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ABSTRACT Interspecies nuclear transfer (INT)
has been used as an invaluable tool for studying
nucleus–cytoplasm interactions; and it may also be a
method for rescuing endangered species whose oocytes
are difficult to obtain. In the present study, we investi-
gated interaction of the chicken genome with the rabbit
oocyte cytoplasm. When chicken blastodermal cells
were transferred into the perivitelline space of rabbit
oocytes, 79.3% of the couplets were fused and 9.7%
of the fused embryos developed to the blastocyst stage.
Both M199 and SOF medium were used for culturing
chicken–rabbit cloned embryos; embryo development
was arrested at the 8-cell stage obtained in SOF
medium, while the rates of morulae and blastocysts
were 12.1 and 9.7%, respectively, in M199 medium.
Polymerase chain reaction (PCR) amplification of
nuclear DNA and karyotype analyses confirmed that
genetic material of morulae and blastocysts was
derived from the chicken donor cells. Analysis mito-
chondrial constitution of the chicken–rabbit cloned
embryos found that mitochondria, from both donor
cells and enucleated oocytes, co-existed. Our results
suggest that: (1) chicken genome can coordinate with
rabbit oocyte cytoplasm in early embryo development;
(2) there may be an 8- to 16-cell stage block for the
chicken–rabbit cloned embryos when cultured in vitro;
(3) mitochondrial DNA from the chicken donor cells
was not eliminated until the blastocyst stage in the
chicken–rabbit cloned embryos; (4) factors existing in
ooplasm for somatic nucleus reprogramming may be
highly conservative. Mol. Reprod. Dev. 69: 296–
302, 2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Studies for nucleus–cytoplasm interactions have
been extensively performed since the report of Briggs
and King (1952) on Rana pipiens. Early in 1963, Tung
began to study this issue in fish using the nuclear
transplantation technique, and later the hybrid larval
fish was obtained from the combination of nucleus and

cytoplasm from different sub-families of teleosts (Yan
et al., 1985). Blastocysts were also obtained by nuclear
transplantation in teleost of different families and
orders (Yan et al., 1990). In mammals, several studies
have shown that oocyte cytoplasm from bovine (Dominko
et al., 1999), sheep (Wilmut et al., 1997; White et al.,
1999), and rabbit (Chen et al., 1999) are able to dedif-
ferentiate somatic cell nuclei from sheep, pig, monkey,
rat, and giant panda, and support early development of
these interspecies cloned embryos to blastocysts.
Although there is no report about interactions of the
mammalian oocyte cytoplasm and avian genome, some
somatic cell hybrids between chicken and mammalian
cells had been investigated. These previous studies
demonstrated that avian gene can be stably incorpo-
rated and correctly expressed in a mammalian cell (Eun
et al., 1981).

On the basis of these results, we determined to
investigate whether the mammalian oocyte has the
ability to reprogram chicken blastodermal cell. Previous
studies in our laboratory have shown that panda–rabbit
(Chenetal.,1999,2002),cat–rabbit(Wenetal.,2003),and
monkey–rabbit (Yang et al., 2003) somatic cell nuclear
transfer (NT) embryos can develop to blastocysts in vitro.
The results suggest that factors existing in rabbit oocyte
cytoplasm for somatic nucleus reprogramming and
dedifferentiation may not be species-specific in mammals
(Wen et al., 2003). Establishing a model of interclass
reconstructured embryo would potentially provide
greater insights into nucleus–cytoplasm interaction and
as well as a method in the conservation of endangered
birds whose eggs are very difficult to obtain.
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MATERIALS AND METHODS

Animals

Animal care and handling were in accordance with the
policy on the Care and Use of Animals of the Ethical
Committee, State Key Laboratory of Reproductive
Biology, Institute of Zoology, Chinese Academy of
Sciences. Female Japan Big Eared white rabbits were
housed in stainless steel cages, and were fed with
regular rabbit fodder and water ad libitum.

Preparation of Donor Cells

Freshly laid fertilized chicken eggs of the White
leghorn breed were used to supply blastodermal cells
the day they were obtained from a local hatchery.
The content of egg was emptied into a petri dish. The
blastodisc was dissected and immediately placed in
another dish containing PBS solution without Ca2þ

and Mg2þ. Scraps of the vitelline membrane and yolk
fragments, if they adhered to the disc, were shaken off.
The denuded blastodisc was washed several times and
was transferred to a centrifuge tube containing 1 ml
Dulbecco’s modified Eagle medium (DMEM, Gibco-BRL,
Grand Island, NY) culture medium. Six to eight blasto-
discs were put into 1 ml PBS solution containing 0.25%
trypsin–EDTA and incubated for 10 min at 378C. After
the inactivation of trypsin (Gibco-BRL) with 100 ml FBS,
the dissociated blastomeres were harvested by centri-
fugation at 1,200g and stored at 48C before NT.

Recipient Cytoplasm Preparation

Procedure of recipient oocyte preparation has been
described previously (Yang et al., 2003). Briefly, mature
female Japanese Big Eared white rabbits were super-
ovulated by administering PMSG and hCG (Institute of
Zoology, Chinese Academy of Sciences). Each rabbit was
injected with 150 IU PMSG and 100 IU hCG 4 days after
the PMSG injection. Rabbits were killed 14 hr after the
hCG injection. Cumulus masses were collected by flush-
ing the separated oviducts with M2 medium (Sigma
Chemical Company, St. Louis, MO) and were treated
with 300 IU/ml of hyaluronidase (Sigma) in M2 medium,
cumulus cells were stripped from the oocyte by repeated
gentle pipetting. After three washings in M2 medium,
the cumulus-free eggs were transferred to M2 medium
containing 7.5 mg/ml cytochalasin B (Sigma Chemical
Co.), 7.5mg/ml Hoechst 33342 (Sigma Chemical Co.), and
10% FBS for 10 min and used for micromanipulation.
For enucleation, a small amount of cytoplasm from the
area beneath the first polar body containing the meiotic
spindle was aspirated using a 25–30 mm glass pipette,
and then the aspirated karyoplast was exposed to
ultraviolet light to confirm the presence of nucleus.
Only the oocytes devoiding the chromosomes were used
for NT (Chen et al., 1999; Li et al., 2001).

NT Procedure

The NT was conducted as previously described (Chen
et al., 1999, 2002). A single donor cell was placed in the

perivitelline space. The couplets were transferred to a
fusion chamber consisting of two wires, 1 mm apart and
overlaid with the 100 ml fusion of medium (0.25 M
sorbitol, 0.5 mM magnesium acetate, 0.1 mM calcium
acetate, 0.5 mM HEPES, and 100 mg/100 ml BSA)
(Mitalipov et al., 1999). Fusion was induced by double
DC pulses of 1.4 kV/cm for 80 msec with an ECM2001
Electrocell Manipulator (BTX, Inc., San Diego, CA).
Couplets were then washed in M199 (Gibco-BRL) sup-
plemented with 10% FBS for three times, and incubated
in the same medium for 30 min at 388C in a humidified
air containing 5% CO2.

Activation and Embryo Culture

Couplets were checked for fusion under an inverted
microscope, and fused couplets were activated either by
double DC pulses of 1.4 kV/cm for 40 msec. Some of the
activated embryos were cultured in M199þ 10% FBS;
Some cloned embryos were cultured in synthetic oviduct
fluid (SOF) medium supplemented with 1% minimal
essential medium (MEM) nonessential amino acids and
2% essential amino acids (both Gibco-BRL), and 10%
FBS. All cloned embryos were cultured in M199þ10%
FBS at 388C in a humidified air containing 5% CO2.
The developmental stages of embryos were checked
twice a day.

Nuclear DNA and
Mitochondrial DNA Analysis

Nuclear DNA amplification was performed in two
steps using nested primers. All samples were analyzed
by polymerase chain reaction (PCR) using specific
primers of chicken designed according to avian feather
keratin gene D, which had been sequenced (Presland
et al., 1989). Primer pairs were as fellows: P1, 50-GGA-
GAAGGTCCAGGGCTGACTTTA-30; P2, 50-ACTTCT-
CTTGGCAAACATG CAACC-30 and P3, 50-GCGTCC-
ACCTCATCCTTAGCAG-30. The first round amplifica-
tion was performed at 948C for 5 min, 948C for 30 sec;
548C for 40 sec; 728C for 60 sec for 30 cycles, and finally
728C for 5 min using primer P1 and P3. Aliquots of 1 ml
PCR production from first round amplification were
subjected to second round amplification performed at
948C for 5 min, 948C for 30 sec; 608C for 40 sec; 728C for
60 sec for 30 cycles, and finally 728C for 5 min using
primer P2 and P3. The final amplification products of
400 base pairs were separated via agar gel electrophor-
esis and sequenced by an auto DNA sequencer (ABI 377,
Perkin-Elmer).

We analyzed a region of the cytochrome b (cytb) gene of
the mitochondrial DNA (mtDNA) by a specific PCR with
two sets primers being specific to rabbit mtDNA and
chicken mtDNA, respectively. Primers for amplification
rabbit mitochondrial DNA were PR1, 50-TCTACATA-
CACGTAGGCCGCGGAA-30 and PR2, 50-GAGGAG AA-
GAATGGCTACAAGGAAA-30. Chicken-specific primers
were PC1, 50-CCC CAGCAAACCCACTAGTA-30 and
PC2,50-TGGTCTAGGGTTCCGATTGT-30.Thefinalam-
plification products of 353 base pairs were separated via
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agar gel electrophoresis and also sequenced by an auto
DNA sequencer (ABI 377, Perkin-Elmer).

Karyotype Analysis of
Reconstructed Blastocyst

Karyotype of chicken and rabbit fibroblast cells was
analyzed according to a method described previously
(Lanza et al., 2000). In brief, 24 hr after plating, rabbit,
and chicken cells were treated with 0.3 mg/ml deme-
colcine for 3 hr, and then exposed to KCl (0.075 M) for
20 min at 378C. The cells were then fixed in acetic
acid:methanol (1:3 v:v) and drops of cells suspension
were spread on clean microscope slides. The chromo-
somes were stained with 5% Giemsa for 5–10 min.

The karyotype of blastocysts was conducted as follows:
first, blastocysts were exposed to 0.3 mg/ml demecolcine
solution for 4–5 hr at 378C and then treated with KCl
(0.075 M) for 40 min, transferred to clean slides. Drops of
the fixed solution were added to the blastocysts in order
to make chromosomes spread. Air or fire-dried slides
were stained with 5% Giemsa for 10 min. Total 21
reconstructed blastocysts were examined. The numbers
of chromosomes were counted under a light microscope
at 1,000� magnification.

Statistical Analysis

Percentages of embryos at different stages were
compared between groups using w2 analysis. Significant
difference was determined at P<0.05 or P<0.01.

RESULTS

Developmental Capacity of Chicken–Rabbit
Cloned Embryos

After chicken blastodermal cells were fused with
enucleated metaphase II rabbit oocytes, pronuclear
formation was observed between 5 and 7 hr after
activation. Cloned embryos began to compact on day 3,
the fused embryos developed to the blastocyst stage on
day 6 and escaped from the zona pellucida on day 7
(Fig. 1). When the chicken–rabbit cloned embryos were
cultured in SOF medium, the reconstructed embryos
arrested at the 8-cell stage and no morula was obtained.
However, when cultured in M199 medium, though most
of the cloned embryos arrested before the 8-cell stage,

9.7% of the cloned embryos could develop into blasto-
cysts (Table 1).

Analysis of Nuclear DNA and
Mitochodrial DNA in Cloned Embryos

PCR amplification was conducted on nuclear DNA
from chicken, rabbit, and reconstructured 8-cell
embryos, morulae, and blastocysts. The specific avian
feather keratin gene D of 400 base pairs (bp) was
detected in 8-cell embryos, morulae and blastocysts
(Fig. 2). PCR products of cloned morulae and blastocysts
were sequenced (repeated three times) and matched
the DNA sequences from the donor cells. The three
sequences were all identical to the sequence of avian
feather keratin gene D (1,163 bp) from base 336–735
accessed in GenBank (GenBank code: X17509) (Fig. 3).

Chromosomes of chicken and rabbit were easily
distinguishable from physiognomic form and numbers
(Fig. 4). The chicken karyotype consists of 39 pairs of
chromosomes which were delimited into three groups,
determined on the basis of size: six pairs of large, mor-
phologically distinguishable macrochromosomes, four
pairs of intermediate, and 29 pairs of very small indi-
vidually indistinguishable microchromosomes (Bloom
et al., 1993). While the rabbit karyotype consists of
22 pairs of distinguishable chromosomes. Visual obser-
vations suggested that the chromosomes of chicken–rabbit
cloned embryos were the same as chicken cells.

Chicken–rabbit cloned morulae and blastocysts were
used for evaluating mitochondrial DNA. Both rabbit
and chicken mitochondrial DNA could be detected in
embryos (Fig. 5). PCR products of donor cells and cloned
embryos were sequenced (repeated three times) and
shown to be identical to the sequence of the cytb gene
(1,140 bp) of White leghorn deposited in GenBank
(GenBank code: AY029582) from base 771–1,123
(Fig. 6).

DISCUSSION

Sperm-induced oocyte activation is triggered by
intracellular Ca2þ oscillations during fertilization (Fissore
et al., 1992). This stimulus triggers the inactivation of
maturation-promoting factor (MPF), composed of cyclin
B and cdc2, which is present at high levels in MII oocytes
(Well et al., 1997; Wu et al., 1997). With the aim to

Fig. 1. In vitro development process of interclass reconstructured embryos from chicken donor cells.
A: Blastodermal cell NT embryo at the pronuclear stage (�200), (B) NT embryo at the 2-cell to 16-cell stage
(�100), (C, D) NT embryo at the blastocyst stage (�200; �100).
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activate the MII rabbit enucleated oocytes, electrical
activation was used in this study. This method was
proved to be efficient for NT embryos from the rabbit
oocyte as recipient (Chen et al., 1999, 2002; Wen et al.,
2003; Yang et al., 2003).

The chicken–rabbit embryos were cultured in differ-
ent media, aiming to examine the effects of different
culture systems on the preimplantation embryo devel-
opment. SOF a chemical defined medium, has been
widely used to culture embryos from various mamma-
lian species (Walker et al., 1996; Krisher et al., 1999;
Freistedt et al., 2001; Donnay et al., 2002). But our
results showed that the embryos were arrested at 8-cell
stage in the SOF medium. In our previous reports, M199
was able to support the panda–rabbit (Chen et al., 1999,
2002), cat–rabbit, and rabbit-rabbit (Wen et al., 2003)
embryo development in vitro. When chicken–rabbit
embryos were cultured in M199 the embryo develop-
ment can reach the blastocyst stage. Our results show
that M199 is more suitable for chicken–rabbit embryo
culture in vitro.

In mammalian species, the maternal-zygotic transi-
tion (MZT) or activation of the embryonic genome (EGA)
occurs at earlier embryonic stages and is often asso-
ciated with embryo compaction and developmental
block (Frei et al., 1989; Telford et al., 1990). During
this period, protamines are replaced by histones, the
methylated haploid parental genomes undergo deme-
thylation following formation of the diploid zygote, and
maternal control of development is succeeded by zygotic
control. Superimposed on this activation of the embryo-
nic genome is the formation of a chromatin-mediated
transcriptionally repressive state requiring enhancers
for efficient gene expression (Kanka, 2003). For somatic
NT embryos, there is a similar transition associated

with the nucleus reprogramming (Campbell, 1999).
However, we do not know whether the time of this
transition is recipient-specific or nucleus-specific in
interclass cloned embryos. The time of MZT for rabbit
occurs at the 8- to 16-cell stage (Manes, 1973; Henrion
et al., 1997), while there is no investigation on early
cleavage of chick embryo in vitro. Repeated cell division
occurs after fertilization and by the time the egg is
laid (about 24 hr) the chick embryo possesses 32,000–
42,000 cells (Stepinska and Olszanska, 1983). In the
present study, most chicken–rabbit embryos were
blocked at the 8- to 16-cell stage and only small part of
them can compact and continue to develop. Our results
imply that the MZT for chicken–rabbit cloned embryos
might occur at 8- to 16-cell stage and after that chicken
nuclei take full control of the hybrid embryos. The stage
of MZT for the interclass cloned embryos is likely oocyte-
specific as that of interspecies cat–rabbit cloned
embryos (Wen et al., 2003).

Although the rate of the blastocysts was very low, a
small portion of the chicken–rabbit embryos broke the
MZT block, developing to blastocyst stage. We propose
that continuation of development could be a conse-
quence of reprogramming of the donor nucleus, regard-
less of the species and some key embryonic genes
expressed in the early development stage may be
homologous. Though there was no report about this, de
novo transcription of chick genes and the synthesis of
both globin and constitutive proteins can be detected
after introducing inactive chick erythrocyte nuclei into
mammalian cell cytoplasm (Zuckerman et al., 1982).
When HPRT-deficient mouse and Chinese hamster
ovary cells are fused with chick embryo erythrocytes
containing genetically inactive nuclei, the HPRT activ-
ity is expressed in cell hybrids produced by the chick
HPRT gene (Eun et al., 1981). Studies have shown that
the acid a-glucosidase in the chick erythrocyte-human
fibroblast heterokaryons is of chick origin, and is
localized in the same lysosomes as the human lysosomal
enzymes (Sips et al., 1986). The mouse TCR z-chain-
deficient cells were transfected with the chicken TCR
z-chain gene. Unexpectedly, the chicken z-chain was
able to rescue the surface expression and function of
the mouse TCR (Thomas et al., 1998). According to our
studies, panda–rabbit (Chen et al., 1999, 2002), cat–
rabbit (Chen et al., 2002), macaca–rabbit (Yang et al.,
2003), and chicken–rabbit cloned embryos all can
develop to blastocyst stage. We may draw the conclusion
that some key ooplasm reprogramming factors required
from early embryo development are conserved in animal
kingdom.

TABLE 1. In Vitro Development of Chicken–Rabbit Interclass Cloned Embryos in Different Culture Media*

Culture medium NT units Fused (%) 2-cell (%) 4-cell (%) 8-cell (%) Morula (%) Blastocyst (%)

M199 þ10% FBS 416 330 (79.3)a 120 (36.4)a 96 (29.1)a 74 (22.4)a 40 (12.1) 32 (9.7)
SOF 198 156 (78.8)a 55 (35.3)a 35 (22.4)a 24 (15.4)a 0 0

*Fused (%), fused oocytes/nuclear transfer (NT) units; development rate of embryos at different stages, number of embryos/
number of fused oocytes. Values with different superscripts within each column are significantly different (P< 0.05).

Fig. 2. Electrophoretic analysis of polymerase chain reaction (PCR)
product using specific avian feather keratin gene D primer. Lane 1:
Markers (100 bp ladder), (lane 2) chicken donor cells, (lane 3) 8-cell
cloned embryo, (lane4) blastocyst stage, (lane5) morula stage, (lane6)
water (negative control), (lane 7) rabbit somatic cells; TF, target
fragment.
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In the process of NT, mitochondrial DNA of donor
cells, together with the nucleus, are transferred into the
recipient oocyte. There are three conclusions about
mitochondrial DNA in animals cloned by NT: (1)
homoplasmy of recipient oocyte mtDNA (Kaneda et al.,
1995; Evans et al., 1999; Takeda et al., 1999; Lanza et al.,
2000; Loi et al., 2001; Meirelles et al., 2001); (2)
homoplasmy of donor cell mtDNA (Chen et al., 2002);
(3) heteroplasmy of both donor and recipient mtDNA
(Steinborn et al., 1998; Hiendleder et al., 1999; Nagao
et al., 1997; Sutovsky et al., 1999; Yang et al., 2003). Our
results are consistent with the third conclusion that
chicken and rabbit mtDNAs coexist before the blastocyst
stage. This is perhaps caused by compatibility and
coordination between chicken nuclei and rabbit cyto-
plasm. The protein genes in mitochondrial genome of
the White leghorn chicken are highly similar to their
mammalian counterparts and are translated according
to the same variant genetic code. The avian genome
encodes the same set of genes (13 proteins, 2 rRNAs, and
22 tRNAs) as do other vertebrate mitochondrial DNAs

and is organized in a very similar economical fashion
(Desjardins and Morais, 1990). Anyway this is the first
report showing avian and mammalian mitochondrial
DNA coexist in interclass cloned embryos; whether this
is a general phenomenon needs further investigation.

At present, we do not have sufficient data supporting
the conclusion that rabbit oocyte cytoplasm reprograms
chicken nucleus. Molecular descriptors of successful
reprogramming in different species have not yet been
obtained. Now we only found that 2C9 monocloned
antibody, which is special to the antigen of chicken
PGCs, was positive to the reconstructed chicken–rabbit
embryo (unpublished data). Next, we will prepare to
transplant the chicken–rabbit reconstructed embryos
to the egg of chicken to see if they can progress into
organogenesis. If the experiment succeeds, the method
could be used for rescuing the endangered birds.

In conclusion, enucleated rabbit ooplasm can support
chicken blastodermal cells develop to blastocyst stage.

Fig. 3. Sequences of PCR products by using specific avian feather keratin gene D primer. A: Chicken
donor cells, (B) morula stage, (C) blastocyst stage NT embryo.

Fig. 4. Chromosomes of rabbit somatic cell, chicken–rabbit recon-
structed blastocyst and chicken somatic cell. A: Rabbit somatic cell, (B)
reconstructed blastocyst, (C) chicken somatic cell.

Fig. 5. Electrophoretic analysis of PCR product using specific rabbit
and chicken cytochrome primers, respectively. Lane 1: Markers,
(lane2) rabbit somatic cells, (lanes 3 and8) morula stage, (lanes 4and
9) blastocyst stage, (lane 5) chicken somatic cells; (lanes 6 and 11)
water (lanes 2–6, using rabbit cytb primers); (lane 7) chicken somatic
cells; (lane 10) rabbit somatic cells (lanes 7–11 using chicken cytb
primers); TF1, TF2, target fragment.
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Chicken and rabbit mtDNAs coexist in the chicken–
rabbit cloned embryos.
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