
breeding programmes in several countries. Moreover,
towards the end of the last decade, the production of
transgenic offspring in the large domestic species by cloning
based on nuclear transfer from cultured embryonic, fetal 
or even adult somatic cells became a reality (for a review, 
see Wilmut et al., 2000). The rapid expansion of these
biotechnologies has not been without problems, leading to
an increased focus on embryo quality and viability. Thus,
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This review focuses on the key features of development of the bovine oocyte and embryo,
with comparisons of the developmental characteristics of embryos produced in vivo and in
vitro. The oocyte is transcriptionally quiescent in the primordial and primary follicle. In the
secondary follicle transcription is initiated in the oocyte and a ribosome-synthesizing
nucleolus is established in this cell. Transcription and nucleolar activity are enhanced in the
tertiary follicle during oocyte growth. When the oocyte reaches approximately 110 µm in
diameter, corresponding to a follicle of about 3 mm in diameter, transcription ceases and the
nucleolus is inactivated, forming a dense spherical remnant. During the final phase of
follicular dominance this remnant becomes vacuolated and, in conjunction with resumption
of meiosis, it disperses. The rRNA genes are apparently re-activated during the four-cell
stage, that is, the third cell cycle after fertilization, but a nucleolus is not formed. During the
subsequent cell cycle, that is, during the eight-cell stage, ribosome-synthesizing nucleoli are
again established. Bovine embryos produced in vitro apparently display the same pattern of
nucleolus development as that in embryos developed in vivo. Examination of the ploidy of
embryonic cells using fluorescence in situ hybridization has revealed that the production of
bovine embryos in vitro is associated with increased chromosome aberrations in the
embryos. Blastocysts produced in vitro display a significantly higher rate of mixoploidy, that
is, when the embryo consists of both normal diploid and abnormal polyploid cells, than that
in embryos developed in vivo. The rate of mixoploidy among embryos produced in vitro
increases with increasing developmental stage. Moreover, after fertilization in vitro, initially
there is a high rate of ‘true’ polyploidy, that is, when all cells of the embryos are polyploid.
However, the polyploid embryos are eliminated before they cleave beyond the eight-cell
stage, the stage at which major activation of the embryonic genome occurs in cattle.
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During the past decade, production of bovine embryos in
vitro has become a routine research tool in many
laboratories, and it is now being implemented in applied
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although thousands of calves have been born from embryos
produced in vitro, problems with abortions, increased birth
weights, dystocia and high rates of neonatal mortality have
been widely reported (for a review, see Farin and Farin, 1995;
Walker et al., 1996; Kruip and den Daas, 1997). In the case of
nuclear transfer, the situation is even more pronounced: only
1–2% of the reconstructed embryos become live offspring (for
a review, see Wilmut et al., 2000). With these substantial
problems in mind, more emphasis has been devoted to
understanding of the cell biological processes that regulate
initial embryonic development and on which technological
manipulation of the embryo may have detrimental impacts.
Two such basic cell biological factors of crucial importance
for the developmental potential of the embryo are an
adequate protein synthetic machinery and a normal ploidy of
the chromosomal compartment.

Ribosomal RNA gene expression and nucleolus
biology

The bovine oocyte, zygote and embryo have a profound
need for protein synthesis. However, the mRNA transcripts
for these proteins are not synthesized throughout develop-
ment, but rather during specific phases thereof. These
phases of transcription correspond to developmental phases
in which protein synthesis in particular is needed, such as
during the oocyte growth phase, or to phases in which
protein synthesis has to be redirected to fulfil new tasks, as
after the major activation of the embryonic genome during
the fourth cell cycle after fertilization, that is the eight-cell
stage, when initial cell differentiation is prepared.

An adequate cytoplasmic pool of ribosomes is a pre-
requisite for protein synthesis. The ribosomes are synthe-
sized by transcription of the ribosomal RNA (rRNA) genes,
processing of the transcripts and addition of numerous
ribosomal proteins to them. The rRNA genes are located in
multiple repeats in the so-called nucleolus organizer
regions (NORs) of the chromosomes. The diploid bovine
genome comprises ten NORs localized to the telomere
regions of chromosomes 2, 3, 4, 11 and 28 (Di Berardino et
al., 1990). Active transcription of the rRNA genes results in
the formation of a nucleolus that develops around the NORs
(for a review, see Wachtler and Stahl, 1993). The number of
nucleoli varies from one type of cell to another and several
NORs may contribute to the formation of a single nucleolus.
The nucleolus is the most prominent nuclear organelle and
the site of formation of the ribosomal subunits. The subunits
subsequently leave the nucleus through the pores of the
nuclear envelope and associate to form ribosomes in
conjunction with translation of mRNAs. The nucleolus
contains three main ultrastructural components: the two
fibrillar components, consisting of the fibrillar centres and
the dense fibrillar component, and the granular component.
These components of the so-called fibrillo–granular
nucleolus reflect the steps in the biosynthesis of ribosomes
according to the following model: (i) the fibrillar centres
house the enzymatic apparatus for transcription, including

RNA polymerase I which is directly responsible for this
process; (ii) the dense fibrillar component carries the
nascent unprocessed transcripts; and (iii) the granular
component represents processed transcripts associated with
proteins in the form of pre-ribosomal particles. According to
this model, the transcription of the rRNA genes is believed
to occur at the interface between the fibrillar centres and the
dense fibrillar component (Hozak et al., 1994).

The bovine oocyte and embryo present fibrillo–granular
nucleoli during the periods when protein synthesis is
particularly important, that is, during the oocyte growth
phase and after the major activation of the embryonic
genome during the fourth cell cycle after fertilization.
During the more quiescent phases, certain nucleolar
components are absent, indicating a lack of ribosome
synthesis. In the following sections, rRNA gene expression,
as visualized by nucleolar function in the bovine oocyte
and preimplantation embryo, is addressed. 

Transcription and nucleolus biology during oocyte
growth, capacitation and maturation

As the follicle develops from the primordial to the tertiary
(antral) stage, the oocyte undergoes a parallel growth phase
during which it gradually achieves its characteristic
architecture (Fair et al., 1997a). During this phase of
development, the oocyte shows a high rate of transcription
and translation resulting in the formation of RNAs and
proteins both for immediate use in oocyte growth and for
storage. With the accumulation of this stored ‘information’,
the oocyte gradually acquires its developmental compe-
tence, as addressed later. In a study to characterize the cell
biology of the initial phases of oocyte growth, small
explants of ovarian cortex were incubated with [3H]uridine
and processed for autoradiography and transmission
electron microscopy (Fair et al., 1997b; Fig. 1). 

In bovine primordial follicles, the oocytes are tran-
scriptionally quiescent, as demonstrated by a lack of
autoradiographic labelling. In accordance with this finding,
the oocyte nucleolus lacks the fibrillar portion and is
exclusively composed of a granular component signalling
the lack of ribosome-synthesizing activity. In contrast,
murine oocytes present a fibrillo–granular nucleolus during
the primordial and primary stages of development
(Chouinard, 1971). The bovine oocyte presents fibrillo–
granular nucleoli during the earlier stages of the first meiotic
prophase that occur during embryonic development,
namely leptotene, zygotene and pachytene stages (Fair et
al., 1998). It may be speculated that the comparatively
longer duration of oocyte development in cattle as
compared with that in mice requires a more profound
degree of oocyte quiescence in the resting primordial
follicle. 

In primary follicles, the oocytes remain transcriptionally
quiescent, as evaluated by the 30 min [3H]uridine
incubation, and the nucleoli exclusively present a granular
component. However, on some occasions a presumptive
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fibrillar centre is observed adjacent to, or extending into,
the superficial zone of the granular nucleoli. It is believed
that these presumptive fibrillar centres are associated with
the rRNA genes. Thus, the fusion of the granular nucleolus
with the presumptive fibrillar centres is thought to signal the
first step towards the assembly of a functional nucleolus
capable of rRNA transcription and processing, that is,
ribosome formation. 

In secondary follicles, transcription is initiated in the
oocytes, as signalled by a weak autoradiographic labelling
over the nucleoplasm and the nucleoli. In the nucleoli, the
fibrillar centres become completely embedded in the super-
ficial zone of the granular component forming fibrillo–
granular nucleoli. As signalled by the autoradiographic
labelling of the nucleoli, rRNA gene transcription is
activated to a detectable level. Thus, in the secondary
follicle, the oocyte genome is activated to a certain degree
allowing for synthesis of both mRNA and rRNA. 

In early tertiary follicles, the diameter of the oocyte

increases further. During this phase of development the
oocyte displays a high rate of transcription, as signalled by
autoradiographic labelling over the nucleoplasm and the
nucleoli. Accordingly, the oocyte nucleoli are fibrillo–
granular and present many distinct fibrillar centres deeply
embedded in the granular component.

Transcriptional activity and nucleolar function of oocytes
in relation to their diameters were characterized in tertiary
follicles exceeding about 1 mm in diameter. In this study,
oocytes were harvested from ovaries by slicing, that is,
repeated cutting with a series of razor blades mounted at a
distance of approximately 1 mm. The inside diameter of 
the zona pellucida of the oocytes was measured using an
ocular equipped with a measurement scale. Subsequently,
the oocytes were incubated for 30 min in [3H]uridine and
processed for autoradiography and transmission electron
microscopy (Fair et al., 1996; Fig. 1). Other oocytes 
were processed for immunocytochemical localization of
RNA polymerase I and studied by confocal laser scanning
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Fig. 1. The ultrastructure of the oocyte nucleoli during growth, capacitation and maturation of the
bovine oocyte. Fibrillar centres invade the granular nucleoli in the secondary follicle and are
marginalized towards the end of oocyte growth with the formation of the dense nucleolar remnant as the
result. The remnant is vacuolized towards the end of oocyte capacitation and is dispersed in conjunction
with resumption of meiosis. There are no signs of nucleoli during or after germinal vesicle breakdown. 
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microscopy (Fair et al., in press). Oocytes of 80–100 µm in
diameter display active transcription, as signalled by
pronounced autoradiographic labelling over the nucleo-
plasm as well as the nucleoli. Accordingly, the nucleoli are
fibillo–granular and present numerous fibrillar centres
distributed in the granular component. RNA polymerase I 
is localized to the fibrillar centres in all oocytes. In oocytes
of 100–110 µm in diameter, the rate of transcription
decreases, as signalled by less prominent autoradiographic
labelling of the nucleoplasm and a lack of nucleolar
labelling. Accordingly, the fibrillar centres of the nucleoli
are peripherally dislocated to a couple of lentiform struc-
tures on the surface of the granular component, which
develops a large central vacuole. The marginalization of the
fibrillar centres presumably signals the retraction of the
rRNA genes from the nucleolus and thereby the inactivation
of this organelle. RNA polymerase I can still be localized to
the fibrillar centres in all oocytes. In oocytes of 110–120 µm
in diameter, transcription essentially ceases, as signalled by
the lack of autoradiographic labelling. Accordingly, the
nucleoli extrude all granules and gradually compact into
inactive electron-dense fibrillar spheres with a fibrillar
centre attached as a halo. In some oocytes, the fibrillar
spheres still display a central vacuole. At this stage of
development, the term nucleolar remnant is more appro-
priate as the ribosome synthesis has definitely ceased.
Nevertheless, RNA polymerase I can still be localized to the
fibrillar centres in most oocytes. The described pattern 
of nucleolar inactivation is in accordance with previous
observations in cattle (Crozet et al., 1986). Oocytes
> 120 µm in diameter display similar features to those of
110–120 µm in diameter with respect to morphology and
lack of autoradiographic labelling, except that vacuolated
nucleolar remnants are not observed. However, in many
oocytes in this size category, fragmentation of the nucleolar
remnants to several smaller electron-dense fibrillar spheres
is noted. RNA polymerase I can be localized only in about
one-third of the oocytes at this stage of development.

Although oocyte transcription effectively ceases when
the follicle reaches 3 mm in diameter, the oocyte does not
enter quiescence. During the succeeding follicular domi-
nance it continues development through a process that may
be referred to as oocyte capacitation (Assey et al., 1994;
Hyttel et al., 1997). In particular, during the last period of
follicular dominance in the ovulatory follicle after
luteolysis, but before the LH surge, marked changes are
noted in the oocyte nucleus, namely the germinal vesicle
(Fig. 1): the nuclear envelope becomes undulating and the
nucleolar remnant displays a vacuole of increasing size. As
dispersal of the nucleolar remnant precedes germinal
vesicle breakdown, the oocyte prepares for resumption of
meiosis even before stimulation by the LH surge.

During the 24 h period from the LH surge to ovulation, the
oocyte undergoes its final maturation, including progression
of meiosis to metaphase II and a series of cytoplasmic
modifications (Kruip et al., 1983; Hyttel et al., 1986).
Resumption of meiosis requires a short burst of transcription in

the cumulus–oocyte complex. Thus, it has been demonstrated
that, at least during conjunction with oocyte maturation in
vitro, the complex displays transcription over the initial 1–2 h
of maturation when transcripts necessary for driving germinal
vesicle breakdown, as well as metaphase I transition, are
synthesized (Sirard et al., 1989; Kastrop et al., 1991). Results
based on [35S]UTP incorporation indicate that at least part of
this transcription occurs in the oocyte (Memili et al., 1998). As
discussed earlier, the nucleolar remnant is dissolved before
germinal vesicle breakdown, and throughout meiosis up to
metaphase II there are no morphological signs of nucleoli.
Moreover, it has not been possible to localize RNA poly-
merase I by immunocytochemistry during this phase of
development (Fair et al., in press). This finding is in contrast to
the situation during mitosis, in which this enzyme remains
associated with the NORs of the chromosomes. Thus, meiosis
appears to have a more profound effect on the disassembly of
the nucleolus than on mitosis. 

Briefly, transcription and nucleolar ribosome synthesis
are initiated in bovine oocytes in the secondary follicle, and
towards the end of the oocyte growth phase, when the
oocyte is about 110 µm in diameter, these biological
processes cease. The resumption of meiosis is associated
with a profound disassembly of the nucleolus.

Achievement of oocyte competence during oocyte
growth, capacitation and maturation

The competence of the oocyte for completing final meiotic
maturation in vitro is strongly correlated with oocyte
diameter and thus with the cell biological development of
the oocyte described earlier. Growing and fully grown
bovine oocytes collected by slicing of ovaries were grouped
according to inside diameter of the zona pellucida and
matured in vitro to test for competence for completing
meiotic maturation to metaphase II (Fair et al., 1995).
Among oocytes < 100 µm in diameter, 23% were at the
germinal vesicle stage after 24 h of in vitro maturation,
which was a significantly higher proportion than that
among oocytes of 100–109 (8%), 110–119 (5%) and
> 120 µm (2%). Among oocytes < 100 and 100–109 µm 
in diameter, 22 and 23%, respectively, of those that 
resumed meiosis blocked at metaphase I, which was
significantly more than in any of the two larger groups (10
and 12%). Among oocytes of 110–119 µm and > 120 µm
equally high proportions (76 and 81%, respectively)
reached metaphase II. Thus, at a diameter of about 100 µm,
oocytes acquire the full competence for resumption of
meiosis, and at a diameter of about 110 µm, they acquire
the full competence for completing meiotic maturation to
metaphase II. It has been demonstrated that oocyte compe-
tence increases with increasing follicular diameter in cattle
(Fuhrer et al., 1989; Lonergan et al., 1994), pigs (Motlik et
al., 1984; Motlik and Fulka, 1986) and goats (de Schmedt et
al., 1994). In all these species, full meiotic competence
appears to be acquired in follicles of about 3 mm which, at
least in cattle, corresponds to an oocyte of about 110 µm in
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diameter (Fair et al., 1995). The present data also concur
with the observation that meiotic competence is acquired
progressively (Thibault et al., 1987). 

However, with respect to competence to sustain
embryonic development to the blastocyst stage under
production conditions in vitro, recent studies have demon-
strated that the oocyte only reaches a basic level of
competence at a follicular diameter of 3 mm. Oocytes were
harvested by ovariectomy of heifers that were stimulated
with equine chorionic gonadotrophin (eCG), but in which
the endogenous LH surge was suppressed by Norgestomet
implants, to test the competence for blastocyst development
in vitro of oocytes from dominant follicles (Hendriksen et
al., 2000). Oocytes that were collected at 60 h after the
onset of eCG treatment from follicles > 8 mm and were
matured, fertilized and cultured in vitro resulted in 41%
blastocysts, which was a significantly higher proportion
than that achieved from oocytes collected from follicles of
5–8 mm in diameter (25%). Moreover, oocytes that were
collected at 104 h after the onset of eCG treatment resulted
in a blastocyst formation rate of 66%, which was
significantly higher than the proportion (26%) obtained
from oocytes originating from 2–8 mm follicles in ovaries
collected from an abattoir. Thus, the developmental
competence of the oocyte is increased during follicular
dominance through the process of oocyte capacitation, as
referred to earlier in this review.

Together, these experiments demonstrate that the oocyte
achieves a basic level of competence for maturation and
embryonic development at a diameter of about 110 µm,
corresponding to a follicular diameter of about 3 mm, and
that this competence is enhanced through oocyte
capacitation during follicular dominance. 

Transcription and nucleolus biology during
fertilization and initial embryonic development 

As discussed earlier, the initial development of the
preimplantation embryo is governed by gene transcripts and
polypeptides produced by and stored in the oocyte during
its development (Schultz, 1993). However, after one to
three cleavage divisions, control of development is taken
over by the expression of portions of the embryonic
genome, and the maternally derived transcripts and proteins
are gradually degraded (Telford et al., 1990; Watson et al.,
1996, 1999; De Sousa et al., 1998). The transition from
maternal to embryonic control of development is a gradual
process. In mice and rabbits, it has been demonstrated that
a minor transcriptional activation occurring at the G2 stage
of the first cell cycle after fertilization precedes a major
activation at the G2 stage of the second cell cycle in mice
and at the fourth to fifth cell cycle in rabbits (for a review,
see Thompson, 1996). Accordingly, long-term incubation
with [3H]uridine has revealed transcription during the first
(Hay-Schmidt et al., in press) and second cell cycle (Plante
et al., 1994; Hyttel et al., 1996; Viuff et al., 1996) in cattle,
well before the major transcriptional activation that takes

place during the fourth cell cycle (Camous et al., 1986). In
pigs, the major transcriptional activation is observed during
the fourth cell cycle (Tomanek et al., 1989), but whether
this activation is preceded by an earlier minor activation has
not been investigated.

The developing preimplantation embryo has a profound
need for synthesis of proteins both for housekeeping and
cell differentiation. Therefore, it is not unexpected that the
rRNA genes are among the genes activated in the major
cascade, and, moreover, it is clear that a proper activation
of these genes is crucial for continued embryonic
development (King et al., 1988; Kopecny et al., 1989;
Tomanek et al., 1989). Accordingly, it has been demon-
strated that bovine zygotes and embryos show a
quantitative decrease in protein synthesis from fertilization
up to the eight-cell stage, that is, the time of the major
transcriptional activation, upon which synthesis increases
again up to the blastocyst stage (Frei et al., 1989). The
decrease may be caused by decreasing contents of mRNA
or ribosomes in the embryo, or a combination of the two. 

The activation of the rRNA genes of the embryonic
genome can be visualized ultrastructurally through the
formation of nucleoli in the blastomeres of the embryo.
However, the application of different cell biological
techniques in embryo technology during the past few years
has allowed for molecular understanding of this process, by
the use of immunocytochemistry for the localization of
specific proteins of importance for nucleolar function, and
fluorescence in situ hybridization (FISH) for the localization
of the rRNA genes and transcripts. These techniques have
been applied to bovine embryos produced in vitro and
comparisons have been made with embryos developed in
vivo (Viuff et al., 1998; Laurincik et al., 2000).

As described earlier, at the end of the oocyte growth
phase the oocyte nucleoli are inactivated and, in
conjunction with resumption of meiosis, disassembled (Fair
et al., 1996). Re-assembly of the nucleoli in the bovine
embryo occurs as a protracted process over the initial four
to five cell cycles (Camous et al., 1986; King et al., 1988;
Kopecny et al., 1989; Laurincik et al., 2000; Fig. 2). After
enclosure of the maternal and paternal chromatin by the
nuclear envelope and swelling of the pronuclei, spheres of
tightly packed fibrillar material emerge in each of the
pronuclei. Since during the fourth cell cycle these entities
serve as the physical site in which nucleoli develop, they
are often referred to as nucleolus precursor bodies. The
precursor bodies develop vacuoles with the progression 
of the cell cycle. These bodies share morphological
similarities with the tightly packed core of the nucleolar
remnants in the fully grown oocyte. Accordingly, RNA
polymerase I can be localized by confocal laser scanning
microscopy to the presumptive nucleolar precursor bodies,
as is often also the case with the nucleolar remnants (Fair et
al., 2001). Thus, the nucleolar remnants are dispersed at the
resumption of meiosis before germinal vesicle breakdown,
but at least some of the components are re-assembled to
form the nucleolus precursor bodies in the pronuclei after
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meiosis. The nucleolus precursor bodies disassemble in
conjunction with the first mitosis, that is, at synkaryosis. 

In two- and four-cell embryos, that is, during the second
and third cell cycles after fertilization, nucleolus precursor
bodies assemble in the blastomere nuclei after mitosis and,
with progression of the cell cycle, they display vacuolization.
However, fibrillo–granular nucleoli are never observed. For
unknown reasons, RNA polymerase I cannot be localized to
the precursor bodies during the second and third cell
cycles. 

Early in the eight-cell stage, that is, at the onset of the
fourth cell cycle, nucleolus precursor bodies emerge again
after mitosis. With the progression of this cell cycle, these
entities first develop an eccentrical primary vacuole and
later several peripheral secondary vacuoles. Towards the
end of the cell cycle, a dense fibrillar nucleolar component
surrounding tiny fibrillar centres develops in the peripheral
zone of the precursor bodies. The centres are closely
associated with heterochromatin. It is assumed that this
chromatin arrangement allows for the rRNA genes to be
localized in the centres as a prerequisite for rRNA gene
transcription. In addition, portions of dense fibrillar

component form at the inner lining of the large primary
vacuoles (Kopecny et al., 1989; Laurincik et al., 2000).
Subsequently, the dense fibrillar component and the fibrillar
centres develop and a presumptive granular component
consisting of pre-ribosomal particles emerges and occupies
the remaining portion of the precursor body. Thus, through
this process, fibrillo–granular nucleoli emerge. Concomitant
with the first observation of fibrillar centres by transmission
electron microscopy towards the end of the fourth cell
cycle, for the first time since the zygote stage, it is possible
to localize RNA polymerase I to the fibrillar centres by
confocal laser scanning microscopy. During the fifth cell
cycle, fibrillo–granular nucleoli are already formed at the
onset of the cycle, indicating that the meiotically induced
inactivation of the rRNA genes has ceased.

In addition to the ultrastructural and immunocyto-
chemical approaches, a pig 18S/5.8S/28S DNA probe has
been used for the localization of rRNA genes and
transcribed rRNA by FISH, combined with localization of
nucleolar proteins by silver staining, on spreads of fixed
interphase nuclei and sporadic mitotic configurations from
bovine embryos produced in vitro (Viuff et al., 1998). The
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Fig. 2. The ultrastructure of the nucleoli during initial development of the bovine embryo. During the
initial three cell cycles, nucleolus precursor bodies undergo vacuolization. During the fourth cycle,
fibrillo–granular nucleoli develop through formation of a dense fibrillar component (blue) and fibrillar
centres (red) in the periphery of the precursor bodies followed by formation of a granular component.
During the fifth cell cycle, fibrillo–granular nucleoli are formed at the onset of the cell cycle. 
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slides were processed for FISH either after RNase treatment
(hybridization exclusively to the rRNA genes) or without
RNase treatment (hybridization to both rRNA genes and
their transcripts). Both RNase- and non-RNase-treated two-
cell embryos as well as RNase-treated four-cell embryos
present up to ten small spots of labelling that co-localize
with nucleolar proteins. This labelling pattern corresponds
to the ten NORs found in the bovine genome. In contrast,
the non-RNase treated four-cell embryos present larger
labelled clusters that typically consist of one or more large
foci localized in the periphery of a prominent cluster of
small spots. These clusters co-localize with larger masses of
nucleolar proteins. This marked difference is thought to
indicate rRNA transcription as early as the third cell cycle
before the formation of fibrillo–granular nucleoli, although
the re-localization of maternal rRNA, as demonstrated in
Xenopus embryos, cannot be excluded (Verheggen et al.,
1998). The occurrence of rRNA transcription before the
fourth cell cycle in bovine embryos is in agreement with the
study of Bilodeau-Goeseels and Schultz (1997), in which
northern blot analyses revealed a small increase in the
rRNA hybridization signal in a combination of two- and
four-cell embryos compared with that in zygotes. The
significance as well as the fate of the rRNA transcribed
during the third cell cycle has remained an enigma so far.
Another interesting feature is that the silver staining
nucleolar proteins, which are associated with the NORs of
the interphase chromosomes during the second and third
cell cycles, are not detectable on metaphase chromosomes
until the mitosis completing the fourth cell cycle, that is, the
mitosis from the eight-cell to the 16-cell stage (King et al.,
1988). Thus, during the interphases of the first three cell
cycles after fertilization, the NORs appear to have higher
affinity for the nucleolar proteins than during metaphase.
These findings support the notion that the embryos do not
recover from the impact of meiosis until after the fourth cell
cycle.

Bovine embryos produced in vitro by oocyte maturation,
fertilization and subsequent embryo co-culture with bovine
oviduct epithelial cells and those developed in vivo in 
the oviducts and uteri display a comparable degree of
nucleolus development and, thus, presumably rRNA gene
activation (P. Hyttel, J. Laurincik and B. Avery, unpublished).

Chromosome aberrations in bovine preimplantation
embryos

It has been demonstrated by classic cytogenetic methods
that bovine embryos produced in vitro present chromosome
aberrations; however, the estimates of the frequency of such
conditions have been variable. For example, abnormalities
have been reported in 13.7% of two- to four-cell embryos
(Iwasaki et al., 1989), in 80% of five- to ten-cell embryos
(Yoshizawa et al., 1999) and in 38% of blastocysts (Iwasaki
and Nakahara, 1990), as well as in 36.3% and 39.2% 
of embryos at days 2 and 5 after in vitro insemination,
respectively (Kawarsky et al., 1996). These differences may,

to some extent, be related to the different culture systems
used in these studies. It is also clear that in an embryo
population in which mixoploidy is common, that is when
the embryo comprises both normal diploid cells and
abnormal polyploid cells (Viuff et al., 1999), cytogenetic
investigations based on metaphase spreads may result in an
unreliable estimate of the number of aberrant embryos
because only a few cells in each embryo can be analysed
accurately. This caveat is circumvented by the use of FISH
with chromosome-specific probes allowing for analyses 
of interphase nuclei as well as mitotic configurations.
Chromosome-specific probes recognizing sub-centromeric
regions of chromosomes 6 and 7 in cattle have been used
for determination of numerical chromosome aberrations on
spreads of fixed interphase nuclei and sporadic mitotic
configurations from bovine embryos. In an initial study, it
was demonstrated that bovine blastocysts produced in vitro
by oocyte maturation, fertilization and subsequent embryo
co-culture with bovine oviduct epithelial cells for 7–8 days
display a higher degree of mixoploidy (72%) compared with
that in blastocysts developed in vivo and collected from the
uterus (25%, Viuff et al., 1999; Figs 3 and 4). Moreover,
among the mixoploid blastocysts produced in vitro, 83%
contained < 10% polyploid cells, 13% contained between
11 and 25% polyploid cells and 4% contained > 25%
polyploid cells compared with the mixoploid blastocysts
developed in vivo that all contained < 10% polyploid cells.
The significance of this high rate of mixoploidy among
blastocysts produced in vitro is unknown. It is apparent 
that a proportion of these embryos is developmentally
competent, as blastocysts produced by the same in vitro
procedure have resulted in a pregnancy rate of 64% in this
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Fig. 3. Two bovine blastocyst nuclei after fluorescence in situ
hybridization (FISH) with probes specific for chromosome 6 (red)
and 7 (green). The small nucleus is diploid (two signals from each
probe), whereas the large nucleus was determined to be octaploid.
Nuclear DNA is counterstained with 4,6-diamino-2-phenylindole
(DAPI) (blue).
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laboratory (Schmidt et al., 1996). Furthermore, Hare et al.
(1980) suggested that a proportion of 25% tetraploid
trophoblast cells is compatible with pregnancy. It is possible
that the polyploid cells are preferentially allocated to the
extra-embryonic membranes, as has been shown in mice
(James et al., 1995).

A chronological investigation from day 2 to day 5 after in
vitro insemination was performed using the same
chromosome-specific probes in combination with a
technique for nuclear extraction from the embryos, to
elucidate in more detail the stage at which these numerical
chromosomal aberrations are established (Viuff et al.,
2000). There was a gradual increase in the frequency of
mixoploidy with increasing developmental stage of the
embryo (Fig. 4). It was also found that initially after
fertilization there was a considerable frequency of ‘true’
polyploidy, that is, when all cells of the embryo are
polyploid. Moreover, at each specific day of collection, the
slowest developing embryos showed the highest rates of
polyploidy. The polyploid embryos were apparently
eliminated before they cleaved beyond the eight-cell stage,
that is, the stage at which major activation of the embryonic
genome occurs in cattle (Camous et al., 1986). The basis of
polyploidy is most likely established during gametogenesis
or at fertilization in vitro. Other studies have shown that the
frequencies of chromosomally abnormal germ cells vary
according to the species examined, but in general
chromosomally unbalanced gametes have been noticed
more frequently among oocytes (2.4–14.6%) than among
spermatocytes (0–7%; Lechniak et al., 1996). However, the
basis of mixoploidy is most likely established either at

fertilization in vitro or during culture of the embryos in vitro.
Polyspermy and parthenogenetic activation can result in
mixoploidy during the subsequent cleavage divisions
(Handyside and Delhanty, 1997). This feature may be
significant since 10–15% of the embryos are polyspermic
and 3% are parthenogenetically activated within our in
vitro production system (Avery et al., 1998). In addition,
abnormalities imposed during in vitro culture of the embryo
may cause abnormal chromosome segregation leading 
to mixoploidy from the first cleavage division. Thus, studies
of human embryos produced in vitro that have been
characterized as normal by routine examination for
pronuclei have revealed an unexpectedly high proportion
of post-zygotic chromosomal abnormalities (Munné et al.,
1994, 1995; Harper and Delhanty, 1996; Delhanty et al.,
1997).

Perspectives

Increasing cell biological understanding of the mechanisms
regulating development of bovine preimplantation embryos
leads to an increasing number of checkpoints at which to
evaluate the normality of embryos created by technological
procedures. Basic features, such as a proper activation of
the embryonic genome and establishment and maintenance
of the correct chromosome compartment in all blastomeres,
are of great importance in this context. Although our cell
biological analyses are still based on invasive procedures,
there is a hope that they will give rise to non-invasive
techniques or at least techniques that can be performed on
biopsies of embryos. Further advances in the molecular

28 P. Hyttel et al.

Fig. 4. Frequency of diploidy, polyploidy and mixoploidy in in vitro produced bovine embryos at different developmental stages, as
indicated by the number of cells in the embryo, and in blastocysts developed in vivo. IVP-Bl: in vitro produced blastocysts; Bl: in vivo
developed blastocysts. 
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understanding of cellular function is expected to lead to
development of new arrays of intravital markers, which,
together with the developments in bioimaging, for example
multiphoton microscopy, may allow for evaluation of living
embryos. 

The project was supported by the Danish Agricultural and
Veterinary Research Council and Bundesministerium für
Wissenschaft und Verkehr der Republik Österreich.
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