolayers of the primary cells with spindle-shaped
morphology were disaggregated for further culture.
Cells at passage 4–10 were used as donors. After
reaching 90–100% confluency, the cells were disaggre-
gated with 0.25% (w/v) trypsin and then resuspended in
DMEM; one part of which was isolated for NT, another
was used for flow cytometric analysis of the cell cycle,
and for further culture.
Cells for cell cycle analysis were pelleted by centrifu-

gation (5minat 130g), resuspended in0.1ml ofCa2þand
Mg2þDulbeccoPBS (PBS; Invitrogen), andslowlymixed
with 3 ml of 100% ethanol (48C). After ethanol fixation
(at least 12 hr at 48C), cells were pelleted, washed once
withPBS, treatedwithPBScontaining0.2mg/mlRNase
A for 20minat 378C, and stained inPBScontaining 0.1%
(v/v) Triton X-100 and 10 mg/ml propidium iodide for
10 min at room temperature. Stained cells were filtered
through a 30-mm nylon mesh (Spectrum, Los Angeles,
CA) just prior to flow cytometry. Cycle analysis of stain-
ed cells was performed using a fluorescence-activated
cell sorting (FACS) Calibur flow analysis (Boquest et al.,
1999).

Preparation of Recipient Oocytes

Mature female Japanese Big Eared white rabbits
were superovulated by administering PMSG and hCG
(Institute of Zoology, Chinese Academy of Sciences).
Each rabbit was injected with 150 IU PMSG and with
100 IU hCG 4 days after the PMSG injection. Rabbits
were killed 14 hr after the hCG injection. Mature MII

oocytes were collected by flushing the oviducts with M2

medium (Sigma Chemical Company, St. Louis, MO).
After exposure to 300 IU/ml hyaluronidase (Sigma) for
3–5 min (Sigma), cumulus cells were stripped from the
oocyte by repeated gentle pipetting (Li et al., 2002).

NT Procedure

NTwasconductedaspreviouslydescribed (Chenetal.,
1999, 2002). Cumulus-free eggs were incubated for
15 min inM2medium containing 7.5 mg/ml cytochalasin
B (CB; Sigma), 7.5 mg/ml Hoechst 33342 (Sigma), and
10% FBS before enucleation. The first polar body and a
small amount of the underlying cytoplasm containing
the meiotic spindle was aspirated using a 20–25 mm
enucleation pipette. The aspirated karyoplast was
examined with a fluorescence microscope to confirm
the presence of metaphase II chromosomes. Only the
oocytes from which all the chromosomes were removed
were used for NT. A single adult macaque somatic cell
was selected and transferred into the perivitelline space
of the enucleated oocyte. Fusion of the fibroblast–oocyte
pair was induced by two 80-msec DC pulses of 1.4 kV/cm
or 1.2 kV/cm (ECM2001 Electrocell Manipulator; BTX,
Inc., San Diego, CA) in 0.25 M D-Sorbitol buffer con-
taining 0.1 mM calcium acetate, 0.5 mM magnesium
acetate, 0.5 mM Hepes, and 100 mg/ml of BSA
(Mitalipov et al., 1999).

Activation and In Vitro Culture
of Reconstructed Eggs

Fused complexes were activated either by two DC
pulses of 1.4 kV/cm, two DC pulses of 1.2 kV/cm, or by
exposure to 2.5 mM dimethylaminopurine for 5 hr.
Activated NT embryos were placed in TCM199 medium
or HECM10 medium supplemented with 10% FBS.
Embryonic development was observed daily.

Chromosome and Mitochondrial
DNA Analysis

Chromosome analysis of donor and recipient somatic
cells was conducted according to a method described
previously (Lanza et al., 2000). Macaque–rabbit recon-
structed blastocystswere treatedwith colcemid (0.04mg/
ml) for 5 hr in a 5%CO2 incubator at 378C, transferred to
0.075MKCl for 40min and then placed on slides. Single
drops of freshly prepared fixative (methanol:glacial
acetic acid 3:1)were added to the slides. After air-drying,

TABLE 1. Cell Cycle of Macaca Adult Fibroblasts at Different Passages in Culture

Degree of confluency
Passage number of

cultured cells

Cell cycle phase (mean�SD)

G0þG1 (%) S (%) G2þM (%)

90–100%

4 95.9950� 0.0354a 3.5950� 0.6010a 0.4050� 0.5728a

5 95.5500� 1.4142a 3.7050� 0.4031a 0.7450� 1.0253a

6 93.3650� 1.2799a 6.6500� 1.2589a 0� 0a

8 92.4233� 5.9521a 6.4400� 6.1072a 1.1400� 0.2000a

9 97.0000� 1.0748a 1.9650� 0.2899a 1.0300� 1.3576a

10 94.3900� 1.1464a 4.3100� 0.3900a 1.3000� 1.4117a

Percentages with different superscripts within a column differ significantly (P< 0.05).
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slides were stained in Giemsa stain and observed with a
light microscope.

A region of the mitochondrial DNA cytochrome b
(cytb) gene was analyzed by PCR with two sets of
primers. The macaca primers were: forward 50AAT-
CCAACCCAATCATAAAAATAA30, and reverse 50GAA-
GGGTAGGATAAAGTGTAAGGT30. Amplification was
performed at 948C for 5 min, 948C for 1 min, 588C for
1 min, 728C for 1.5 min for 35 cycles. The rabbit primers
were: forward 50TCTACATACACGTAGGCCGCGGA-
A30, and reverse 50GAGGAGAAGAATGGCTACAAGG-
AAA30. Amplification was performed at 948C for 5 min,
948C for 1 min, 658C for 1 min, 728C for 1.5 min for
35 cycles. The final PCR products were separated by
agarose electrophoresis and purified. The purified PCR
products were sequenced by an automatic DNA sequen-
cer (ABI377, Perkin Elmer).

Statistical Analysis

Results expressed as mean�SD or percentage were
analyzed using SAS software package. P< 0.05 was
considered statistically significant difference.

RESULTS

Cell Cycle of Donor

In this study, we analyzed the cell cycle of donor cells
that were at 90–100% confluency but not treated with
serum starvation or any reagents. The percentage of G0/
G1 cells was over 90% and the difference between any
two passages at 90–100% confluencywas not significant
(P>0.05; Table 1).

In Vitro Development of
Reconstructed Embryos

Macaca fibroblast nuclei were transferred into enu-
cleated metaphase II rabbit oocytes. About half of the
fibroblast–oocyte pairs could be fused. Six hr following

activation, pronuclear formation was observed, and
after being cultured for 5 days, 5.38–11.00% of the
reconstructed embryos developed to the blastocyst stage
(Fig. 1). No significant difference of fusion rate (53.96%
vs. 43.67%) anddevelopment ratewas observedbetween
the twodifferent fusionvoltagesemployedhere (1.20kV/
cm and 1.40 kV/cm). When macaca–rabbit cloned
embryos were activated with three activation treat-
ments (1.20 kV/cm, 1.40 kV/cm, 6-DMAP), higher 2-cell
development rate was observed in 6-DMAP group
compared to the other two groups. Subsequent develop-
ment of embryos to theblastocyst stagewas similar in all
three groups. No significant difference for the rate of
development from the 2-cell to the blastocyst stage was
observed (P> 0.05; Table 2).

The development capacity of NT embryos cultured in
two different culture media (M199 þ10% FBS and
HECM10 þ10% FBS) was compared. NT embryos
cultured inM199þ10% FBS, which was used to culture
the recipient rabbit eggs, were arrested at 4- to 8-cell
stage and no 8-cell stage embryos were obtained.
Whereas, reconstructed embryos cultured in HECM10

þ10% FBS could break through the development block
and 8.30% developed to blastocyst stage (Table 3).

Chromosome Analysis of Donor Cell, Recipient
Somatic Cell, and Reconstructed Blastocysts

Five reconstructed blastocysts were randomly
selected for chromosome examination. Chromosome
number of a reconstructed blastocyst was the same as
that of macaca somatic cell (2n¼42) and different from
that of rabbit somatic cell (2n¼44), indicating the origin
of the geneticmaterial of reconstructed embryos (Fig. 2).

Fate of Mitochondrial DNA in
Reconstructed Embryos

In order to evaluate the fate of mitochondrial DNA in
macaca–rabbit cloned embryos, specimens at the 1-cell
to the blastocyst stages were examined by PCR
amplification. Mitochondrial DNA from the macaca
could bedetected inall reconstructed embryosat various
developmental stages (Fig. 3). PCR products of macaca
somatic cells and those macaca–rabbit cloned embryos
were sequenced and shown to be identical. Rabbit
mitochondrial DNA was observed in reconstructed em-
bryos as well (Fig. 4).

DISCUSSION

In this study, we described the development potential
of macaca–rabbit embryos produced by NT from adult

Fig. 1. In vitro development process of interspecies NT macaca
embryos reconstructed with adult somatic cell. (A) Somatic cell NT
embryos at the pronuclear stage (�200); (B) somatic cell NT embryos at
the 2-cell to 4-cell stage (�200); (C) somatic cell NT embryos at the
blastocyst stage (�400).

TABLE 2. In Vitro Development of Macaque–Rabbit NT Embryos Treated With Different Activation Protocols*

Activation
Nuclear transfer

(NT) units
Fused
n (%)

2-Cell
n (%)

4-Cell
n (%)

8-Cell
n (%)

Morulae
n (%)

Blastocysts
n (%)

1.20 kV/cm 244 130 (53.28)a 84 (64.62)a 41 (31.54)a 19 (14.62)a 14 (10.77)a 7 (5.38)a

1.40 kV/cm 229 100 (43.67)a 61 (61.00)a 37 (37.00)a 20 (20.00)a 14 (14.00)a 11 (11.00)a

6-DMAP 84 47 (55.95)a 36 (76.60)a 13 (27.66)a 9 (19.15)a 7 (14.89)a 5 (10.64)a

*Fused (%), fused eggs/NT units; development rate of embryos at different stages, number of embryos/number of fused eggs.
Percentages with different superscripts within a column differ significantly (P< 0.05).
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macaca somatic cells. We have shown that macaca–
rabbit cloned embryos can develop to the blastocyst
stage in vitro, suggesting that macaca fibroblast nuclei
can dedifferentiate in enucleated metaphase II rabbit
oocytes.
The cell cycle synchrony between donor nucleus and

recipient cytoplast is regarded to be important for
reprogramming of nucleus and successful NT. The
production of live offspring from adult and embryonic
sheep cell lines was reported to be possible only when
cells at the G0 phase of the cell cycle were employed
(Wells et al., 1997; Wilmut et al., 1997). More recent
studies, however, havedemonstrated that the cell nuclei
at the G2/M-stage can direct reconstructed embryos to
develop to the blastocyst stage (Lai et al., 2001). In the
present study, adult somatic cells of 90–100% con-
fluency without any treatments were used as donors.
Macaca–rabbit reconstructed embryos could develop to
blastocyst stage, which suggests that it is unnecessary
to arrest the donor cells atG0/G1 stage inmacaca–rabbit
interspecies somatic cloning protocol.
When the donor somatic nucleus is transferred into an

enucleated MII oocyte with high MPF activity, NEBD
and PCC occur, while cytoplast activation results in a
decline ofMPF activity to basal levels. The development
capacity of NT embryos activated with three different
treatments (1.20 kV/cm, 1.40 kV/cm, 6-DMAP)was com-
pared and similar results were obtained in each case,
suggesting that different activation treatments used
here do not affect the early development rates of
macaca–rabbit cloned embryos.
An important factor governing early development of

reconstructed embryos is the in vitro culture system. At
the present time, however, it is unknown whether the
culture medium for interspecies reconstructed embryos
should be matched to the donor cell or to the recipient
egg. Dominko et al. (1999) successfully cultured NT
embryos reconstructed between somatic cells (sheep,

pigs, monkeys, and rats) and enucleated bovine oocytes
using CR1AA medium, which is suitable for bovine
embryos culture in vitro. In our previous report, M199
þ10% FBS was also able to support the in vitro
development of panda–rabbit cloned embryos to blas-
tocyst stage (Chenetal., 1999, 2002).Macaca–rabbitNT
embryos cultured in M199 þ10% FBS, however, were
arrested at 4-cell stage and could not break through
the early development block. HECM10 þ10% FBS,
normally used to culture macaca embryos (Schramm
and Bavister, 1996; Zheng et al., 2001), could support
8.30% of the macaca–rabbit cloned embryos to develop
to the blastocyst stage. The early embryo development
block is related to embryo species, culture medium and
culture conditions. At the first fewmitotic divisions, the
embryonic genome has little or no transcriptional
activity and proteins and mRNAs derived from the
cytoplasm of oocyte support development. The onset of
embryonic transcription ofmonkey is at 4- to 8-cell stage
(Schramm and Bavister, 1999). Our results show that
HECM10þ10%FBS can successfully support embryonic
transcription and allow macaca–rabbit cloned embryos
to develop to the blastocyst stage (388C, 5% CO2,
saturated humidity).

Reports of the fate of mitochondria from donor cells
and from recipient oocyts are controversial. In intras-
pecies cloning, mitochondria are exclusively oocyte-
derived. Donor-derived mitochondria are eliminated
from the cytoplasm of reconstructed embryos during the
first few mitotic divisions and are hardly detectable by
the blastocyst stage (Steinborn et al., 1998; Evans et al.,
1999; Takeda et al., 1999). In other cases, mitochondrial
DNA heteroplasmy in intraspecies cloned animals was
found (Hiendleder et al., 1999; Steinborn et al., 2000; Do
et al., 2002). In closely correlated interspecies cloned
animals, mitochondria are also primarily from oocytes
(Lanza et al., 2000; Loi et al., 2001; Meirelles et al.,
2001). Our results of macaca–rabbit cloned embryos
show that mitochondria derived from donor cells are
not eliminated from the cytoplasm, but coexist with
oocytes-derived mitochondria during preimplantation
development. This result is consistent with our recent
study (Chen et al., 2002), in which the mitochondria
from donor panda cells and those from recipient rabbit
oocytes coexisted in embryos before implantation.

In the present study, we used part of the mitochon-
drial cytb gene as target fragment and PCR products
were analyzed by direct PCR product sequencing. In
intraspecies and closely correlated interspecies clon-
ing, the D-loop region is widely used to analyze the

TABLE 3. In Vitro Development of Macaca–Rabbit NT Embryos Cultured in Two Different Culture Media*

Culture
medium

NT
units

Fused
n (%)

2-Cell
n (%)

4-Cell
n (%)

8-Cell
n (%)

Morulae
n (%)

Blastocysts
n (%)

M199þ 10% FBS 80 40 (50.00)a 17 (42.50)a 4 (10.00)a 0 0 0
HECM10þ 10% FBS 557 277 (49.73)a 181 (65.34)a 91 (32.85)b 38 (13.72) 35 (12.64) 23 (8.30)

*Fused (%), fused eggs/NT units; development rate of embryos at different stages, number of embryos/number of fused eggs.
a,bPercentages with different superscripts within a column differ significantly (P< 0.05).

Fig. 2. Chromosomes of rabbit somatic cell, macaca somatic cell,
and macaca–rabbit reconstructed blastocyst. (A) Rabbit somatic cell
(2n¼ 44); (B) macaca somatic cell (2n¼42); (C) macaca–rabbit re-
constructed blastocyst (2n¼ 42).
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mitochondrial DNA heteroplasmy because it is a high
variable region of mitochondrial DNA. In interspecies
cloning, however, some genes fragments that are
conserved in interspecies and mutable in interspecies,
such as cytb gene, can be used for studying the fate of
mitochondrial DNA. Our results verify the suitability of
this method to study the fate of mitochondrial DNA in
macaca–rabbit cloned embryos.

In summary, our results suggest that (1) enucleated
rabbit oocytes containingmacaca somatic cell nuclei are
able to dedifferentiate and develop to blastocyst stage;
(2) macaca–rabbit clones incubated in HECM10þ 10%
FBScanbreak through the 4-cell development block and
develop to the blastocyst stage; (3) donor cell-derived
mitochondria are not eliminated from macaca–rabbit
clones during preimplantation development.

ACKNOWLEDGMENTS

The authors thank Prof. F.J. Longo of Iowa Univer-
sity,Ms. Xiang-Fen Song of the Institute of Zoology, and
Prof. Cun-Shuan Xu of Henan Normal University for
their help, andDr. Chun-MingBi, Dr.Heng-YuFan,Dr.
Zhi-Sheng Zhong, Dr. Li-Juan Yao for their kind
suggestions.

REFERENCES

Baguisi A, Behboodi E, Melican DT, Pollock JS, Destrempes MM,
Cammuso C, Williams JL, Nims SD, Porter CA, Midura P, Palacios
MJ, Ayres SL, Denniston RS, Hayes ML, Ziomek CA, Mwade HM,
GodkeRA,GavinWG,OverstromEW,EchelardY.1999.Produtionof
goats by somatic cell nuclear transfer. Nat Biotechnol 17:456–461.

Boquest AC, Day BN, Prather RS. 1999. Flow cytometric cell cycle
analysis of cultured porcine fatal fibroblast cells. Biol Reprod
60:1013–1019.

ChenDY, SunQY, Liu JL, Li GP, Lian L,WangMK,Han ZM, SongXF,
Li JS, Sun Q, Chen YC, Zhang YP, Ding B. 1999. The giant panda
Aluropodamelanoleuca somaticnucleus candedifferentiate in rabbit
ooplasm and support early development of the reconstructed egg. Sci
China (Series C) 29:324–330.

Chen DY, Wen DC, Zhang YP, Sun QY, Han ZM, Liu ZH, Shi P, Li JS,
Xiangyu JG, Lian L, Kou ZH, Wu YQ, Chen YC, Wang PY, Zhang
HM. 2002. Interspecies implantation and mitochondria fate of
panda–rabbit cloned embryos. Biol Reprod 67:637–642.

Chesne P, Adenot PG, Viglietta C, BaratteM, Boulanger L, Renard JP.
2002. Cloned rabbits produced by nuclear transfer from adult
somatic cells. Nat Biotechnol 20:366–369.

Do JT, Lee JW, Lee BY, Kim SB, Ryoo ZY, Lee HT, Chung KS. 2002.
Fate of donormitochondrial DNA in cloned bovine embryos produced
by microinjection of cumulus cells. Biol Reprod 67:555–560.

Dominko T, Mitalipova M, Haley B, Beyhan Z, Memili E, Mckusick B,
First NL. 1999. Bovine oocyte cytoplasm supports development of
embryos produced by nuclear transfer of somatic cell nuclei from
various mammalian species. Biol Reprod 60:1496–1502.

EvansMJ, Gurer C, Loike JD,Wilmut I, Schnieke AE, SchonEA. 1999.
Mitochondrial DNA genotypes in nuclear transfer-derived cloned
sheep. Nat Genet 23:90–93.

Han ZM, ChenDY, Li JS, SunQY,Wang PY, HuangY, Du J. 2001. The
culture of fibroblasts from diaphragm of giant panda. In Vitro Cell
Dev Biol 37:644–645.

Fig. 3. A: Electrophoretic analysis of PCR-amplified product by
using specific macaca cytochrome B (cytb) primer. Lane 1: macaca
somatic cells; lane 2, rabbit somatic cells; lane 3, water (negative
control); lane 4, 1-cell stage of macaca–rabbit reconstructed embryo;
lane 5, 2-cell stage; lane 6, 4-cell stage; lane 7, 8-cell stage; lane 8,
morula stage; lane 9, blastocyst stage; lane 10, DL 2000-marker.

B: Electrophoretic analysis of PCR-amplified product using specific
rabbit cytb gene primer. Lane 1: rabbit somatic cells; lane 2, macaca
somatic cells; lane 3, water (negative control); lane 4, 1-cell stage of
macaca–rabbit reconstructed embryo; lane 5, 2-cell stage; lane 6, 4-
cell stage; lane 7, 8-cell stage; lane 8, morula stage; lane 9, blastocyst
stage; lane 10, DL 2000-marker.

Fig. 4. Sequences of PCR products by using specific macaca cytb
gene primer.A:Macaca somatic cells; (B) 4-cell stage ofmacaca–rabbit
reconstructed embryo; (C) blastocyst stage NT embryo.

400 C.-X. YANG ET AL.



Hiendleder S, Schmutz SM, Erhardt G, Green RD, Plante Y. 1999.
Transmitochondrial differences and varying levels of heteroplasmy
in nuclear transfer cloned cattle. Mol Reprod Dev 54:24–31.

KatoY, Tani T, SotomaruY, KurokawaK,Kato J, DoguchiH, YasueH,
Tsunoda Y. 1998. Eight calves cloned from somatic cells of a single
adult. Science 282:2095–2098.

Lai LX, Tao T, Machaty Z, Kuhholzer B, Sun QY, Park KW, Day BN,
Prather RS. 2001. Feasibility of producing porcine nuclear transfer
embryos by using G2/M-stage fetal fibroblasts as donors. Biol Reprod
65:1558–1564.

Lanza RP, Cibelli JB, Diaz F, Moraes CT, Farin PW, Farin CE,
Hammer CJ, West MD, Damiani P. 2000. Cloning of endangered
species (Bos gaurus) using interspecies nuclear transfer. Cloning 2:
79–90.

Li JS,ChenDY,HanZM,ZhuZY,WenDC, SunQY,LiuZH,WangMK,
Lian L, Du J, Wang P, Zhang HM. 2002. Serial nuclear transfer
improves the development of interspecies reconstructed giant panda
(Aluropoda melanoleuca) embryos. Chin Sci Bull 47:467–469.

Loi P, Ptak G, Barbonl B, Fulka J, Cappai P, Clinton M. 2001. Genetic
rescue of an endangered mammal by cross-species nuclear transfer
using post-mortem somatic cells. Nat Biotechnol 19:962–964.

Meirelles FV, Bordignon V, Watanabe Y, Watanabe M, Dayan A,
Lobo RB, Garcia JM, Smith LC. 2001. Complete replacement of
the mitochondrial genotype in a Bos indicus calf reconstructed by
nuclear transfer to a Bos taurus oocyte. Genetics 158:351–356.

MengL, Ely JJ, Stouffer RL,Wolf DP. 1997. Rhesusmonkeys produced
by nuclear transfer. Biol Reprod 57:454–459.

Mitalipov SM, White KL, Farrar VR, Morrey J, ReedWA. 1999. Devel-
opment of nuclear transfer and parthenogenetic rabbit embryos
activated with inositol 1,4,5-trisphosphate. Biol Reprod 60:821–
827.

Mitalipov SM,YeomanRR,NusserKD,WolfDP. 2002. Rhesusmonkey
embryos produced by nuclear transfer from embryonic blastomeres
or somatic cells. Biol Reprod 66:1367–1373.

Polejaeva IA, Chen SH, Vaught TD, Page RL, Mullins J, Ball S, Dai Y,
Boone J, Walker S, Ayares DL, Colman A, Campbell KH. 2000.
Cloned pigs produced by nuclear transfer from adult somatic cells.
Nature 407:86–90.

Schramm RD, Bavister BD. 1996. Development of in vitro fertilized
primate embryos into blastocysts in a chemically defined, protein-
free culture medium. Hum Reprod 11:1690–1697.

Schramm RD, Bavister BD. 1999. Onset of nucleolar and extranucleo-
lar transcription and expression of fibrillarin in macaque embryos
developing in vitro. Biol Reprod 60:721–728.

ShinT,KraemerD,Pryor J,LiuJ,Rugila J,HoweL,BuckS,MurphyK,
Lyons L, Westhusin M. 2002. A cat cloned by nuclear transplanta-
tion. Nature 415:859.

Steinborn R, Zakhartchenko V, Wolf E, Muller M, Brem G. 1998. Non-
balanced mix of mitochondrial DNA in cloned cattle produced by
cytoplast–blastomere fusion. FEBS Lett 426:357–361.

Steinborn R, Schinogl P, Zakhartchenko V, Achmann R, Schernthaner
W,StojkovicM,WolfE,MullerM,BremG. 2000.Mitochondrial DNA
heteroplasmy in cloned cattle produced by fetal and adult cell
cloning. Nat Genet 25:255–257.

Takeda K, Takahashi S, Onishi A, Goto Y, Miyazawa A, Imai H. 1999.
Dominant distribution of mitochondrial DNA from recipient oocytes
in bovine embryos and offspring after nuclear transfer. J Reprod
Fertil 116:253–259.

Wakayama T, Perry AC, Zuccotti M, Johnso KR, Yanagimachi R. 1998.
Full-termdevelopment ofmice from enucleated oocytes injectedwith
cumulus cell nuclei. Nature 394:369–374.

Wells DN, Misica PM, Mcmillan WH, Tervit HR. 1997. Production of
cloned lambs from an established embryonic cell line: A comparison
between in vivo and in vitromatured cytoplasts. Biol Reprod 57:385–
393.

White Kl, Bunch TD, Mitalipov S, Reed WA. 1999. Establishment of
pregnancy after the transfer of nuclear transfer embryos produced
from the fusion of Argali (Ovis ammon) nuclei into domestic sheep
(Ovis aries) enucleated oocytes. Cloning 1:47–54.

Wilmut I, SchniekeAE,McWhir J,KindAJ,CampbellKH. 1997.Viable
offspring derived from fetal and adult mammalian cells. Nature 385:
810–813.

Zheng P, Wang H, Bavister BD, Ji W. 2001. Maturation of rhesus
monkey oocytes in chemically defined culture media and their func-
tional assessment by IVF and embryo development. HumReprod 16:
300–305.

DEVELOPMENT AND MITOCHONDRIAL FATE OF CLONED MACACA EMBRYOS 401


