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ABSTRACT

There are some species-specific epigenetic factors present in the oocyte cytoplasm that may
contribute to nucleo-cytoplasmic incompatibilities either immediately after nuclear transfer (NT) or at
later stages of development. These potential incompatibilities will affect, to some degree, the ultimate
utility of NT technology. It has been demonstrated that maternally inherited mitochondrial DNA
molecules (mtDNAs) accumulated in the mitochondrial reservoirs of recipient-oocyte cytosol play
an important role in nuclear-ooplasmic asynchrony. This asynchrony involves the incompatibility in
epigenetic modifications of somatic genome supporting the developmental program of reconstituted
cybrids. It also involves incompatibility in molecular mechanisms controlling the karyokinesis and
cytokinesis restriction points responsible for coordinated pseudomeiotic to mitotic cycle transition
following activation of the reconstituted oocyte. Moreover, the presence of oocyte-derived mitochondrial
genetic apparatus influences clonal embryo implantation. For that reason, the deleterious effect on
preimplantation development of NT embryos of heterogeneous mtDNA sources arising from possible
mitochondrial heteroplasmy in the reconstructed nuclear-cytoplasmic hybrids, should not be discounted.
That is why, the production of nuclear transfer embryos, foetuses and offspring with precisely defined
constellations of nuclear and/or mitochondrial genome can be valuable for experimentally dissecting the
effects of nuclear and cytoplasmic genetic/epigenetic components as well as the intrauterine environment
on embryonic, foetal, and postnatal development of cloned individuals.
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OOCYTE CYTOPLASM-DEPENDENT EPIGENETIC MODIFICATIONS AND
NUCLEAR DNA-MITOCHONDRIAL DNA INTERACTIONS IN CLONAL
CYTOPLASMIC HYBRIDS (CYBRIDS)

Intracellular pool of mitochondria and their DNA copy number are connected
directly with the stage of cytoplasmic maturity of in vitro cultured recipient oocytes
and indirectly with both the nuclear and epigenomic maturational state of maternal
DNA. This, in turn, is the genetic marker of the oocyte’s ability to functionally
reprogramme sperm (in the case of monospermic fertilization) or donor somatic
chromatin molecular changes (in the case of cloning by nuclear transfer). It is also
a marker of the ability of developing embryos to erase parental genomic imprinting
memory arising from epigenetic inheritance (Kono et al., 1996; Latham, 1999;
Kikyo and Wolfte, 2000; Smith et al., 2000; Cummins, 2001b; Garesse and Vallejo,
2001; Stojkovic et al., 2001; Surani, 2001; Cecconi, 2002; Mann et al., 2003; St.
John et al., 2004). There are some species-specific epigenetic factors present in
the oocyte cytoplasm that may contribute to nucleo-cytoplasmic incompatibilities
either immediately after nuclear transfer (NT) or at later stages of development
(Smith et al., 2000; Cummins, 2001b; Dean et al., 2001; Reik et al., 2001; Rideout
Il et al., 2001; Shi et al., 2003a; Hiendleder et al., 2004a; Smith and Murphy, 2004;
St. John et al., 2004). These potential incompatibilities will affect, to some degree,
the ultimate utility of NT technology. It has been demonstrated that maternally-
inherited mtDNA molecules accumulated in the mitochondrial reservoirs of the
oocyte cytosol play an important role in nuclear-ooplasmic asynchrony. These
involve incompatibilities in both the epigenetic modifications of the somatic
genome supporting the developmental program of reconstituted cybrids and the
molecular mechanisms controlling the karyokinesis and cytokinesis restriction
points responsible for coordinatedpseudomeiotic to mitotic cycle transition
following activation of the reconstituted oocyte (Nagao et al., 1997; Smith et al.,
2000; Garesse and Vallejo, 2001; Surani, 2001; Cezar et al., 2003; Hiendleder et
al., 2004a; Smith and Murphy, 2004). Moreover, the presence of oocyte-derived
mitochondrial genetic material influences also the clonal embryo implantation
(Yamazaki et al., 1999). For that reason, the deleterious effect, on preimplantation
development of NT embryos, of heterogeneous mtDNA sources as a result of
possible mitochondrial heteroplasmy in the reconstructed nuclear-cytoplasmic
hybrids should not be discounted. The regulation of intramitochondrial metabolic
processes, as one major cytoplasmic determinant, is complex and involves
cooperation of the mitochondrial and the nuclear genomes of actively-dividing
clonal embryos (Cummins, 2001a). Hiendleder et al. (1999) reported that up to 95%
of proteins engaged in biogenesis and cytophysiological functions of mitochondria
are encoded by the nuclear genome. In addition, it has been shown that more
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than 100 species-specific interactions between proteins encoded by nuclear and
mitochondrial DNA, which require tight enzymatic control, are necessary for
optimized ATP production (Dey et al., 2000).

CYTOPLASMIC (EXTRANUCLEAR) INHERITANCE AND DIFFERENT
PATTERNS OF PARENTAL mtDNA SEGREGATION IN NUCLEAR-
TRANSFERRED EMBRYOS - COMPETITIVENESS OF ONE GENOME OVER
ANOTHER (LLE. PREFERENTIAL REPLICATION) OR COEXISTANCE OF
OOPLASM-DERIVED AND DONOR CELL mtDNAs (I.LE. EPIGENETIC
COMPLEMENTATION)

The studies of mitochondrial genome fate in cloned embryos can be helpful
to reveal the molecular mechanism of both architectural remodeling of donor
nuclear chromatin and epigenetic reprogramming of donor genomic DNA. There
have been several reports on the cytoplasmic inheritance of mitochondria and
mtDNA following the nuclear transfer technique or oocyte micromanipulation.
However, the fate of allogeneic or xenogeneic sources of mitochondrial genome
originating from donor cells and recipient cytoplasts (ooplasts) is still controversial
and unclear in animals derived from embryos reconstructed by both intraspecies
and cross-subspecies as well as interspecies cloning (xenonuclear transplantation
of foetal and adult somatic cell nuclei). It has been shown that interspecific nuclear
transfer, involving electrofusion of ear skin fibroblasts from sheep, pig, monkey,
and rat with enucleated bovine oocytes, result in early development of the clonal
embryos, whose cells are all xenomitochondrial cybrids. No pregnancies occurred
following transfer into foster mothers (Dominko et al., 1999), indicating that the
incompatibility of nuclear DNA- and mitochondrial DNA-encoded components
(both transcripts such as mRNA, tRNA, rRNA molecules and protein products)
from different species is likely to inhibit normal embryogenesis and foetogenesis.
Moreover, Nagao et al. (1997, 1998) have demonstrated the deleterious effect
of heterogeneous mtDNA copies on in vitro developmental potential of mouse
embryos produced by xenonuclear transfer of Mus spretus donor cell nuclei
into Mus musculus oocyte cytoplasm. Congenic cloned mice derived from these
interspecific NT embryos with mismatch (functional asynchrony) between the
nuclear and mitochondrial genome had decreased physical performances. Results
of the studies by Nagao et al. (1998) also confirmed that the cytoplast-inherited
mtDNA component can be responsible, to a high degree, for non-coordinated
nuclear-ooplasmic interactions between maternal transcripts and/or proteins and
donor nuclear factors. Together these are defined as genomic discordance between
nuclear (donor cell- or karyoplast-mediated) and extranuclear (recipient cell- or
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ooplast-mediated) inheritance in clonal cytoplasmic hybrids. Similarly, mouse
xenomitochondrial cybrids harbouring rat mtDNA fractions exhibited reduced
metabolic activity, cellular proliferation and frequency of oxidative phosphorylation
in heterologous mitochondria, as a result of the genomic incompatibility of nuclear-
and mitochondrial-encoded products of transcription as well as translation (Dey
et al., 2000). Barrientos et al. (2000) reported that mitochondria from gorilla and
chimpanzee, but not from the more genetically distant orangutan, were able to
restore oxidative phosphorylation in human cells.

Consequences resulting from the transmission of two mitochondrial genomes in
interspecies cloned embryos

Interspecies cloning, which involves transferring cell nuclei of one species into
enucleated mature oocytes of another species, and then establishing pregnancy in a
species other than the nuclear donor, may be the only way to clone and consequently
increase the population size of seriously endangered animals or even to restore
extinct species. Insufficient oocyte donors and surrogate mothers may make it
impractical to produce such threatened species by intraspecies cloning [with the
use of allogeneic, autogeneic or isogeneic cell nuclei i.e. originating from the same
individual (female) or its monozygotic and monosexual twin, whose oocytes are a
source of recipient cells in NT procedure]. Several studies have shown that oocyte
cytoplasm from such domesticated animals as 1. cattle (Bos taurus and Bos indicus),
2. sheep (Ovis aries), and 3. cats (Felis silvestris catus) can be used as the universal
source of host cytoplasts, which can support embryonic and/or foetal development.
This development is regulated by structurally and functionally rearranged foreign
chromatin of transplanted somatic cell nuclei from various (susceptible to rapid
population collapse) free-living as well as farmed mammalian species. Compatible
species are those that are highly phylogenetically related to those above listed and
include for 1. gaur (Bos gaurus/B. frontalis; Lanza et al., 2000a; Figure 1) and
swamp buffalo (Bubalus bubalis; Nguyen et al., 2000; Kitiyanant et al., 2001;
Saikhun et al., 2002); 2. argali (Ovis ammon; White et al., 1999), and mouflon
(Ovis orientalis musimon; Loi et al., 2001), and 3. African wild cat (Felis silvestris
libica; Gomez et al., 2003, 2004b), respectively. Recent successes in cloning argali
(White et al., 1999), gaur (Lanza et al., 2000a; Figure 1), mouflon (Loi et al.,
2001) and African wild cats (Gomez et al., 2004a,b) indicate the possibility that the
technique of xenonuclear transplantation of somatic cell nuclei to recipient ooplasm
of closely related, unthreatened farm or companion animals could be applied to
save and, in fact, to reintroduce highly endangered, vanishing or vulnerable
wild mammalian species. It has been argued that the full-term development
of interspecific clonal cybrids directed by epigenetically reprogrammed
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Figure 1. Schematic diagram of interspecies somatic cloning (xenonuclear transfer of somatic
cells), in which nuclear donor cells and recipient oocytes are collected from closely related species.
In the preimplanted nuclear transferred embryos, bovine oocyte derived mtDNAs are inherited
predominantly/primarily (Lanza et al., 2000a).
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heterologous cell nuclei of gaur (Figure 1), mouflon and African wild cat was
achieved, because the NT embryos were homoplasmic for mtDNA molecules as
a consequence of predominantly maternal cytoplasmic exchange mechanisms
of mitochondria exclusively inherited from recipient oocytes. On the contrary,
the studies by Chen et al. (1999, 2002) suggest a possible different pattern of
mitochondrial transformation in interspecific cloning of giant panda (A4iluropoda
melanoleuca) by xenonuclear transfer of abdominal muscle-derived fibroblast
cells to cytoplasm of rabbit (Oryctolagus cuniculus) oocytes (Figure 2). By using
mitochondrial DNA-specific PCR (polymerase chain reaction) analysis of D-loop
regions of panda and rabbit, Chen et al. (1999, 2002) indirectly proved that adult
somatic cell (SC) nuclei of giant panda are able to dedifferentiate in the ooplasm
originating from rabbit. They, therefore, can support early development of the
reconstructed embryos by an unique and specific elimination of heteroplasmy
phenomenon of the xenogeneic mitochondrial genome. This is induced by the
resumption of transcriptional activity by some nuclear DNA genes derived from
transplanted panda donor cells. The heterologous sources of mitochondria from
both panda somatic cells and rabbit recipient oocytes coexist in clonal embryos
at the early blastocyst stage before implantation (Chen et al., 1999, 2002; Figure
2). In contrast, after interspecies uterine implantation of blastocysts, which have
developed from panda-rabbit cloned embryos (transferred at the 2- to 4-cell
stage, together with hybrid cat-rabbit NT embryos, into the oviducts of domestic
cat recipients), mitochondria from donor panda cells remain predominantly
“autorenewable” deposits of extranuclearly inherited DNA copies, detectable
through PCR analysis of displacement loop segments (Chen et al., 2002).
The number of these from rabbit ooplasts is reduced by intracellular ubiquitin
ligase complex-dependent biodegradation and/or extrusion into extracellular
environment in early xenonuclear-transferred foetuses. A possible interpretation
of how these processes limit mtDNA heteroplasmy is that giant pandas and
rabbits are genetically further correlated. Thus, selective expression of nuclear
genome derived from panda donor cells after maternal to embryonic transition of
its control of transcriptional activity leads to biogenesis stimulation of panda cell
mitochondria. On the other hand it contributes to inhibiting the autoreplication
of mtDNAs and subsequent duplication of mitochondria from rabbit oocytes
at G2 stage of cell cycle during foetogenesis. Anyway, this is the only report
showing that mitochondria from somatic cells substitute gradually those from
enucleated recipient oocytes in interspecies NT embryos. Whether this is a general
phenomenon of functional and morphological maturation of genetically-active
mitochondria in hybrid clonal embryos, which are reconstructed with donor cell
nuclei and recipient oocytes derived from two distantly related species, needs
further clarification (Chen et al., 2002).
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Figure 2. Schematic diagram of interspecies somatic cloning (xenonuclear transfer of somatic cells),
in which nuclear donor cells and recipient oocytes are collect ed from two distantly related species.

In the preimplanted nuclear transferred embryos, mitochondria from donor panda cells and recipient
rabbit oocytes coexist (Chen et al., 1999, 2002).



400  mtDNA AND EPIGENETIC REPROGRAMMING IN CLONED EMBRYOS

The results of the studies by Yang et al. (2003, 2004) showed that mechanism
of distribution of transmitochondrially-descended genetic material in preimplanted
xenonuclear-transferred embryos, reconstituted with ear skin-derived fibroblast cells
of macaque (Macaca mulatta tcheliensis) and rabbit recipient oocytes, is similar
to the pattern of extranuclear inheritance during preimplantation development of
the cloned giant panda-rabbit embryos (Chen et al., 1999, 2002). By quantitative
analysis of species-specific mtDNA levels using a real-time PCR method, the
degrees of mitochondrial genome heteroplasmy (measured with the percentage
ratios of macaque mtDNA copy number to rabbit mtDNAs) were estimated in
the single hybrid SCNT embryos at seven developmental stages, including 1-
cell (immediately after cell electrofusion), 2-, 4-, 8- and 16-cell, and morula and
blastocyst stages (Yang et al., 2004). It was revealed that the single preimplanted
cloned embryos contain 0.54-2.8 x 10* mtDNA copies of macaque donor cell origin
and 0.13-4.7 x 10’ mtDNA fractions derived from rabbit oocyte cytoplasm. On this
basis, it has been demonstrated that both macaque somatic cell- and rabbit ooplasm-
inherited mtDNAs coexist in interspecies cloned embryos at all preimplantation
stages, with maternally-transmitted mitochondrial genome being predominant.
Similarly, the heteroplasmy of xenogeneic mtDNAs has been identified in
macaque-rabbit NT embryos by qualitative analysis using direct PCR product
sequencing (Yang et al., 2003). Piko and Taylor (1987) found that in the murine
preimplanted embryos there was no mtDNA replication until the blastocyst stage.
In the experiments by Yang et al. (2004) it has been shown that in the 1-cell cloned
embryos (immediately after reconstruction), the number of mtDNAs from macaque
nuclear donor cells was 2.6 x 10, while there were 1.3 x 10° copies of mitochondrial
genome from rabbit recipient oocytes. In subsequent in vitro development of hybrid
macaque-rabbit SCNT embryos, from the 2-blastomere stage to the morula stage,
there were no significant changes in copy numbers of both species-specific mtDNA
genotypes. However, at the blastocyst stage, the copy number of macaque somatic
cell-derived mtDNA was reduced to 5.4 x 10* while the copy number of maternally-
inherited mitotype of rabbit was dramatically increased to the level of 4.7 x 107
Due to the reduction of macaque nuclear donor cell-transmitted mtDNA copies
and the increase of recipient cytoplasm-derived mtDNAs, the ratio of somatogenic
mtDNA to ooplast-inherited mtDNA also decreased sharply from the level of 2% in
the interspecific SCNT embryos at the 1-cell stage to 0.011% at the blastocyst stage.
These changes in the heteroplasmy degree of xenogeneic mtDNA sources during
preimplantation development of cloned macaque-rabbit embryos suggest that the
initiation of autoreplicative activity of ooplasmically-descended mitochondrial
genome takes place after the morula stage. The results of the studies by Yang et al.
(2004) support the conclusion of Piko and Taylor (1987), related to the preimplanted
mouse embryos, that the mtDNA replication is induced at the blastocyst stage.
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Consequences resulting from the transmission of two mitochondrial genomes in
cross-subspecies cloned embryos

The birth of live and healthy Bos indicus calves produced by nuclear transfer
of Bos indicus donor cells (both blastomeres and somatic cells) into Bos taurus
recipient cytoplasts proved also that cross-subspecies cloning is a viable
approach to rescue or to restore closely related endangered wild and farmed
species (Meirelles et al., 2001; Steinborn et al., 2002). Meirelles et al. (2001)
demonstrated that the intracytoplasmic fractions of Bos indicus donor cell-
derived mtDNA were diminished gradually during preimplantation development
of clonal hybridic embryos (Figure 3). Thus, somatic mitochondrial genome
was completely removed by the end of the gestation through the molecular
mechanism of rapid and selective replacement of heterogeneous mitochondrial
genotype by maternally or homoplasmically inherited mtDNA haplotype
copies. Conversely, Steinborn et al. (2002) found coexisting mtDNAs of both
subspecies (Bos indicus and Bos taurus), in born nuclear transfer-derived
somatic cattle clones. Both studies indicated that the presence of mitochondrial
genome sequences originating from the recipient ooplast or hybridization
of mtDNA molecules from maternal (oocytic) inheritance with somatogenic
mtDNAs does not inhibit normal development of NT embryos (Meirelles et al.,
2001; Steinborn et al., 2002; Figure 3).

Consequences resulting from the transmission of two mitochondrial genomes in
intraspecies cloned embryos

Intraspecies cloning usually leads to generation of clonal embryos and
resultant offspring in cattle (Steinborn et al., 1998a; Takeda et al., 1999,
2003) and sheep (Evans et al., 1999), whose final composition of parental
mitochondrial genome is established during preimplantation development. This
is the result of a selective process involving predominant replacement of the
exogenous mitochondrial genotype with mitochondrial haplotype of recipient
cytoplast origin (Figure 3). Only in some cases does the mitochondria from both donor
cells and recipient oocytes coexist in cloned bovine embryos, whose blastomeres are
allomitochondrial cybrids from a cytological point of view (Figure 3). That is why
calves derived from NT blastocysts transplanted into surrogate mothers, exhibited
mtDNA heteroplasmy, induced by both cellular mosaicism of mitochondrial
genome sequences and neutral (random) segregation of parental mtDNA haplotypes
(the so-called mitotypes) during early embryogenesis (Steinborn et al., 1998b;
Hiendleder et al., 1999; Takeda et al., 2003; Figure 3). Recently, Steinborn et
al. (2000) reported mitochondrial heteroplasmy in cloned cattle generated from
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Figure 3. Schematic diagram of intraspecies somatic cloning (nuclear transfer of allogeneic somatic
cells). Thus far, the fate of foreign mtDNAs is still controversial in intraspecies cloned embryos. In the
bovine nuclear transferred embryos, mitochondrial genome primarily arises from the recipient oocytes
(Do etal., 2001; Meirelles et al., 2001), whereas in the others mtDNA copies appear to be heteroplasmic
(Steinborn et al., 2000, 2002; Do et al., 2002; Hiendleder et al., 2003; Takeda et al., 2003)
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foetal and adult somatic cells. These authors confirmed that the donor-to-recipient
ratios of parental mtDNA molecules remained on the same level throughout
embryogenesis and postembryonic development. Interesting results of the studies
on fate of mitochondrial genome in clonal bovine embryos during preimplantation
development following intraooplasmic microinjection of cumulus cell karyoplasts
were achieved also by Do et al. (2002; Figure 3). Mitochondrial DNA heteroplasmy
in the NT embryos was analysed by allele-specific PCR (AS-PCR), direct DNA
sequencing, and DNA chromatography. AS-PCR analysis for the detection of donor
mtDNA fractions was performed at the 1-, 2-, 4-, 8-, 16-cell, morula, and blastocyst
stages of in vitro cultured embryos. The mitochondrial genome from nuclear
donor cells was detected at all developmental stages of clonal embryos. However,
mtDNA heteroplasmy was not ascertained in direct DNA sequencing (and DNA
chromatographs) of D-loop control region isolated from NT-derived blastocysts.
The cloned blastocysts exhibited only the presence of nucleotide sequences being
in accordance with displacement loop segments of recipient oocytes at donor-
specific base-pair positions. No regulatory sequence differences were revealed
by this analysis method for mitochondrial genotype between recipient cytoplasts
and cloned blastocysts. However, if only very small amounts of reaction product
are present, any mtDNA sequence differences could remain undetectable. To
confirm the mitochondrial heteroplasmy in somatic cell nuclear transfer (SCNT)
embryos, the AS-PCR product originating from clonal blastocysts was analysed
additionally by DNA sequencing and DNA chromatography. These molecular
genetic techniques indicated finally that, in the inner cell mass and trophectoderm
cells of nuclear-transferred blastocysts, heterogeneous haplotype copies of cumulus
cell-derived mitochondrial genome were inherited together with mtDNA molecules
of maternal origin (Figure 3). The results of the studies by Do et al. (2002) suggest
that the foreign cytoplasmic (extranuclear) genome from somatic donor cells does
not undergo ubiquitin-mediated biodestruction during preimplantation phase of
embryogenesis of allomitochondrial clonal cybrids. In addition, it is possible that
direct PCR product sequencing and DNA chromatography are methods, which
are inappropriate for estimating the mitochondrial heteroplasmy in NT embryos
because these analytic techniques are unlikely to be sensitive enough to detect a
very small amount of donor cell mtDNA.

The methods for qualitative and/or quantitative analysing the mitochondrial fate
in nuclear transfer-derived embryos

Although data concerning the transmission of allogeneic sources of
mitochondrial genome after micromanipulation of mammalian embryos are
fragmentary and inconsistent, different methods have been used to analyse the
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heteroplasmic inheritance patterns of parental mtDNA copies. These are: 1.
single-strand conformation polymorphism of PCR fragments (PCR-SSCP) in
cloned bovine embryos, foetuses and resultant offspring (Takeda et al., 1999,
2003); 2. PCR-mediated restriction fragment length polymorphism (PCR-RFLP)
in cloned sheep (Evans et al., 1999) and cloned bovine foetuses (Hiendleder et
al., 2004a,b); 3. allele-specific PCR (AS-PCR) in cloned bovine embryos and
calves (Steinborn et al., 1998b; Do et al., 2002); 4. direct PCR product sequencing
in interspecies cloned panda-rabbit embryos (Chen et al., 2002) and macaque-
rabbit embryos (Yang et al., 2003), cloned bovine embryos (Do et al., 2002)
and ooplasm-transferred humans (Brenner et al., 2000; Barritt et al., 2001); 5.
DNA chromatography in cloned bovine embryos (Do et al., 2002) and ooplasm-
transferred humans (Brenner et al., 2000; Barritt et al., 2001), and 6. allele-specific
real-time PCR in cloned cattle (Steinborn et al., 2000) or real-time (rapid cycle
fluorescence monitored) PCR in interspecies cloned macaque-rabbit embryos
(Yang et al., 2004). Of these methods, allele-specific PCR is considered to be the
most sensitive and suitable technique for the analysis of the mtDNA distribution
patterns in the pre- and postimplanted NT-reconstituted embryos. However, all
these methods of mtDNA detection can be used to qualify the varying degrees of
mitochondrial genome heteroplasmy only, but not to quantify the mtDNA copy
number in developing clonal embryos. In the experiments by Yang et al. (2004),
real-time quantitative PCR analysis was applied to identify the slight changes
of species-specific mtDNA fractions in xenonuclear-transferred macaque-rabbit
embryos accurately. It has been shown that this technique can amplify about 10
copies, sometimes even one copy, of macaque or rabbit mtDNA concentration
standards. Thus, the real-time PCR method with sensitivity to detect extremely
low levels of mitochondrial genome heteroplasmy (less than ten copies of
mtDNA) can also be extended to identification of the nuclear genes. Steinborn et
al. (2000) quantified the percentage of somatic cell-transmitted mtDNA fractions
in cloned bovine embryos and born calves by allele-specific real-time PCR. It
was revealed that the ratio of nuclear donor cell-descended mtDNAs to recipient
ooplast-inherited mitotypes was approximately 2-5% (Steinborn et al., 2000) and
less than 3-4% (Takeda et al., 2003) in the reconstructed bovine 1-cell embryos
immediately after electrofusion of somatic cell-cytoplast complexes. In the
experiments by Steinborn et al. (2000) it was shown that the level of somatogenic
mtDNA copies ranged from 0.4 to 4% and remained the same throughout all the
pre- and postimplantation development of bovine nuclear transfer embryos. It
was also observed the cellular heteroplasmy of mitochondrial genotype in seven
of ten cattle clones with the nuclear donor-to-recipient oocyte ratios ranging
from 0.4 to 4%, while the other three clones showed a significant reduction or
absence of donor cell-specific mtDNA copies at ratios < 0.3% (Steinborn et al.,
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2000). On the contrary, the studies by Takeda et al. (2003) demonstrated that
three (C1, C2, C3) of eleven nuclear-transferred calves/foetuses exhibited the
considerably higher degree of mitochondrial genome heteroplasmy (25-51%,
0-15%, 8-59%, respectively in the C1, C2, C3 clones) with the differences
between tissues observed. Most interesting, however, is a replicative advantage
of donor cell-derived mtDNA over the maternally-inherited mtDNA, although
it is important to note the differences in the composition of mitotypes (mtDNA
haplotypes) between tissues of the same cloned individual (Takeda et al., 2003).
This is in contrast to another report where no advantage of somatic cell-mediated
mitochondrial genome was found (0-5% nuclear donor mtDNA in blood of eighty
12-day bovine NT foetuses; Hiendleder et al., 2003). Moreover, the cells of the
cloned foetuses expressed homoplasmic transmission of the recipient ooplasm-
inherited mtDNA copies in all other tissues analysed (skin, muscles, brain,
lungs, heart, rumen, jejenum, liver, spleen, kidney and cotyledons; Hiendleder
et al., 2003). These variations in the somatogenic mtDNA compositions could
be related to differences in the somatic cloning procedure and/or differences
in the nuclear-cytoplasmic intergenomic communication in the intraspecies
(bovine) NT embryos, foetuses and resultant offspring (Hiendleder et al., 2003;
Takeda et al., 2003). The tissue-specific proportion of nuclear donor cell-derived
mtDNA fractions in bovine cloned foetuses and calves may also be related to the
quantity of somatic cell cytoplasm present in the cybridic clonal embryos post
reconstruction/electrofusion (Takeda et al., 2003).

It is beyond any doubt that a great variety of the mtDNA analysis techniques
used for NT embryos, foetuses, and offspring is responsible, to a high degree, for
discordance or divergence of the results of studies on mitochondrial inheritance
in somatic and embryo cloning of mammals. For instance, Do et al. (2002)
have demonstrated that donor cell-derived mtDNAs were detectable during
preimplantation development of embryos reconstituted by intraooplasmic
injection of cumulus cell nuclei (Figure 3). But, this result was contrary to that
of their previous experiments (Do et al., 2001), in which the donor mitochondria
were eliminated from the cytoplasm of clonal embryo blastomeres between the 8-
and 16-cell stages of in vitro development (Figure 3). One possible explanation is
that somatogenic mitochondria transferred into the cytoplasts may be biodegraded
after outer mitochondrial membrane break-down activated by ubiquitin ligase
complex, whereas mtDNA molecules released from mitochondrial matrix to
cytosol of embryonic cells are transported (imported) and incorporated into the
endogenous (maternally inherited) mitochondrial “reservoirs” (King and Attardi,
1988; Gyllensten et al., 1991). From this moment mitochondria, which originate
from recipient oocytes, become the carriers of their own genetic information as
well as heterogeneous fractions of cytoplasmically inherited genetic material
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or, contrariwise, endogenous mtDNAs from ooplasts are replaced by donor
cell mtDNA copies in mitochondrial compartment (King and Attardi, 1989). It
is also probable that the molecular signal for mtDNA heteroplasmy detection
(MitoTracker Green FM fluorochrome; Molecular Probes Inc., Eugene, OR)
disappears at the mitochondrial maturation stage, during which mitochondria
undergo extensive ultrastructural transformations (Do et al., 2001). Therefore,
further studies are required to determine the mechanism of mitochondrial
destruction and the manner of transmission of mtDNA following both SCNT and
in vivo as well as in vitro fertilization.

REMODELING/REPROGRAMMING OF DONOR NUCLEAR AND
CYTOPLASMIC (OOCYTIC/MATERNAL OR SOMATIC CELL-DERIVED)
EPIGENETIC INHERITANCE (METHYLATION STATUS) IN CLONED
EMBRYOS

Successful cloning of animals by NT requires epigenetic reprogramming of the
differentiated state of the donor cell nucleus to a totipotent embryonic ground state.
It means that the donor nuclei must cease its own program of gene expression and
restore a particular program of the embryonic genome expression (transcriptional
activity) regulation that is necessary for normal development (Dean et al., 2001;
Surani, 2001; Niemann et al., 2002; Shi et al., 2003a). Epigenetic modifications,
such as donor genomic DNA methylation and its likely interaction with histone
deacetylation and methylation, have been considered to be one of the candidates
regulating nuclear reprogramming (Reik et al., 2001; Rideout III et al., 2001;
Bortvin et al., 2003; Young and Beaujean, 2004). The most dramatic changes in
the DNA methylation level occur throughout the preimplantation development
of cloned embryos and during gametogenesis of cloned foetuses (Latham, 1999;
Cezar et al., 2003; Santos and Dean, 2004). During early embryonic development,
the overall methylation level of the somatic genetic apparatus sharply decreases
and reaches a low point at the blastocyst stage. The process of epigenetic
reprogramming in early NT embryos erases gamete-specific methylation patterns
inherited from the parental genome of nuclear donor cells (Shi et al., 2004;
Smith and Murphy, 2004; Young and Beaujean, 2004). This somatic DNA-wide
demethylation process may be crucial for the formation of pluripotent stem cells
that are important for the later development at the gastrulation stage. During the
postimplantation phase of embryogenesis and foetogenesis, a wave of de novo
methylation of genetic material takes place and most of the genomic DNA is
methylated at defined developmental timepoints (Kang et al., 2001a,b; Reik
et al., 2001; Enright et al., 2003; Dindot et al., 2004). Another demethylation/
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remethylation unique cycle of epigenetic reprogramming occurs throughout the
gametogenesis and is necessary for resetting of parental donor genome imprinting
(Inoue et al., 2002; Dean et al., 2003; Lee et al., 2003a; Ruddock et al., 2004).
Recapitulating, the dynamic, several-step epigenetic modifications of donor
genome after somatic cell nuclear transfer (i.e. clonal cybrid reconstruction)
include among the other processes of chromatin structure remodeling (Dean et
al., 2001; Rideout III et al., 2001; Vignon et al., 2002; Bortvin et al., 2003; Santos
and Dean, 2004), global changes in overall DNA methylation status (Kikyo and
Wolffe, 2000; Niemann et al., 2002; Archer et al., 2003; Cezar et al., 2003; Shi
et al., 2004; Smith and Murphy, 2004; Young and Beaujean, 2004), uniparental
(monoallelic) expression of imprinted genes (Latham, 1999; Dean et al., 2003;
Mann et al., 2003; Dindot et al., 2004; Ruddock et al., 2004), restoration of
telomere length (Tian et al., 2000; Lanza et al., 2000b; Cui et al., 2003; Shi et
al., 2003b), and also X chromosome inactivation in female clones (Eggan et al.,
2000; Wrenzycki et al., 2002). All these events, which take place synchronously
with donor nuclear cycle progression in the cytoplasmic microenvironment of
embryonic cells, lead to global rearrangement of the somatic genetic apparatus,
at various stages of pre- and postimplantation development (Campbell, 1999a,b;
Surani, 2001; Cezar et al., 2003; Enright et al., 2003; Samiec, 2004; Santos and
Dean, 2004).

The remodeling and reprogramming of the somatic nuclear apparatus is a result
of interaction between factors accumulated in the nucleoplasm and attached to
the chromatin, configured in the form of the metaphase plate as a consequence of
appropriate rearrangement of its spatial structure and nucleosome repression, with
protein factors of recipient cell (oocyte) cytoplasm. This shows that these processes,
crucial for mammalian somatic cloning, are not the direct effect of conformance
of the exogenous genetic material to cytophysiological conditions of Metaphase 11
ooplast. This is why the nuclei of somatic cells have a tendency towards minimizing
the manifestation degree of developmental programming (Campbell, 1999a;
Rideout III et al., 2001; Renard et al., 2002; Shi et al., 2004; Young and Beaujean,
2004). In turn, the low contribution of realizing the somatic genetic program in
the preimplantation development of reconstituted embryos should be revealed in
conservation through the exogeneic nuclear apparatus of the competence for easy
adaptation to the meiotic to mitotic transition of the cell cycle control of activated
clonal cybrids (Kono, 1997; Campbell, 1999a,b; Fissore et al., 1999; Vignon et al.,
2002; Santos and Dean, 2004). However, the abilities of transplanted cell nuclei
to fully direct the developmental program of reconstructed embryos are most
likely the result of correct course of molecular mechanisms accompanying both
nuclear chromatin remodeling and reprogramming of the somatic cell genome.
Proper rearrangement of exogenous genetic apparatus induces only the program
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of active action donor genomic DNA on the hybridic clonal embryo cytoplasm and
on the mitochondrial DNA (mtDNA) molecules of heteroplasmic origin and from
ooplasmic (maternal) inheritance (Cummins 2001a,b; Garesse and Vallejo, 2001;
Briiggerhoff et al., 2002; Dean et al., 2003; Shi et al., 2003a; Hiendleder et al.,
2004a; Smith and Murphy, 2004; St. John et al., 2004).

Effect of oocyte reconstruction methods on nuclear and mitochondrial DNA
rearrangements in cloned embryos

Nucleoplasmic (karyolymphatic) factors of the somatic cell are engaged
directly or indirectly in its structural and functional differentiation. These include
transcriptional factors, histones, non-histone HMG (high mobility group) proteins,
interacted with transcriptionally-active chromatin, nuclear lamins, polysubunitary
protein complexes responsible for remodeling of spatial conformation of chromatin
structures and for DNA topology changes (among others nucleosome remodeling
factor; NURF, or brahma family proteins: BRG1 and BRM, homological with
yeast factors SWI2/SNF2; switch of mating type/sucrose non-fermenting). All of
these are associated with nuclear chromatin, and their qualitative and quantitative
composition undergo changes in line with progressing cytodifferentiation state.
When a whole donor cell is fused with an enucleated oocyte, then those specific
factors of the somatic cell are also transferred into the cytoplasm of recipient oocyte
and may block an ability of endogenous oocytic factors for appropriate remodeling
and reprogramming of foreign (allogenic) cell nucleus (Campbell, 1999b; De Sousa
et al., 1999; Rideout III et al., 2001; Loi et al., 2002; Renard et al., 2002; Vignon et
al., 2002; Santos and Dean, 2004). Exogenous cytoplasmic factors of the donor cell
are incorporated together with proteins and maternal transcripts (MRNA molecules)
of oocyte into the remodeled somatic cell nucleus (pseudopronucleus). In turn, a
surplus of these hypothetical foreign agents in the ooplasm causes a considerable
dilution of specific internal oocyte factors, owing to mutual mingling in the hybridic
cytoplasmic environment. This diminishes simultaneously the probability of
complete donor nucleus reprogramming (Campbell, 1999a; Fissore et al., 1999;
Prather, 2000; Vignon et al., 2002; Shi et al., 2004; Young and Beaujean, 2004).
The chief purpose of somatic nucleus intraooplasmic microinjection procedure is
to avoid all the above mentioned problems. Introduction of practically only the
donor cell nucleus into the cytoplasm of enucleated oocyte increases many times
the likelihood of proper action of specific cytosolic oocyte agents on the processes
of foreign nuclear chromatin remodeling and genome reprogramming. In this case
the only source of exogenous proteins and mRNA transcripts is the nucleoplasm of
transplanted karyoplast. Insignificant amounts of perinuclear cytoplasm (perikaryon)
remain to interfere with the further embryonic development of mammalian clonal
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zygotes (Lacham-Kaplan et al., 2000; Prather, 2000; Galli et al., 2002; Roh and
Hwang, 2002; Lee et al., 2003c; Samiec, 2004; St. John et al., 2004; Yang et al.,
2004). Moreover, reducing the volume of allogenic somatic cytoplasm, transplanted
into the cytosolic ooplast microenvironment allows for complete avoidance of the
limitations caused by heteroplasmic sources of mitochondrial DNA and messenger
RNA (including also polycistronic mitochondrial mRNA), originating from somatic
donor-cell of nuclear genetic material and from recipient-cytoplast (ooplast). The
lack of the impurities in the form of somatic mtDNA in the cytoplasmic environment
of the reconstructed oocyte, or the lack of the so-called mtDNA heteroplasmy brings
about a consequent decrease in the frequency of the disorders in the epigenetic
reprogramming of nuclear DNA and mitochondrial DNA (in consequence of
hypermethylation or excessive demethylation of DNA cytosine residues; Garesse
and Vallejo, 2001; Reik et al., 2001; Surani, 2001; Roh and Hwang, 2002; Gomez
et al., 2003; Smith and Murphy, 2004). All disturbances in dynamic homeostasis
of epigenetic modifications of somatic cell genome may result from asynchronous
structural remodeling of nuclear chromatin (non-coordinated deacetylation/
acetylation of histones and elevation of nucleosomal repression level through
decrease of SWI2/SNF?2 protein complex activity), as well as asynchronous changes
of spatial configuration of regulatory D-loop of “naked”, circular mtDNA molecules
of nuclear-transferred embryos (Santos and Dean, 2004; Hiendleder et al., 2004a; St.
John et al., 2004). The maintenance of correct DNA methylation pattern in the nuclei
of all descendant blastomeres of preimplantational clonal embryos favours also the
preservation, in the intact form, of the mechanisms responsible for parental genome
imprinting (uniparental/monoallelic gene expression). In turn, this is reflected in
flawless rearrangement of exogenous chromatin as well as reprogramming of
nuclear and mitochondrial genetic apparatus, and, in extreme cases, even in partial
remodeling of chromatin structures. It thus avoids the inhibition of transcriptional
activity of the larger part of embryonic genome in the early stages of embryogenesis
(Latham, 1999; Smith et al., 2000; Cummins, 2001a,b; Dean et al., 2001; Niemann
et al., 2002; Renard et al., 2002; Mann et al., 2003; Yang et al., 2004).

CREATION (RECONSTRUCTION) OF HOMOPLASMIC CLONAL CYBRIDS
BY THE FUSION OF ENUCLEATED OOCYTES (CYTOPLASTS) WITH
mtDNA-DEPLETED CELLS POSSESSING SOMATIC NUCLEI

A truly groundbreaking solution, enabling total elimination or at least
considerable diminution of mtDNA heteroplasmy in the somatic cell nuclear
transfer (SCNT) embryos reconstructed by cell electrofusion or whole cell
intraooplasmic microinjection, turned out to be the use of cell donors depleted
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of mtDNA molecules. It allows the production of cloned embryos homoplasmic
for mtDNAs (Lee et al., 2003b). Lee et al. compared the in vitro developmental
potential of ovine embryos reconstituted with cell nuclei of primary foetal
fibroblasts and mtDNA-depleted foetal fibroblasts as donor cells. Ovine fibroblast
cells were cultured without serum deprivation and used as a nuclear donor source
at 60-70% confluency state. Donor cells were depleted of mtDNA by treatment
with low concentration (50 ng/mL) of ethidium bromide (EB), a known inhibitor of
mtDNA replication. Incubation of fibroblast cells in culture medium with addition
of ethidium bromide promotes the production of homogenous cell population
deprived of mitochondrial genome. It also promotes a relatively high degree
of synchronization of competitive inhibition of enzymatic systems of mtDNA
autoreplication, thereby minimizing mtDNA copies per mitochondrion and per
cell in all the treated cell population. The proportion of fused somatic cell-ooplast
couplets was significantly greater in the control group than with EB-treated cells (87
vs 73%). In addition the cleavage rate of control fused embryos was significantly
higher than that of embryos obtained using mtDNA-depleted cells (81 vs 59%).
However, no significant difference was observed in blastocyst formation rate (32
vs 23%, respectively) or total blastocyst cell number (approximately 94 vs 74 cells)
on day 7 of in vitro culture. In turn, Lloyd et al. (2003) confirmed repeatability of
the results of the study by Lee et al. (2003b) using caprine, ovine and bovine foetal
fibroblast primary cell cultures for depletion of mtDNA molecules. These somatic
cells of all farm ruminant animal species were produced to eliminate the possible
transmission of donor cell mitochondrial genome at the SCNT stage, but the aim
of these investigations was to determine whether mitochondrial mRNA molecules
persist following mtDNA depletion. During the chemically induced removal
process of mtDNAs, treated somatic cells were collected and then the expression of
several mitochondrial genes encoding proteins of the respiratory chain, including
three subunits of NADH dehydrogenase (ND1, ND2, ND3) and one subunit of
cytochrome C oxidase (COXII), was analysed by reverse transcription-PCR (RT-
PCR). Detection of concentration levels of mtDNA transcripts in different species
donor cells by RT-PCR analysis revealed either a sequential decrease to trace
concentrations or an absence of mitochondrial mRNA fraction for all the above-
mentioned mitochondrial genes, which effectively incorporated ethidium bromide.
Elimination of both the donor cell mtDNA molecules and mitochondrial transcripts,
prior to nuclear transfer to the enucleated recipient oocyte, should facilitate the
architectural remodeling. It should also facilitate epigenetic reprogramming of the
somatic cell nucleus in clonal cybrids, allowing for correct regulation of maternal
(oocytic) mtDNA autoreplication and transcription by this spatially rearranged
and epigenetically modified genetic apparatus, as a result of only homoplasmic
sequence variants of the control D-loop region.
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EFFECT OF MATERNAL LINEAGE OF RECIPIENT OOCYTES ON THE
EXTRANUCLEAR GENETIC/EPIGENETIC INHERITANCE AND NUCLEO-
CYTOPLASMIC INTERACTIONS IN CLONED EMBRYOS

Recently, Briiggerhoff et al. (2002) have shown that maternal lineage of recipient
oocytes has a significant effect on the proportion of bovine NT embryos developing
to transferable morulae and blastocysts, which provides experimental evidence for
the influence of ooplast cytosolic components on the efficiency of somatic cloning
in cattle. In utero developmental capacity of transferred bovine cloned embryos is
also significantly affected by the type of recipient oocyte cytoplasm (Hiendleder
et al., 2004a). This genetically-controlled phenomenon has not been described so
far, probably because, in most studies on bovine nuclear transfer, a large number
of oocytes with non-defined mtDNA genotypes are recovered from the ovaries of
slaughtered cows or heifers to enable a strong selection for high-quality oocytes.
Thus, varying compatibility between nuclear and cytoplasmically inherited
mitochondrial genes in cloned calves has been discussed as a potential reason
for the wide variation in body weight of these specients (Gértner et al., 1998). To
address this point, Briiggerhoff et al. (2002) combined SCNT and ultrasound-guided
ovarian follicle aspiration (ovum pick-up [OPU]) technology for the production of
clonal embryos with defined nuclear DNA and mitochondrial DNA constellations.
Two maternal lineages of oocyte donors of the same breed (Simmental cattle) were
selected according to a relatively large divergence of their Bos faurus mitochondrial
genome sequences. Overall, 11 variable nucleotide positions were found in control
regions (CRs) in mtDNA of both lineages. These consist of 4 insertions/deletions
and 7 transitions. At least two segments of mutageneic polymorphism of nucleotide
sequences detected in the mtDNA copies of the examined maternal lineages are
located in important domains of the D-loop control region, which are believed
to be critical for regulating the function of mitochondrial genome. One purine to
pyrimidine base (C/T) substitution was located in CSB 1, a conserved sequence
block with significant mtTFA (mitochondrial transcription factor A) binding, a
regulatory element involved in the initiation of heavy-strand DNA synthesis. The
CSB 1 is believed to signal the transition from transcription to autoreplication
of mtDNA. A single nucleotide (C) deletion was observed in CSB 2+3, another
conserved element involved in mtDNA transcription and replication (Ghivizzani
et al.,, 1993, 1994). Two additional polymorphic sequences resulting from A/G
substitutions were found in the vicinity of the heavy-strand origin of replication
(O,; King and Low, 1987). Thus, the investigated sequence differences between
the two mtDNA genotypes (haplotypes) of oocyte donors could account for the
importance of maternal lineage effects in both interactions between nuclear and
ooplasmic factors (among others; proteins, DNA transcripts such as mRNA,
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rRNA, tRNA molecules) in SCNT embryos. They could also account for genomic
incompatibilities between somatogenic mtDNA- and recipient cytoplast-derived
mtDNA-encoded gene expression products as well as in the genotypic discordance
between donor cell nuclear genetic apparatus and ooplasmically inherited mtDNA
molecules (Briiggerhoff et al., 2002; Hiendleder et al., 2004a).

INDUCTION OF MITOCHONDRIAL HETEROPLASMY IN CLONED
EMBRYOS/FOETUSES NOT ONLY BY DIFFERENT SEGREGATION
PATTERNS OF NUCLEAR DONOR mtDNAs BUT ALSO BY THE
TRANSMISSION (TRANSPLACENTAL LEAKAGE) OF SURROGATE
FEMALE MITOCHONDRIA INTO FOETAL BLOOD

Besides the differences in mtDNA haplotypes (i.e. mitotypes), different
species-specific and even age-related directional segregation patterns (random/
neutral or selective/non-neutral, i.e. the so-called tissue-specific selection)
of maternally inherited and donor cell-derived mtDNAs (Jenuth et al., 1997;
Meirelles and Smith, 1998; Takeda et al., 2000; Meirelles et al., 2001; Hiendleder
etal., 2003, 2004a) have to be considered as factors limiting the in vitro and in vivo
developmental competences of clonal embryos. So too do different heteroplasmic
ratios of endo- and exogenous mtDNA copies (Steinborn et al., 1998b; Hiendleder
et al., 1999) or general preferential replication of nuclear donor mtDNA (i.e.
replicative advantage of one mtDNA genotype; Meirelles and Smith, 1997) as
well as the intrauterine environment of foster mothers (Plante et al., 1992). One
of the most interesting findings of the study by Hiendleder et al. (2003) is the
detection of mitochondrial genome copies of surrogate heifers in DNA samples
extracted from blood of two cloned bovine foetuses (both singletons), pointing to
leakage of the placental barrier and mimicking mitochondrial heteroplasmy. This
might be even more common, because in these experiments, mtDNA genotype
combinations of only three transmitochondrial clonal foetuses and recipient
heifers would have enabled detection of this phenomenon. Confirmation of this
hypothesis are the results of the second series of experiments by Hiendleder et
al. (2004b). They have investigated the possible exchange of genetic material
between SCNT-derived bovine foetuses and recipient females at day 80 of
gestation using the high copy number of mitochondrial genome as a marker.
Twenty three recovered cloned foetuses and their foster mothers were screened
for divergent mtDNA combinations in haematocytes of cardiovascular system.
Only such heterogeneous fractions of cytoplasmic genetic apparatus in nuclear-
transferred allomitochondrial foetuses (i.e. expressing tissue-specific mtDNA
heteroplasmy) are informative for the detection of a second mtDNA haplotype
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that could provide evidence for the presence of transplacentally leaked whole cells
or cell components of recipient surrogates. By using PCR-RFLP method for the
detection of mitochondrial genotype heteroplasmy it was found the presence of a
total of five allogeneic mitochondrial haplotypes among cloned foetuses and their
recipient surrogates. Three of these mitotypes were predicted to occur in a subset
of the cloned foetuses based on the known mtDNA genotype of oocyte donor
females (subjected to ovum pick-up treatments). Another haplotype was identical
to the nuclear donor cell (i.e. mural granulosa cell)-inherited mtDNA haplotype
and occurred at a relatively high frequency (26.2%) among the recipient cattle
and foetuses originating from SCNT embryos reconstructed with oocytes, which
had been randomly collected from slaughterhouse ovaries. An apparently rare
mitotype occurred only once in a foetus derived from nuclear-transferred embryo
reconstituted with enucleated abattoir oocyte.

A search for recipient female-descended mtDNA haplotype in DNA extracts
from foetal blood by the PCR-RFLP analysis revealed two cases of mtDNA
heteroplasmy (i.e. presence of foster mother-derived mitotype) among a total of
eight informative foetus-recipient pairs (Hiendleder et al., 2004b). Maternal-foetal
chimerism, which was probably induced not only in haematocytes of the blood
circulation but also in haemocytoblasts of the haematopoietic system of the two
SCNT foetuses, was related to the recipient mtDNA haplotype that differed from
the nuclear donor cell mitotype. A comparison of band intensities in chimeric blood
samples with artificially mixed samples yielded estimates for the surrogate female-
derived mitochondrial genotype proportion of approximately 2.5 to 5%. In turn,
among the four sets of recovered twin cloned foetuses, only one set had a divergent
mtDNA haplotype. One of the nuclear-transferred twins showed a mitotype
identical to the foster mother while the other twin had the mitochondrial genotype
identical to the nuclear donor cell. The analysis of DNA extracts of the two SCNT
foetuses revealed massive mitochondrial genome-related chimerism in foetal blood.
Further analyses on nine different tissue explants, which were isolated from heart,
kidneys, lungs, stomach, liver, brain, muscles, cotyledons and small intestine of
twin cloned foetuses, provided evidence for the minor maternal-foetal chimerism in
mtDNA samples derived from the liver tissue of one of these foetuses (Hiendleder
et al., 2004b).

Placental abnormalities that could cause leakage of blood cells have recently
been reported in cloned mammals, including improper vascular development
and haemorrhagic cotyledons (Hill et al., 2000; De Sousa et al., 2001; Chavatte-
Palmer et al., 2002; Heyman et al., 2002). Heteroplasmy derived from the foster
mothers could explain the unexpected mtDNA genotypes detected in three
allomitochondrial (exhibiting heterogeneity of cytoplasmic genetic apparatus
fractions) cloned calves produced as a result of previous investigation (Takeda et
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al., 1999), in which the nuclear donor cell mtDNA genotype was known but did
not match the second mtDNA genotype in the calves. Two of these NT-derived
calves were from the same pregnancy and showed exactly the same single strand
conformation polymorphism (SSCP) band patterns (Takeda et al., 1999). It is
common practice to transfer more than one reconstructed embryo at blastocyst
stage to recipient surrogates in cattle (Cibelli et al., 1998; Wells et al., 1999). Some
of the previously revealed heteroplasmy phenomena in DNA samples isolated from
blood of nuclear-transferred specients (Steinborn et al., 1998b; Hiendleder et al.,
1999; Takeda et al., 1999) could therefore actually have been caused by leukocyte/
lymphocyte or erythroblast chimerism in haematopoietic system because of fusion
of the chorioallantois and placental vascular anastomoses, which is encountered in
more than 90% of calves originating from multiple births (Bishop, 1972; Pessa-
Morikawa et al., 2004).

CONCLUSIONS

Production of nuclear transfer embryos, foetuses and offspring with exactly
defined constellations of nuclear and/or mitochondrial genome can be a valuable
tool to experimentally dissect the effects of nuclear and cytoplasmic genetic
and/or epigenetic components as well as intrauterine environment of recipient
surrogates on embryonic, foetal, and postnatal development of cloned individuals
(Plante et al., 1992). Significant contributions of cytoplasmically inherited
mtDNA genotype to variation in several postnatal quantitative traits of economic
importance, such as milk fat yield (Schutz et al., 1992, 1994), reproductive
performance (fertility; Starno et al., 2002) and carcass composition (Mannen et
al., 1998), have already been detected by genetic analysis of quantitative trait
loci (QTLs). Experimental confirmation of these findings requires generation of
cloned farm animals with defined constellations of nuclear and mitochondrial
DNA. Recently, cloned transgenic livestock have been produced by nuclear
transfer of in vitro transfected somatic cells (Cibelli et al., 1998; McCreath et al.,
2000; Keefer et al., 2001; Park et al., 2002; Bordignon et al., 2003). When, e.g.,
a transgenic line of animal bioreactors synthesizing human recombinant proteins
(biopharmaceuticals) in mammary gland and providing them with the milk is
established by NT, inheritance of parental mtDNA molecules can be important
because some proteins encoded by genes, which are located in the mitochondrial
genome, can affect the quantitative level/state of expression of certain phenotype
traits such as milk production in cattle (Schutz et al., 1994).
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STRESZCZENIE

Wplyw genomu mitochondrialnego na strukturalne przemodelowanie i epigenetyczne
przeprogramowanie egzogennych jader komérkowych w zarodkach klonalnych ssakéw

Istnieje kilka gatunkowo specyficznych czynnikéw epigenetycznych obecnych w cytoplazmie
oocytu, ktore moga prowadzi¢ donieckompatybilnego wzorca interakcjijadrowo-cytoplazmatycznych,
albo bezposrednio po transplantacji jadra komorki-dawcy, badz w pdzniejszych stadiach rozwoju
zarodkow klonalnych. Z kolei, ten potencjalny brak koordynacji we wzajemnych oddzialywaniach
czynnikow jadrowych i cytozolowych hybrydowych zygot klonalnych jest prawdopodobnie
jednym z powod6éw ograniczonego potencjatu praktycznych mozliwosci aplikacyjnych technologii
klonowania somatycznego ssakow. Wykazano, ze czasteczki mtDNA pochodzenia matecznego,
zakumulowane w mitochondrialnych rezerwuarach cytozolu oocytu-biorcy, odgrywaja istotna
role¢ w asynchronicznym charakterze interakcji jadrowo-cytoplazmatycznych. Asynchronia ta
obejmuje zaré6wno akompatybilne zmiany epigenetycznych modyfikacji somatycznego genomu
dawcy, kierujacego programem rozwojowym zrekonstytuowanej cybrydy klonalnej, jak i brak
synergistycznego przebiegu molekularnych mechanizméw regulatorowych, zaangazowanych
w punkty restrykcyjne kariokinezy i cytokinezy, ktére sa odpowiedzialne za skoordynowane
przejscie z pseudomejotycznej do mitotycznej kontroli cyklu komérkowego po sztucznej aktywacji
rekonstytuowanego oocytu. Ponadto udowodniono, ze obecno$¢ mitochondrialnego aparatu
genetycznego pochodzenia oocytarnego wptywa takze na proces implantacji zarodkéw klonalnych
w endometrium macicy samic-biorczyn (matek zastgpczych). Z tego tez wzgledu, w przypadku
wystgpowania zjawiska mitochondrialnej heteroplazmii komoérkowej w rekonstruowanych
hybrydachjadrowo-cytoplazmatycznych, niemozna wykluczy¢ niekorzystnego efektu oddziatywania
heterogenicznych zrodet mtDNA na przedimplantacyjny rozwoj zarodkéw klonalnych. Dlatego tez
uzyskiwanie zarodkow, ptodow i potomstwa klonalnego z doktadnie okreslonymi konstelacjami
poszczegblnych sekwencji nukleotydowych w odcinkach regulatorowych lub kodujacych genomu
jadrowego i/lub mitochondrialnego moze mie¢ niezwykle istotne znaczenie w doswiadczeniach nad
rozdziatem efektéw oddziatywania genetycznych i/lub epigenetycznych komponentéw jadrowych
i cytoplazmatycznych, jak roéwniez wewnatrzmacicznego srodowiska pseudocigzarnych samic-
biorczyn na rozwdj zarodkowy, ptodowy oraz postnatalny osobnikéw klonalnych.



