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Nuclear transfer: a new tool for reproductive
biotechnology in cattle

Yvan HEYMAN*

UMR INRA-ENVA, Biologie du Développement et Biotechnologie, 78352 Jouy-en-Josas, France

Abstract — Recent evolutions of somatic cloning by nuclear transfer are reported, especially in the
bovine species where potential applications are underway for biomedicine in association with
transgenesis, or for agriculture by improving livestock. The overall efficiency of this biotechnology
remains low in terms of viable offspring, but significant progress has been achieved on the different
steps of the technique. However, the in vivo development of bovine blastocysts derived from somatic
nuclear transfer is characterised by some important features that lead to the “cloning syndrome”.
Important losses occur during the peri-implantation period and further late foetal loss is observed in
association with the Large Offspring Syndrome. About 60—70% of the cloned calves born survive
normally to the adult stage and present an apparently normal physiology. Recent data already
available on bovine somatic clones of both sexes indicate that they have a zootechnical performance
similar to non cloned animals and they are able to reproduce normally without the pathologies
associated to cloning thus confirming that the deviations observed in clones are of epigenetic origin
and not transmitted to the progeny.
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1. INTRODUCTION cloning in domestic mammals, since the
birth of Dolly the sheep [3], the bovine spe-
cies is undoubtedly the species which is the

most involved and advanced for somatic

In cattle, biotechnology of reproduction
started around 1950 with the development

of Artificial Insemination (Al), followed by
the use of embryo transfer since the nine-
teen-seventies (considered as the second
generation of biotechnology). More recently,
bovine cloning from somatic cells resulting
in the birth of live offspring has proven to
be feasible while its efficiency is still very
low. The first calves derived from somatic
cell nuclear transfer were born in 1998
nearly simultaneously in the USA [1] and
in France at INRA [2]. Concerning somatic
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cloning. From the different research groups
and companies, it can be estimated that up
to the year 2004, about 1500 calves have
been obtained through somatic nuclear
transfer worldwide, mainly in North Amer-
ica, Japan, New Zealand and Europe but
also in other countries from South America
or Asia. However this number of cloned
calves born is still negligible compared to
the impact of other reproductive biotechnol-
ogies, for instance nearly 500 000 embryo
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transfers are performed each year in cattle
from in vivo or in vitro produced embryos
[4]. However, the present status of somatic
cloning is characterised by a low efficiency
and is still in its improvement phase, this
procedure of nuclear transfer should be in
the future integrated in the bovine ART tool
box.

2. POTENTIAL APPLICATIONS
FORBOVINE SOMATIC CLONING

First of all, nuclear transfer should be
considered as a wonderful tool for basic
research for the investigation of cell biology
and reprogramming. The bovine embryo
offers several advantages with relatively late
activation of its genome and late implanta-
tion compared to the mouse model.

The generation of sets of clones can be
used as more homogeneous animal models
for experimental purposes allowing to reduce
the number of cattle necessary for long-term
studies on pathology or nutrition projects
for example. To really evaluate a treatment
effect on the physiology and zootechnical
performances of cattle, variability due to
genetic difference between animals can be
reduced by the use of sets of clones, espe-
cially if the trait is of high heritability, milk
production for instance [5].

Somatic cloning may contribute to the
preservation of endangered breeds and while
paradoxical, nuclear transfer can be consid-
ered as another tool for the strategy of con-
servation and utilisation of biodiversity.
Many examples are arising in this field and
some have proven to be feasible. Recently
in New Zealand, nuclear transfer has been
used to clone the unique female of the
extinct bovine breed “Enderby Island” [6]
allowing to obtain more than 20 females.
These females will be bred by semen from
different bulls that were frozen-stored before
the extinction of this breed. Furthermore,
the bovine oocyte can be used as a recipient
of somatic nuclei from other endangered
species. Using this approach of inter-spe-

cific nuclear transfer, Gaur fibroblasts (Bos
gaurus) fused to bovine enucleated oocytes
(Bos taurus) have resulted into a deadborn
offspring of the Bos gaurus genotype and
chimeric Bos taurus mitochondria as an
interspecies model [7].

For cattle breeding and selection, somatic
cloning can bring several potential advan-
tages to existing breeding schemes: the use
of clones could help to know more precisely
the genetic value of progenitors. Prospec-
tive calculations by geneticists indicate that
in dairy breeds, genetic value evaluated by
milk production of a set of 5 female clones
is as precise as that of milk performance of
at least 25 non-cloned daughters of a given
bull, and annual genetic progress could be
improved by 20% [5]. Another example is
given by the fact that genocopies of a highly
valuable Al bull can be obtained through
nuclear transfer in case of accidental death
or severe disease of this progenitor, pro-
vided some cells have previously been fro-
zen-stored. The possibility to secure this
risk was first demonstrated in Canada with
the birth of the clone bull Starbuck II using
donor cells from the original bull when it
died.

Multiplication of specific phenotypes by
cloning is another possibility provided the
cost of the technique is reduced and its appli-
cation well-controlled. Cells taken from a
small muscle biopsy on carcasses of slaugh-
tered animals 2 or 3 days after death can
efficiently be used as donor cells for cloning
and widespread dissemination of desirable
carcass traits.

However, potential applications of bovine
cloning go well beyond the replication of
valuable genitors. Since targeted genetic
modifications can be made in donor cells
prior to nuclear transfer, cloning can be
used to more efficiently generate transgenic
animals for different purposes: therapeutic
protein production in milk and blood for
bio-medicine, or genetically modified live-
stock for improved animal production in
which undesirable traits will be eliminated
and other positive traits will be added.
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Applications include safer, healthier and
finally cheaper cattle products. Deletion of
the PrP (Prion Protein) gene has been
achieved in ovine fibroblasts before clon-
ing resulting in lambs carrying the gene
deletion [8]. The PrP gene is directly asso-
ciated with BSE in cattle. By “knocking-
out” this gene, the resulting prion free live-
stock should be resistant to disease such as
BSE. Such projects are currently being
developed to increase disease resistance
and to get safer products [9]. Other projects
concern not only animal food production
but other applications for industry such as
production of biomaterials through improved
transgenesis efficiency. This is the case with
spider silk proteins secreted in the milk of
transgenic goats. Environmental concerns
may also be addressed by combining clon-
ing and transgenesis to generate pigs that
produce less phosphate in their faeces.

3. A BRIEF OVERVIEW
OF THE TECHNIQUE
AND FACTORS AFFECTING
THE CLONING PROCESS

A clone can be defined as a set of two ore
more individuals with identical genetic
make up derived from asexual reproduction
from a single common parent. The term
clone has been used to designate animals
produced by the technique of nuclear trans-
fer. In this process, the nucleus of a donor
cell (karyoplast) is transferred to a recipient
cell (cytoplast) in which the genetic mate-
rial has been removed. The whole proce-
dure for bovine somatic cloning includes
several steps illustrated in Figure 1.

3.1. Preparation of recipient oocyte
cytoplasm

Oocytes arrested at the second meiotic
division have become the cytoplasm of
choice [10]. In cattle, large numbers of
oocytes can be obtained through in vitro
maturation of VG stage oocytes recovered
from antral follicles on slaughterhouse ova-

ries or by ovum pick up on the same animal.
In vitro maturation of bovine oocytes is now
routinely performed in many laboratories
and we are grateful to the pioneer work of
Pr C. Thibault on the physiology of mam-
malian oocyte maturation [11].

3.2. Donor cells

A biopsy of tissue can be taken from the
selected donor animal, usually a small skin
biopsy constitutes a non invasive way of
getting genetic material from a valuable
animal without sex or age limitation clon-
ing. From the biopsy, cell culture is gener-
ally established in vitro in order to multiply
and store at the frozen state. In our labora-
tory, we have used fibroblasts derived from
small skin biopsies taken from the ears of
different adult donors. The cells were in
vitro cultured over several passages and
frozen stored before nuclear transfer [2].
However numerous studies provided evi-
dence that somatic cells from a variety of
tissues can be used for somatic cell nuclear
transfer [12, 13].

3.3. Reconstruction
by micromanipulation

Each individual donor cell isolated from
the culture plate is inserted into the peri-
vitelline space of the enucleated recipient
oocyte by micromanipulation and then
introduced into the oocyte cytoplasm by
electrostimulation with a DC pulse that
makes the adjacent membranes fuse. The
electric pulse not only induces the fusion of
the somatic cell with the oocyte cytoplasm
to form a new complex but also provokes
an important release of intracellular cal-
cium that initiates the process of activation.
Activation is a key step and can also be
induced by calcium ionophores (ionomy-
cin) and must be completed by addition of
protein synthesis inhibitors such as cyclohex-
imide or protein kinase inhibitors (6 DMAP)
to deplete the oocyte factor MPF (Matura-
tion Promoting Factor) which is responsi-
ble for the metaphase II block.
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Figure 1. Illustration of the different steps of the nuclear transfer procedure. (a) Metaphase II stage
oocyte before enucleation. (b) Aspiration of polar body and adjacent oocyte cytoplasm.
(c) Enucleated oocyte. (d) Fluorescence control of the presence of metaphase chromosomes inside
the micromanipulation pipette after DNA staining. (e) Bovine fibroblast culture from skin biopsy.
(f) Donor cells isolated from the fibroblast culture. (g) Insertion of a donor cell under the zona
pellucida of an enucleated oocyte. (h) Fusion of the donor cell with the recipient cytoplasm. (i) First
cleavage of the reconstituted embryo. (j) Nuclear transfer blastocyst developed in vitro. (k) Newborn
somatic cloned calf together with the donor animal.

3.4. In vitro culture of reconstituted
embryos

After fusion and activation, nuclear trans-
fer embryos are developed in vitro up to the
blastocyst stage using a variety of culture
systems routinely used for bovine IVF
embryos. In our laboratory reconstituted
embryos are cocultured in microdrops of
B2 medium with vero cells at 39 °C under
a controlled CO, atmosphere [14].

3.5. Factors affecting cloning

Efficiency of cloning depends upon a
large number of factors related to the tech-
nique itself but mainly to the biological
parameters related to the cell cycle co-ordi-
nation between the donor nucleus and
recipient oocyte, artificial activation proce-

dure, or in vitro culture conditions for the
reconstructed embryo. Several recentreviews
discuss these issues in detail [15, 16].
According to the type of donor cells and the
procedure used, compiled data from the lit-
erature indicate that in the bovine species,
reconstructed embryos are able to develop
in vitro into blastocysts at a rate comprised
between 20% and 60% which is becoming
close to that obtained after IVF. Blastocysts
derived from nuclear transfer of fibroblasts
are morphologically normal and have sim-
ilar kinetics of in vitro development com-
pared to blastocysts derived from IVF.
However, as early as day 7, nuclear transfer
blastocysts may have altered gene expres-
sion as shown by Wrenzycki etal. [17]. This
may explain further differences in their
potential for full term development. A
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Figure 2. Evolution of pregnancy profiles in bovine recipients after transfer of cloned embryos.

study conducted in our laboratory to com-
pare the development of bovine cloned
embryos from fibroblasts of two different
genetic origins A and B, clearly showed that
the reconstituted embryos cleaved at the
same rate and the in vitro development to
the blastocyst stage was not significantly
different (36.1% and 42.9% for genotypes A
and B respectively, P > 0.05). However
pregnancy rates after transfer of these NT
blastocysts were significantly lower from
implantation up to term in cows carrying A
clones, resulting in a calving rate as low as
2.3% compared to 25.0% for B clones (P <
0.001). These results may indicate that dif-
ferent genotypes within the same breed
have no effect on early in vitro development
of NT embryos but a very high incidence on
further in vivo development potential [18].

4. IMPORTANCE OF EMBRYONIC
AND FOETAL DEATH

After transfer of somatic nuclear transfer
blastocyts into the uterus of recipient cows,

peri implantation losses are important and
the proportion of initiated pregnancies that
fail during this period can be estimated to
50% [1, 19]. In a comparative study, we
monitored the evolution of pregnancy in
groups of recipients receiving single embryos
derived from somatic or embryonic nuclei
or control IVF embryos, using repeated scan-
ning and Pregnancy Serum Protein PSP
60 assays (Fig. 2). It was quite clear that ini-
tiated pregnancy rates in the different
groups were similar as assessed by plasma
progesterone level in maternal plasma by
day 21 but we observed that the frequency
of early foetal loss before 2 months was twice
higher in the groups of recipients carrying
somatic NT embryos compared to embry-
onic NT or control IVF [20]. These early
losses are frequently associated with func-
tional deficiencies occurring at the onset of
placentation characterised by abnormal
vascularisation of extra embryonic tissue
and reduced number of placentomes.

After implantation, foetal and placental
development in recipients can be monitored
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by repeated ultrasonography. This tech-
nique detects the occurrence of 44% of late
gestation losses between day 90 and calving
in recipients carrying adult somatic clones
when the rate of abortion in normal bovine
sexual reproduction is usually very limited
and less than 5% after the first trimester.
Interestingly, maternal levels of PSP 60 over
the first 4 months of pregnancy appeared to
be significantly increased in recipients where
a case of pathologic pregnancy was detected
by ultrasonography in late gestation [20]. In
this situation, the protein PSP60 which is
secreted by binucleated cells of the placenta
could be a good marker to predict the occur-
rence of abnormal development in those
recipients carrying somatic clones. One of
the most frequently encountered syndromes
during pathologic pregnancy is hydrallan-
tois or hydrops characterised by the pres-
ence of an acute accumulation of fluid in the
allantoic, enlarged placentomes and over-
sized foetus. This pathology is a serious ani-
mal welfare issue for recipients carrying
somatic clones since its frequency is con-
siderably increased. Data from New Zealand
indicate that after somatic nuclear transfer,
27% pregnancies over 120 days developed
hydrops [21]. This is much higher than that
observed after natural mating or AI (0.02 to
0.6%). Increased incidence of hydrallantois
in somatic cloned pregnancies is probably
also related to inappropriate expression of
some imprinted genes and the causes of
embryonic and foetal death are analysed in
an exhaustive review by Pr C. Thibault [22].

5. POSTNATAL DEVELOPMENT
AND PERFORMANCE
OF OFFSPRING

Calving and the peri-natal period are
critical periods in the process of obtaining
normal live calves through somatic nuclear
transfer. Post natal losses at birth or during
the first few days of life are associated with
prolonged gestation, dystocia [12, 19, 23]
or occurrence of the Large Offspring Syn-
drome (LOS). We have observed in our

studies [24] that 13.3 % of the somatic clone
calves born are affected by LOS, but higher
rates have been reported by other groups in
Japan [12]. This syndrome results from epi-
genetic modifications arising from imprinted
genes such as IGFR2 shown to be associ-
ated with foetal overgrowth in sheep [25].
Such epigenetic changes occurring in early
embryo development are the consequences
of the different in vitro manipulations. These
modifications may be propagated through-
outdevelopment and affect gene expression
not only during gestation or during the post-
natal period but also into adulthood as
shown in the mouse model [26].

In cloned calves at birth, a variety of dys-
functions and anomalies such as respiratory
distress, cardiopathology, abnormal kidneys
as well as hypertrophic liver have been
reported [1, 27]. Further post-natal mortal-
ity occurs after the 1 week and up to the
4 month period; a wide range of other ill-
nesses have been reported in clones, includ-
ing infections, like ruminitis and abomas-
omitis [6] or coccidiosis and infection
following trauma [18]. We have reported
the case of one somatic clone diagnosed
with thymic aplasia directly related to the
cloning process [23].

Finally the proportion of somatic cloned
calves born that are able to develop nor-
mally into adults is limited to 50-70%
according to various groups. In our labora-
tory, the health status of cloned cattle was
investigated by Chavatte-Palmer et al. [28]
at different ages on 59 calves born. Sixty-
two per cent of them developed into appar-
ently normal adults.

Increasing data on zootechnical param-
eters of cloned cattle are becoming availa-
ble. Growth rates are reported to be normal
[29]. We compared the daily gain of three
sets of female clones to that of control Al
heifers born and raised on the same farm
under similar feeding and management and
found no difference in growth rate (Tab. I).
Furthermore, within each clone, daily gain
was not influenced by the high or low birth
weight of the calves. This indicates that the
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Table I. Mean + SD body weight gain in clones according to genetic origin and contemporary con-

trols.

Daily gain Clone A Control 1 Clone B Clone C Control 2
N=8(12mo) N=10(12mo) N=6(15mo) N=9(15mo) N=10(15mo)

kg-day'+SD  0.701+0.064 0.804+0.113 0.782+0.041 0.711£0.061  0.766 + 0.089

prenatal environment that allowed for peri-
natal oversize does not continue after birth
in the cloned calf [24].

The reproductive characteristics of cloned
heifers derived from adult somatic cloning
have been evaluated in terms of puberty,
follicular dynamics, hormone profiles and
are not different from that of control non-
cloned animals [30]. Cloned heifers have
proven to be able to reproduce after natural
mating or Al; Lanza et al. [31] reported an
83% conception rate on first insemination.
Similarly, limited numbers of cloned bulls
have been evaluated for libido, semen pro-
duction quantitatively and qualitatively and
preliminary results suggest no deleterious
effect of cloning on the semen picture of
these cloned sires [24].

To address potential food safety con-
cerns of products such as milk or meat
derived from cloned animals, research pro-
grammes are conducted. A recent study by
Walsh et al. [32] concluded that the gross
chemical composition of milk from cloned
cows is similar to that of non cloned ones.
Preliminary results from Japan on digesti-
bility, composition, feeding value or aller-
genicity of meat obtained from somatic
cloned animals indicate that the biological/
biochemical properties of their meat are
similar to that of conventional animals but
these results have to be confirmed on larger
numbers of animals before drawing any
conclusion about food safety [33].

Somatic cloned cattle of both sexes have
now reached adulthood in different insti-
tutes worldwide, and are still under inves-
tigation for other observations such as detec-
tion of possible long term effects of NT or
longevity of the animals. Data already
available indicate they have similar per-

formance as non cloned controls and are
able to reproduce normally. In contrast to
the cloned generation, the offspring of clones
obtained following sexual reproduction are
phenotypically and clinically normal. This
confirms that the deviations observed in
clones are of epigenetic origin and are not
transmitted to the progeny as already dem-
onstrated in the mouse model [34].

6. CONCLUSION

It is worthwhile to remember that somatic
cloning by nuclear transfer in mammals is
still a recent discipline since in the bovine
species for example the first calves were
obtained in 1998. In the past few years how-
ever, tremendous progress has been achieved
in the different steps of the procedure as
well as the oocyte/nucleus interactions,
activation or culture. Meanwhile the overall
efficiency is still low, we can consider that
during a 5 year period, the results have well
improved (Tab. II). It is now well estab-
lished that cattle clones when they develop
into adults present an apparently normal
physiology. They reproduce normally and
have zootechnical performances similar to
non cloned animals. It also seems clear that
the pathologies associated to somatic clon-
ing during pre and post natal life of the
cloned animal are of epigenetic origin and
not transmitted to the progeny of the clones.
Itis still too early to conclude about the lon-
gevity of cloned cattle and this is why ambi-
tious research programmes have to be
developed on possible long term effects of
nuclear transfer together with risk assess-
ment studies, welfare and societal concerns,
so that appropriate safeguards will ensure
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Table II. Progress of bovine somatic cloning efficiency within a period of 5 years.

Year 1998-1999

Year 2003-2004

Mean in vitro development rate
(blastocysts/reconstituted eggs)
In vivo development

(calves born/embryos transferred)
Overall efficiency

(calves born/100 somatic nuclei)

17.5% 36.8%
(341/1954) (1027/2792)
6.3% 15%
(14/220) (222/1510)
1.1% 5.5%

safe and responsible applications of cloning
in animal husbandry.
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