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Over the past 30 years, basic and applied studies on classical and advanced
embryo technologies have generated a vast literature on factors regulating
oocyte and embryo development and quality. In addition, over this period,
commercial bovine embryo transfer has become a large international
business. It is well recognised that bovine embryos derived in vivo are
of superior quality to those derived from in vitro maturation, fertilization
and culture. Relatively little has changed in the techniques of producing
embryos in vivo although there is increasing evidence of the importance
of, for example, peripheral and follicular endocrine profiles for the
subsequent developmental competence of the embryo. The in vitro
production of ruminant embryos is a three-step process involving oocyte
maturation, oocyte fertilization and in vitro culture. Only 30-40% of such
oocytes reach the blastocyst stage, at which they can be transferred to a
recipient or frozen for future use. We know now that the quality of the
oocyte is crucial in determining the proportion of immature oocytes that
form blastocysts while the post-fertilization culture environment has a
major influence on the quality of the blastocyst. Use of sexed-sorted sperm
in conjunction with in vitro embryo production is a potentially efficient
means of obtaining offspring of the desired sex. Concerns regarding the
use of sexed semen technology include the apparent lower fertility of
sorted sperm, the lower survival of sorted sperm after cryopreservation
and the reduced number of sperm that could be separated in a specified
time period. Assessment of embryo quality is a challenge. Morphological
assessment is at present the most popular method for embryo selection
prior to transfer. Other non-invasive assessment methods include the
timing of the first cleavage division which has been linked to
developmental ability. Quantitative examination of gene expression is
an additional valuable tool to assess the viability of cultured embryos. A
substantial amount of evidence exists to demonstrate that the culture
conditions to which the embryo is exposed, particularly in the post-
fertilization period, can have perturbing effects on the pattern of gene
expression in the embryo with potentially important long-term
consequences. Collectively, in vivo and in vitro studies support the notion
that the environment of the embryo is critical for its future. The
identification and characterization of the short-term effects of in vitro culture
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raises the question about long-term consequences and safety of assisted
reproductive technologies. The impact of some of these technologies on
animal production will be the subject of this review.

Introduction

Over the past 30 years, basic and applied studies on classical (superovulation, non-surgical recov-
ery and transfer of cattle embryos) and advanced embryo technologies (in vitro embryo production,
nuclear transfer, transgenesis) have generated a vast literature on factors regulating oocyte and
embryo development and quality. In addition, over this period, commercial bovine embryo trans-
fer has become a large international business; approximately 790,000 bovine embryos (550,000 in
vivo-derived and 240,000 in vitro produced) were transferred in 2004, the latest year for which
data are available (Thibier 2005).

Three different generations of embryo technology have been developed: (i) in vivo embryo
production, (ii) in vitro embryo production and (iii) cloning by nuclear transfer and transgenics. The
objectives of this review are to give the reader an overview of current technologies in a few
selected areasof embryo technology and to discuss how such technologies may impact on animal
production.

Embryo Technologies and Genetic Improvement

The rate of genetic improvement in most breeding programmes is controlled by four main factors:
(i) the selection intensity, a measure of how choosy we are as breeders; the fewer animals we
select based on their superior performance the faster the rate of genetic progress (ii) the accuracy
with which we can predict the genetic merit of an individual animal; the greater the accuracy the
greater the potential improvement (iii) the genetic variation in the particular trait in question; the
greater the variation for a given trait the greater the scope we have as breeders to select animals
which are far from the mean level of performance for the trait and (iv) the generation interval, a
measure of how long it will take the selected animal (s) to contribute their superior genes to the
next generation via their offspring. In domestic species this tends to be quite long (2 to 3 years).
Coupled with these four parameters are the selection differential (the difference in performance in
a particular trait between the selected animals and the overall group from which they are selected,
clearly related to the selection intensity) and the heritability of the trait, the proportion of the
superiority (i.e., the proportion of the selection differential) which, on average, is passedon to the
offspring. Put another way, it is a measure of how much a trait is under genetic control or how
similar offspring are to their parents in terms of performance in a particular trait.

Several reproductive biotechnologies can impact one or more of these parameters and in so
doing improve the rate of genetic improvement (Fig.1). These include more established technolo-
gies such as artificial insemination and multiple ovulation embryo transfer (MOET) as well as
newer technologies of in vitro embryo production, cloning and transgenesis (Georges & Massey
1991; Lohuis 1995; Nicholas 1996; Cunningham 1999, Van Arendonk & Bijma 2003; Galli &
Lazzari 2005). Advantages of MOET, for example, include higher female selection intensity and
increased selection accuracy (more full and half-sib information). However, variability in indi-
vidual animal response to superovulation and the low average number of transferable embryos
recovered are still limiting factors. In vitro embryo production can potentially affect generation
interval through its use on prepubertal donors; for example, modest success in the production of
pregnancies from in vitro produced embryos derived from prepubertal calves has been reported
(e.g., Taneja et a/. 2000).
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Fig. 1. The main reproductive technologies which can impact on the rate of genetic

improvement.

MOET

Apart from artificial insemination, MOET is one of the longer established technologies impact-
ing on animal breeding and reproduction. The techniques of MOET are well established and
their use accounts for approximately 800/oof cattle embryos transferred commercially (Thibier
2005). By increasing the reproductive rate of females MOET offers the opportunity to reduce
the number of dams that need to be selected for the next generation while at the same time
increasing the amount of information available on sibs for estimating breeding values. The
biggest issue with respect to results is the huge variability in response of individual donors to
superovulation. On average 4 to 6 transferable embryos are produced per treatment cycle, a
yield which has not changed over the past 20 years (Hasler 2003); however, one-third of treated
donors fail to respond, one-third yields 1 to 3 embryos and only the remaining one-third actu-
ally yields a significant number of embryos (Boland et al. 1991).

The maintenance of recipients is a major economic component of producing ET calves. If
higher pregnancy rates are achieved by recipients, more efficient use of embryos would occur
and financial savings could be realized through reductions in costs associated with transfer of
embryos and maintenance of non-pregnant animals (Looney et al. 2006).

Assessing embryo quality

Embryo morphology assessment, with all its drawbacks, is at present the most widely used
method for embryo selection prior to transfer for assisted reproduction in both domestic rumi-
nants and humans. The high lipid content of ruminant embryos precludes the visualization of
nuclear and nucleolar morphology in most cases, aspects which can easily be evaluated in the
more transparent human or murine embryo. However, recent research focused on the correla-
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tion between bovine embryo morphology and ultrastructure, gene expression and cryotolerance,
has provided evidence that much more can be deduced from morphological examination than
previously thought (Van Soom et al. 2003). Morphological features such as colour of the blas-
tomeres, the extent of compaction, kinetics of development and timing of blastocyst formation
and expansion and diameter of the embryo at hatching can be linked with embryo quality.
Other measures of embryo quality include non-invasive measures such as assessment of the
timing of the first cleavage division after fertilization (Lonergan et al. 1999; Fair et al. 2004)
and invasive measures such as examination of the pattern of transcript abundance in the blasto-
cyst (Lonergan et al. 2003a,b; 2006).

In domestic species, there is a large body of evidence demonstrating that culture media can
perturb gene expression in the developing embryo (see review by Wrenzycki et al. 2005). This
is the case, not only when one compares in vitro and in vivo culture systems, but also when
comparisons of different in vitro culture systems are made (see for example, Eckert & Niemann
1998; Natale eta/. 2001; Rizos et al. 2002b; Rinaudo & Schultz 2004; Lonergan et al. 2003a;b;
2006). Apart from the culture medium used, the conditions of culture can also affect gene
expression; bovine in vitro produced embryos respond to changes in oxygen concentrations by
altering the expression of GLUT1 (Harvey et al. 2004) while in mice it has been reported that
expression of GLUT1, GLUT3 and VEGF was significantly increased in embryos cultured under
2% vs 20% oxygen (Kind et a/. 2004). The prolonged period of postfertilization culture of the
embryo presents both challenges and opportunities for manipulation of gene expression and
thereby protein expression and phenotype which should be exploited in order to take account
of the changing needs of the developing embryo.

In vivo culture of embryos

Culture of bovine embryos in the oviduct of the ewe has been shown by several authors to
be a suitable environment for the development of embryos from the zygote to blastocyst stage
(Lonergan et al. 2003a;b) and even through the early stages of elongation (Rexroad & Powell
1999). Though not perfect, one advantage of this in vivo culture system is the ability to culture
large numbers of embryos in a 'near in vivo' environment and in a cost effective manner.
While the yield of blastocysts following such in vivo culture is not superior to that following
culture in vitro, the quality of the blastocysts is significantly improved (Enright et al. 2000;
Galli & Lazzari 1996; Lazzari et al. 2002; Rizos et al. 2002a;b; Lonergan et al. 2003a;b).

Until the recent establishment and efficient application of endoscopy as a means of perform-
ing oviduct transfer and collection of embryos in cattle (Wetscher et al. 2005), in vivo culture
of in vitro matured or fertilized embryos in the homologous bovine oviduct was extremely
difficult. Techniques developed by Besenfelder and colleagues have focused on accessing the
bovine oviduct to perform comparative in vivo versus in vitro studies and finally tubal transfer
and flushing were combined for in vivo culture of IVP-derived embryos (Besenfelder & Brem
1998; Besenfelder et al. 2001; Wetscher et al. 2005).

In vivo culture of zygotes derived by IVF could be one means of reducing the incidence of
abnormally large offspring (Lazzari et al. 2002). Walmsley et al. (2004) examined the effect of
transferring in vitro produced sheep embryos to recipient ewes on Day 2 versus Day 6
postfertilization on the incidence of oversized or abnormal lambs. Day 2 transfer of cleaved
embryos did reduce but did not prevent the production of oversized or congenitally abnormal
offspring that was likely attributable to the IVP system compared with transfer at Day 6.
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Control Iing gender

Determination of the sex of the embryo prior to transfer would offer a clear advantage to the
end-user and thereby add value to the product. Up until the early-nineties much of the focus on
controlling offspring gender in practice was based on establishing the sex of the embryo, usually
by biopsy, prior to transfer. This has potentially deleterious implications for the likelihood of a
pregnancy ensuing.

A number of recent reviews have addressed the use of sexed semen in cattle and sheep produc-
tion (Seidel & Garner 2002; Seidel 2003a;b; Wheeler et al. 2006; Maxwell et al. 2004; Evans et
al. 2004). While not an 'embryo technology' per se, the use of sex-sorted sperm in embryo
production has massive potential for increasing efficiencies of animal production. Some of the
concerns associated with the use of sexed semen include lower pregnancy rates, lower survival of
sorted sperm after cryopreservation and number of sperm separated per unit time.

Numerous field trials have been conducted with single-ovulating heifers with fertility of low
doses of sexed semen being about 60-90% of conventional doses of unsorted semen. The impor-
tance of heifer management to achieving comparable pregnancy rates has been highlighted (Seidel
2003b).

It is often the combination of two or more, rather than individual, technologies that make the
biggest impact on practice. One appealing attribute of using sorted semen for in vitro embryo
production isthat much fewer sperm are need for IVF. Over the pastdecade or so sorted semen has
been usedfor the production of embryos in vitro in both cattle (Lueta/. 1999) and sheep (Hol Iinshead
et al. 2004; Morton et al. 2004).

For the dissemination of superior genes the use of sexed semen on superovulated donors of high
genetic merit is desirable. In the study of Schenk et al. (2006), the number of embryos recovered
from superovulated donors bred with sexed sperm was lower than that for donor females bred with
non-sexed semen. However, the use of 20 x 106 sexed sperm per insemination dose resulted in
similar numbers of transferable embryos of the desired sex compared to that for non-sexed sperm.
Thus, use of sufficient numbers of sexed sperm in bovine superovulation and embryo transfer
programmes can result in the production of more embryos of the desired sex with about half as
many recipients, thus reducing production costs associated with embryos of undesirable sex.

In vitro embryo production

Techniques and procedures based on the use of in vitro fertilization technology offer significant
benefits in relation to genetic improvement and reproductive management of domestic ruminants.
Underlining the importance of this area and in recognition of some of the inherent problems facing
users of this technology, a symposium was recently held in Orlando, Florida in conjunction with
the 32ndAnnual Conference of the International Embryo Transfer Society entitled 'Realizing the
promise of IVF in cattle: Optimizing embryonic and fetal survival' at which many related topics
were addressed including procedures for transferring a better embryo, errors in embryonic and fetal
development, recipient management and cryopreservation (Hansen 2006).

In vitro, most studies terminate at the blastocyst or hatched blastocyst stage of development.
This is a reflection of two things: (i) the blastocyst stage is, in cattle at least, the stage most
routinely used for transfer or cryopreservation and (ii) in vitro systems do not support normal
development of ruminant embryos through the post-hatching elongation stages.Artificial elonga-
tion has been induced in vitro using agarose gel tunnels (Vajta et al. 2000; Brandao et al. 2004).
While such results are encouraging, the technology still requires considerable refinement; for
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example, the embryonic disk characterizing the pre-streak stage 1 is never established (Alexopoulos
et a/. 2005; Vejlsted et al. 2006)

For all IVF technologies, achieving economically viable success rates is still a problem. Less
than 30% of cultured oocytes develop into transferable embryos. Wastage during pregnancy is
also increased with pregnancy rates from IVF embryos typically 100/0lower than those achieved
with in vivo embryos. From a genetic improvement point-of-view, the use of ovaries collected
from random females at local abattoirs offers little in the way of genetic superiority (Cunningham
1999).

The in vitro production of ruminant embryos is a three-step process involving in vitro oocyte
maturation, in vitro fertilization and in vitro culture. In terms of efficiency, in cattle, approxi-
mately 90% of immature oocytes, generally recovered from follicles at unknown stages of the
oestrous cycle, undergo nuclear maturation in vitro from prophase I to metaphase II (the stage
at which they would be ovulated in vivo); about 80% undergo fertilization following insemina-
tion and cleave at least once, to the two-cell stage. However, only 30-40°/a of such oocytes
reach the blastocyst stage, at which they can be transferred to a recipient or frozen for future
use. Thus, the major fall-off in development occurs during the last part of the process (in vitro
culture), between the 2-cell and blastocyst stages, suggesting that post-fertilization embryo
culture is the most critical period of the process in terms of determining the blastocyst yield.
There is considerable evidence demonstrating the quality of the oocyte is crucial in determin-
ing the proportion of immature oocytes that form blastocysts and that the post-fertilization
culture environment, within certain limits, does not have a major influence on the capacity of
the immature oocyte to form a blastocyst (see Rizos et al. 2002a). It would appear that once the
oocyte has been removed from the follicle its ability to develop the blastocyst stage is more-or-
less sealed and despite attempts at temporarily inhibiting resumption of meiosis to allow cyto-
plasmic maturation to proceed in vitro, thereby improving development (e.g. Lonergan et a/.
2000; Sirard 2001) or modifications of maturation media, blastocyst yields in vitro using oo-
cytes recovered from slaughtered animals rarely exceed 40% on a consistent basis. Therefore,
attempts at increasing oocyte competence must be applied before removal from the follicle by
manipulating follicle development (e.g., Blondin et al. 2002; Durocher et al. 2006)

Ovum Pick-Up (OPU)

OPU was first developed in cattle in the early nineties (Pieterse et al. 1991). Since then many
studies have been carried out aimed at refining both technical (e.g., needle size, vacuum
pressure) and biological (e.g., hormonal stimulation, frequency, operator skill) factors (reviewed
by Merton et a/. 2003; van Wagtendonk-de Leeuw 2006). The advent of OPU opened up
significant potential for the application of IVF technology to animal breeding. Collecting the
ovaries of slaughtered beef animals, while offering a fantastic source of raw material (oocytes
and, after IVF, embryos) for basic research studies, had very little to offer in terms of genetic
improvement; however, OPU allows the repeated access to the ovaries of high genetic merit
cows and when coupled with semen from a high genetic merit sire, allows the feasibility of
producing high quality embryos, genetically speaking, in large numbers. When the techniques
of OPU and IVF are combined they are capable of producing 80-100 calves per donor cow per
year albeit with large variation between donors (van Wagtendonk-de Leeuw 2006); this com-
pares with typically one calf per cow per year with Al and approximately 20-25 calves per
donor with MOET.
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Cloning

Since the birth of Dolly, the first mammal to be cloned using the nucleus of a somatic cell from
an adult animal, in 1997 (Wilmut et al. 1997) standard somatic cell nuclear transfer (SCNT)
techniques have resulted in the birth of live offspring in 11 species (Vajta & Gjerris 2006).
Although considerable variation exists the basic steps involved include (i) enucleation of an in
vitro matured oocyte for use as recipient cytoplasm, (ii) insertion of donor cell/nucleus, and (iii)
activation of the reconstructed embryo. A relatively new approach to nuclear transfer is the so-
cal led handmade cloning technique which obviates the need for expensive micromanipulators.
However, it does require more specialized culture conditions for reconstructed embryos as
zona removal is an integral part of the process (Vajta et al. 2005).

The application of cloning techniques to animal breeding are numerous including the fact
that many animals of the same genotype can theoretically be produced increasing the accuracy
of evaluation (as each female can be evaluated on the average phenotypic performance of
herself) and allowing the evaluation of post-slaughter traits in a cohort of clones, the exploita-
tion of heterosis and the multiplication of transgenic animals (Cunningham 1999; Van Arendonk
& Bijma 2003). Clearly, however, the testing of clones could be problematical, especially in
the case of traits of low heritability, and the risks of a reduction in genetic variation need to be
considered.

One of the biggest drawbacks of this technology is the inefficiency of the process. While
blastocysts can be produced at rates comparable with those of routine IVF in cattle, a very
limited percentage (0.5-5°/a) of the reconstructed embryos result in full term development. This
is mainly due to a high frequency of postimplantation developmental arrest. Such losses are
predominantly during the first trimester of pregnancy but can occur much later (Heyman et al.
2002). Heyman et al. (2002) monitored the evolution of pregnancy following the transfer of
embryos derived from somatic cell cloning, embryonic cloning and IVP in order to detect the
occurrence of late gestation lossesand their frequency. On the basis of progesterone concentra-
tions on Day 21, there were no significant differences in the percentages of initiated pregnan-
cies between the groups (55.6-62.7%). Confirmed pregnancy rate by Day 35 using ultrasound
scanning was significantly lower in the two somatic cloned groups (27.5-33.8%) compared with
the embryonic clones (49.2%) and IVF embryos (52.9%). This pattern was maintained at Days
50, 70 and 90. The incidence of loss between Day 90 of gestation and calving was 43.7% for
adult somatic clones and 33.3°/o for fetal somatic clones compared with 4.3°/s after embryonic
cloning and 00/0after IVP.

Long Term Consequences of Embryo Culture Conditions

Although normal calves can result from the transfer of embryos produced in vitro or by somatic
cell nuclear transfer, these embryo technologies are more often associated with increased rates
of abortion and abnormal development of the fetus and placenta (Bertol in i & Anderson 2002;
Farin et al. 2001; Kruip & den Daas 1997). Several studies have shown that embryos are sensi-
tive to environmental conditions that can affect future growth and developmental potential,
both pre- and postnatally (e.g., Young & Fairburn 2000; Fleming et al. 2004). It is well known
that early ruminant embryos also exhibit sensitivity to their environment which may, after
transfer, lead to the abnormal development, characterized by aberrant fetal and placental de-
velopment, increased fetal myogenesis, dystocia, abnormal perinatal pulmonary activity and
increased mortality in the early postnatal period (Walker et al. 1996; Sinclair et al. 2000). In
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addition, some of the effects, such as increased organ size, can persist into later life (McEvoy et
al. 1998). These alterations in phenotype have been referred to as 'Large Calf Syndrome' or
'Large Offspring Syndrome' although a new term, 'abnormal offspring syndrome' has been
proposed (Farin et al. 2006) to better represent the fact that abnormalities other than solely
large size are observed.

It is worth bearing in mind that abnormalities in development arising from the environment
to which the embryo is exposed are not limited to in vitro culture or manipulation. Maternal
diet can impact preimplantation phenotype and long-term development. For example, high
protein diets in sheep around conception have been associated with reduced viability and
increased fetal and birth weights (McEvoy et al. 1997; 2001) as well as alterations in fetal
development and physiology (Edwards & McMillen 2002; McMillen & Robinson 2005).

Collectively these in vivo and in vitro studies support the notion that the environment of the
embryo is critical for its future. The identification and characterization of the short-term effects
of in vitro culture raises the question about long-term consequences and safety of assisted
reproductive technologies. For example, recent reports indicate that in vitro culture of mouse
embryos can have irreversibly long-term consequences of postnatal development, growth, physi-
ology, and behaviour in resulting offspring (Ecker et al. 2004; Fernandez-Gonzales et al. 2004)

Conclusions

As pointed out by Cunningham (1999), the baseline against which all new reproductive and
genetic methods must be measured is natural service. The use of a stock bull by an individual
farmer has a certain cost and convenience associated with it. For example, in Ireland Al usage
in cattle has declined by approximately 20°/a over the past 5 years. The reasons for the decline
are related to the labour availability required for Al and a perceived lack of benefit (Buckley et
al. 2003). This is despite a recent objective analysis which demonstrated that daughters of
relatively high Economic Breeding Index bulls leave on average 80 euro profit per lactation
more than those of stock bulls (Berry et al. 2005). Therefore, new technologies, or refinement
of existing ones, must take into account the demands of the end-user to ensure they are taken
up in practice. As indicated by van Wagtendonk-de Leeuw (2006) not many breakthroughs are
expected for OPU technology in the near future. Advances in IVP technology and our under-
standing of the factors controlling embryo development may allow the development of in vitro
culture systems which can produce embryos of a quality similar to those produced in vivo
which ultimately would lead to improved quality and welfare of subsequent offspring.
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