
to reach the blastocyst stage, is almost cer-
tainly related to the intrinsic quality of the
oocyte at the beginning of maturation.

In addition to the proportion of oocytes
developing to the blastocyst stage, the qual-
ity of these embryos is important. Despite
extensive research in terms of increasing
the yield of blastocysts from immature

1. INTRODUCTION

While conditions of culture during the
various steps of in vitro embryo production
(IVP) can undoubtedly affect developmen-
tal rates, the relatively low level of effi-
ciency achieved, manifested by the frequent
failure of up to 60% of immature oocytes
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oocytes, the quality of in vitro-produced
embryos, in terms of survival following cry-
opreservation, has continually lagged behind
that achieved with in vivo-derived embryos.
The aim of this paper is to briefly review
the literature in relation to the factors con-
trolling both blastocyst yield and blastocyst
quality in cattle as well as describing some
recent findings from our own laboratory.

2. DEFINITIONS OF OOCYTE
AND EMBRYO QUALITY 

It is important to distinguish between the
terms “oocyte quality” and “embryo qual-
ity”. The ultimate test of the quality of an
oocyte is its ability to be fertilized and
develop to the blastocyst stage, to establish
a pregnancy and ultimately to produce a live
calf. Similarly, the best measure of blasto-
cyst quality is the ability to establish a preg-
nancy and produce a calf. Unfortunately, in
most instances we do not have the luxury
of transferring every blastocyst produced
from IVP. Therefore, we have to settle for
using parameters such as cleavage and blas-
tocyst production as the best measures of
oocyte quality. With regard to embryo qual-
ity, as pointed out by Bavister [7], the selec-
tion of the “best” blastocysts from a pool
for transfer may not be indicative of the
quality of that entire population. From a lab-
oratory point of view, one useful measure
of quality is the ability of the embryo to sur-
vive cryopreservation, as essentially all
embryos from a given treatment can be
tested.

3. PARAMETERS USED TO
ASSESS QUALITY – IMPORTANCE
OF THE KINETICS OF EARLY
CLEAVAGE DIVISIONS 

We have previously demonstrated a clear
relationship between the time of first cleav-
age post-insemination in vitro and devel-
opmental competence, with those oocytes

cleaving earliest after IVF being more likely
to reach the blastocyst stage than their later-
cleaving counterparts [18, 48]. This phe-
nomenon is common to many species [8,
54, 69, 71, 78, 84]. In addition we have
demonstrated that this timing of first cleav-
age is related to the polyadenylation status of
several developmentally important gene
transcripts [12]. Subsequently, we demon-
strated differences in gene expression in the
early embryo that are reflective of differ-
ences in developmental competence between
early- and late-cleaving zygotes [51]. The
factors that control the time of first cleavage
are unclear. Although culture conditions can
influence the kinetics of early development
[42, 62], it is likely that the main factors con-
trolling this parameter are intrinsic to the
oocyte [12, 48, 51], the sperm [15, 21, 83] or
both. Indeed, in mice, a gene controlling the
rate of preimplantation cleavage division
and subsequent embryo survival (Ped: preim-
plantation embryo development) has been
identified [84].

4. DIFFERENCES BETWEEN
IN VIVO- AND IN VITRO-PRODUCED
EMBRYOS

Differences between in vivo- and in vitro-
derived embryos have been reviewed by
several authors [53, 87]. These differences
include darker cytoplasm, lower density
[64], more lipids, specifically, more triglyc-
erides and less lipids from other classes [1],
swollen blastomeres [81], a more fragile
zona pellucida [19], differences in intercel-
lular communication [10], and a higher inci-
dence of chromosomal abnormalities [72,
82]. All of these factors may contribute to
the higher sensitivity to cryoinjury exhib-
ited by IVP embryos.

However, the causes behind these differ-
ences are unknown. It is unclear which parts
of the process of embryo production are
important in determining such parameters
as blastocyst yield and blastocyst quality. 
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more blastocysts developed from oocytes
matured in vivo (58.2%) than those recov-
ered just before the LH surge (39.2%) or
those from 2–6-mm follicles (38.9%).
Oocytes from large follicles (> 6-mm)
resulted in an intermediate blastocyst yield
(46.5%). In terms of blastocyst quality
(Fig. 1), survival following vitrification was
relatively low in all groups ranging from
< 40% at 24 h post warming to < 20% in
all groups by 72 h post-warming.

These results clearly demonstrate that
oocytes matured in vivo are more compe-
tent than those matured in vitro. This in
agreement with several previous studies [11,
26, 45, 52, 80]. The data also support the
notion that oocytes derived from large fol-
licles are more competent than those derived
from small follicles following IVP [46, 61].
In addition, the data demonstrate that blas-
tocyst quality is unrelated to source of
oocyte.

Differences have been reported between
in vivo- and in vitro-matured oocytes which
may explain the observed differences in
developmental competence. Cumulus
expansion is usually more extensive fol-
lowing maturation in vivo [75]. In addition,
there is a high degree of homogeneity
amongst oocytes matured in vivo at the
ultrastructural level; this contrasts with the
ultrastructural heterogeneity exhibited by
in vitro matured oocytes, even when a uni-
form population of the latter is selected prior
to in vitro maturation [17]. 

6. OOCYTE FERTILIZATION
IN VIVO VS. IN VITRO 

There are few reports in the literature
comparing fertilization in vivo versus in
vitro. In an experiment designed to assess
the importance of fertilization in vitro or in
vivo on subsequent blastocyst development
and quality, in vivo matured oocytes were
either (1) recovered by OPU just prior to
ovulation and fertilized in vitro (n = 134) or
(2) fertilized in vivo by artificial insemination

5. OOCYTE MATURATION
IN VIVO VS. IN VITRO 

There is evidence in the literature to sug-
gest that oocytes matured in vivo are more
developmentally competent than those
matured in vitro. The oocyte undergoes sig-
nificant modulations in the dominant folli-
cle that play a key role in the acquisition of
developmental competence. A number of
ultrastructural and molecular changes occur-
ring during oocyte development have been
linked to developmental competence [5, 34].
Also, in vitro maturation has been associ-
ated with certain abnormalities in the oocyte
[31-33].

Assey et al. [4] reported that bovine
oocytes aspirated from dominant follicles
before the LH surge display alterations in
their nuclear and cytoplasmic morphology,
which, according to the authors, are a pre-
requisite for the acquisition of full devel-
opmental competence. This would indicate
that not only final oocyte maturation (i.e.,
the processes occurring between LH surge
and ovulation) is significant, but also the
period preceding the LH surge may be
important for the establishment of develop-
mental competence.

We carried out an experiment to evaluate
the importance of the events surrounding
oocyte maturation [68]. Four groups of
oocytes were used: (1) immature oocytes
from 2–6-mm follicles from slaughterhouse
ovaries, n = 388; (2) immature oocytes from
> 6-mm follicles from slaughterhouse
ovaries, n = 99; (3) immature oocytes recov-
ered in vivo by ovum pick up (OPU) just
before the LH surge, n = 102, and (4)
in vivo matured oocytes recovered by OPU,
n = 134. Following recovery, Groups 1–3
were submitted to IVM for 24 h, while
Group 4 oocytes were immediately insem-
inated. The experimental design was such
that oocytes from all 4 groups were insem-
inated at the same time. 

There was no difference in oocyte cleavage
rate following IVF; however, significantly
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and the resulting presumptive zygotes
surgically recovered on Day 1 (n = 69).
Both groups were then cultured in vitro
in parallel. As a control, a group of oocytes
(n = 388) recovered from 2–6-mm follicles
from the ovaries of slaughtered heifers were
put through IVM/IVF/IVC at the same time. 

There was no difference in cleavage rate
when in vivo matured oocytes were fertil-
ized in vivo (92.8%) or in vitro (87.3%).
In vivo fertilized oocytes had a significantly
higher blastocyst yield (P < 0.01) than both
in vitro fertilized groups (73.9% vs. 58.2%
and 39.2%, for in vivo fertilized, in vivo
matured/in vitro fertilized and in vitro
matured/in vitro fertilized oocytes, respec-
tively). In addition, in vivo matured/in vitro
fertilized oocytes yielded significantly more

blastocysts (P < 0.001) than in vitro matured
oocytes. In terms of blastocyst quality, sur-
vival and hatching rate following vitrifica-
tion was not different between the groups,
with survival ranging from < 40% at 24 h to
< 20% at 72 h post warming, suggesting
that site of fertilization is not a determining
factor of blastocyst quality.

The results of this experiment in which a
higher proportion of in vivo matured oocytes
developed to blastocysts following fertil-
ization in vivo compared with fertilization
in vitro suggests that the events around the
time of fertilization might be important in
determining the developmental competence
of the oocyte. However, whether or not fer-
tilization in vivo per se was solely respon-
sible for the observed increase in blastocyst
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Figure 1. Summary graph of all the data from the 3 experiments relating to oocyte quality mea-
sured in terms of blastocyst development, and blastocyst quality measured in terms of survival fol-
lowing vitrification. Blastocysts were derived from oocytes (1) from slaughterhouse ovaries from
2–6 mm or (2) > 6 mm follicles, (3) recovered by ovum pick up just prior to the expected time of the
LH surge, or (4) following maturation in vivo, (5) matured and fertilized in vitro and cultured in the
ewe oviduct, (6) matured/fertilized in vivo and cultured in vitro, or (7) matured/fertilized/cultured in
vivo. Arrows indicate that the further along the developmental axis the oocyte/embryo is removed from
the in vivo environment the greater the blastocyst development in vitro. In addition, embryo
culture in vivo, irrespective of the origin of the oocyte, results in blastocysts of superior quality to
culture in vitro. 

In vitro 2-6 mm In vitro > 6 mm Before LH surge In vivo matured
IVM/IVF/Ewe oviduct In vivo matured/fertilized In vivo matured/fertilized/cultured
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pigs [63], and horses [3]. Sheep oviducts
have been shown to support the growth of
cow [22, 23, 25, 27] and pig [65] embryos.
The mouse oviduct has also been used to
support the development of zygotes from
the cow [39, 70] and hamster [56]. 

We carried out two experiments to assess
the impact of the culture in vitro or in vivo
on the yield and quality of blastocysts. In
the first, presumptive zygotes produced by
IVM/IVF were cultured either in vitro in
synthetic oviduct fluid (n = 463), or in vivo
in the ewe oviduct (n = 775). The cleavage
rate of in vitro cultured zygotes was 82.5%;
a figure for the cleavage rate of in vivo cul-
tured zygotes was not obtainable due to the
degeneration of non-developing embryos in
the oviduct. However, there was no differ-
ence in the proportion of oocytes developing
to the blastocyst stage between the two cul-
ture systems (34.1 vs. 34.5%). In contrast,
there was a marked difference in the quality
of the blastocysts produced in the two cul-
ture systems; following vitrification and
warming, significantly more blastocysts
(P < 0.001) from the ewe oviduct survived
at all time points and hatched than their
in vitro counterparts (88.0 vs. 5.6% survival,
respectively at 72 h). This would suggest
that the culture system is critical in deter-
mining blastocyst quality.

The observation that blastocyst yield
from IVM/IVF oocytes was unaffected irre-
spective of whether culture took place in
vitro or in vivo in the ewe oviduct is con-
sistent with a previous report from our group
[22]. Jimenez et al. [35] observed that cul-
ture in the ligated sheep oviduct resulted in
similar blastocyst yields to culture in vitro
(26 vs. 27%). However, if ligation was not
carried out and the embryos were allowed to
go into the uterus, development was signif-
icantly reduced [35]. This observation is
diffcult to reconcile with the results of
Rexroad and Powell [67] and Talbot et al.
[76] who demonstrated that the uterus of
the ewe supports normal development of
bovine blastocysts after transfer at Day 7

yield is questionable. It should be noted that
the in vivo fertilized oocytes were ovulated
oocytes; this is in contrast to the in vivo
matured/in vitro fertilized group, in which
oocytes were recovered from preovulatory
follicles just prior to the expected time of
ovulation. In unstimulated cattle, ovulation
occurs approximately 24 h after the LH
peak, while following superovulation ovu-
lations occur from 24–33 h after the peak
[13]. This would suggest that a proportion of
the oocytes removed from preovulatory fol-
licles may not have completed maturation
and this may have contributed to a lower
blastocyst yield.

To address this question we attempted
the fertilization of in vitro matured bovine
oocytes in the sheep oviduct using GIFT,
involving the transfer of matured oocytes
and sperm to the oviduct simultaneously,
or the transfer of matured oocytes to the
oviduct of a ewe previously inseminated
with bovine sperm (results not shown). Irre-
spective of the method used, only a very low
proportion of oocytes were fertilized and
none developed to blastocysts. Other authors
have similarly attempted the in vivo fertil-
ization of in vitro matured bovine oocytes in
the inseminated rabbit [30, 73, 79], sheep
[73] and cow oviduct [58, 60, 79] with lim-
ited success, although Newcomb et al. [60]
did report the birth of twin calves follow-
ing one such attempt. It would seem that
such an approach is fraught with technical
difficulties which only cloud the issue.

7. EMBRYO CULTURE
IN VIVO VS. IN VITRO 

In vivo, the oviduct is the site of fertil-
ization and early embryo development. The
oviductal environment can support embry-
onic growth up to the blastocyst stage across
a wide range of species following trans-
species transfer. Ligated rabbit oviducts
have been used extensively for the devel-
opment of embryos from many species
including sheep [6, 43], cattle [9, 20, 74],
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and recovery at Day 14, demonstrating that
bovine embryos can undergo continued
development in the reproductive tract of
ewes when transferred either as 4-cell
embryos or as expanded or hatched blasto-
cysts.

In the second experiment, in vivo
matured/in vivo fertilized zygotes were
either surgically recovered on Day 1 and
cultured in vitro in synthetic oviduct fluid
(n = 69), or remained in vivo and were non-
surgically recovered on Day 7 (n = 70). As
a control, a group of zygotes (n = 388) pro-
duced by IVM/IVF were cultured in vitro
in parallel. The cleavage rate and blastocyst
yield of in vivo produced zygotes was unaf-
fected by the site of culture (in vitro vs cow
oviduct). In addition, both in vivo groups
resulted in significantly higher cleavage
(P < 0.05) and blastocyst yield (P < 0.001)
at all time points than the in vitro control. In
terms of blastocyst quality, as in the first
experiment, it was clear that culture system
had a dramatic effect on survival following
vitrification; in vitro culture, irrespective of
origin of the zygote, resulted in significantly
lower survival and hatching (P < 0.001) than
culture in vivo (69.6% vs. 0% and 1.8%
survival at 72 h, for in vivo matured/
fertilized/cultured, in vivo matured/fertil-
ized/in vitro culture and in vitro matured/
fertilized/cultured embryos, respectively).

While culture of IVM/IVF zygotes in the
ewe oviduct did not affect blastocyst yield,
the oviduct environment of the intermedi-
ate recipient clearly improved the overall
quality of IVM/IVF blastocysts, as mea-
sured by survival following cryopreserva-
tion. Similarly, the in vitro culture of zygotes
derived from oocytes of high developmen-
tal potential (in vivo matured/fertilized) is
sufficient to result in blastocysts of low cry-
otolerance, similar to those resulting from
IVM/IVF/IVC. Consistent with these and
previous results from our group [22], Pugh
et al. [66] observed that culture of bovine
embryos in the sheep oviduct improved the
frozen but not the fresh embryo survival

following transfer. Tervit et al. [77] found
that, while culture in the oviduct did not
affect the proportion of sheep embryos
judged to be of freezeable quality, the per-
centage of embryos surviving post thaw was
higher for IVM/IVF embryos after culture in
the oviduct than culture in SOF. Holm et al.
[29] demonstrated that IVC of IVM/IVF
derived ovine zygotes reduced embryo via-
bility by 15 to 25% compared with in vivo
culture. Galli and Lazzari [25] reported that
there were no differences between culture
in the ewe oviduct or culture in vitro in terms
of blastocyst formation at Day 8. However,
in agreement with our results, they observed
major differences in quality with embryos
cultured in the ewe oviduct and those col-
lected from superovulated donors being
superior in terms of sensitivity to freez-
ing/thawing.

The combined results of these two cul-
ture experiments provides further evidence
that the intrinsic quality of the oocyte deter-
mines the blastocyst yield, where in vitro
matured/fertilized oocytes resulted in a blas-
tocyst yield of approximately 35% irre-
spective of whether they were cultured
in vitro or in vivo, while > 70% of in vivo
matured/fertilized oocytes reached that stage
following culture either in vitro or in vivo.
These results clearly demonstrate that the
proportion of oocytes developing to the blas-
tocyst stage is not determined by the cul-
ture system, but rather by the origin of the
oocytes. In addition, it is clear that oocytes
from a common source will result in similar
blastocyst development even when culture
takes place in different environments. 

8. WHAT CONTROLS
THE DEVELOPMENT OF A
BLASTOCYST OF HIGH QUALITY?

Differences have been described at the
ultrastructural level which may in part
explain the variation in cryotolerance
observed amongst groups of embryos. In a
recent study from our group [24] it was
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The culture environment can also have
a significant effect on embryo metabolism
which may have implications for embryo
quality. Embryos generated in a completely
defined medium have lower rates of gly-
colysis than those in serum [40]. Khurana
and Niemann [37] examined energy
metabolism in in vivo- and in vitro-derived
bovine embryos. In general, the pattern was
similar; however, IVP embryos exhibited a
2-fold higher rate of anaerobic glycolysis
and produced more lactate. Culture for 72 h
of in vivo-produced blastocysts resulted in
lactate production similar to that of in vitro
produced blastocysts.

9. CONCLUSION

Events before ovulation determine the
ultimate fate of the oocyte but events occur-
ring between the zygote and blastocyst
stages determine the blastocyst quality. As
pointed out by Hendriksen et al. [28], the
observation that oocytes with identical
developmental conditions up to the LH surge
(i.e. initiation of meiotic resumption) differ
in their ability to reach the blastocyst stage
depending on whether they undergo matu-
ration in vivo or in vitro highlights the fact
that current in vitro maturation methods can
still be improved. One route towards
improving embryo yield may be the pre-
maturation of the oocyte prior to matura-
tion. While some recent results are encour-
aging in that oocytes can be reversibly
maintained at the germinal vesicle stage
without affecting subsequent blastocyst yield
[41, 47, 50, 55, 57], it has not yet been
demonstrated that such an approach can
improve the developmental ability of an
oocyte. In addition, there is little if any evi-
dence to demonstrate that such blocked
oocytes can result in the birth of normal off-
spring. A more feasible approach in the short
term at least will probably be to modify the
conditions of in vitro culture to ensure that
those blastocysts that do develop are of the
highest possible quality.

demonstrated that blastocysts derived from
the in vivo culture in the ewe oviduct of
IVM/IVF zygotes displayed only minor
morphological differences from those pro-
duced completely in vivo by superovula-
tion. In contrast, in vitro produced blasto-
cysts exhibited a range of characteristics
associated with reduced cryotolerance such
as vacuoles in the trophoblast cells, a sparse
population of microvilli, a greatly reduced
network of intercellular connections and a
large increase in lipid content. Similar obser-
vations have been reported by other authors
[2, 16].

Differences in gene expression exist
between in vitro- and in vivo-derived
embryos which may explain the differences
in quality observed. Wrenzycki et al. [85]
demonstrated that expression of the con-
nexin 43 gene at the blastocyst stage differs
between bovine embryos produced in vitro
and those produced in vivo. This gene is
involved in the formation of a protein that
gives rise to gap junctions between cells.
Poor gap junction formation is associated
with poor cell compaction and is a common
occurrence in IVP embryos. Also, acceler-
ated development in vitro due to serum addi-
tion [14, 49] may affect gene regulation and
transcription, resulting in well-documented
developmental abnormalities such as foetal
oversize in the bovine [88]. 

It has also been demonstrated that the
gene expression in the developing embryo
can be influenced by the culture environ-
ment in vitro [36, 44, 59, 86]. Knijn et al.
[38] compared gene expression in blasto-
cysts derived from in vivo- or in vitro
matured bovine oocytes. No differences
were observed in relative abundance for
4 genes studied, suggesting that maturation
is not the major step in the IVP process
affecting expression of these genes in the
embryo. This would be consistent with the
findings of Wrenzycki et al. [86] and those
of the present study, reinforcing the point
that the culture system is the major deter-
minant of blastocyst quality, irrespective of
the origin of the oocyte.
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