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Abstract.  Recently, the demand of transferable embryos in cattle industry is increasing, and the number of embryos produced 
in vitro is also increasing in the world. Although oocytes are collected from individual elite cattle by ovum-pick up (OPU) and 
used for in vitro production (IVP) of embryos, the cattle are mono-ovulatory animal. It means that most of oocytes collected 
from ovaries are destined to degenerate. To improve the IVP efficiency, we should predict the developmental competence of 
oocytes correctly and culture them by the suitable way. In addition, in vitro production of bovine oocytes by in vitro growth 
(IVG) culture system will become a candidate of supply source of oocytes for IVP. If we can produce high competent oocytes 
by IVG, IVP efficiency will be improved and the genetic improvement of cattle will be dramatically accelerated. In the review, 
I introduce our researches related to oocyte morphology, the developmental competence, and the production of oocytes having 
high developmental competence by IVG culture.
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The development of an in vitro production (IVP) system of bovine 
embryo has provided important new information about oocyte 

maturation and fertilization processes, early embryo development 
and embryo quality. However, embryos produced in vitro are fun-
damentally different from their in vivo counterparts in terms of, 
for example, morphology [1, 2], gene expression patterns [3] and 
chromosomal abnormalities [4, 5]. IVP systems have also been 
utilized to produce a large number of embryos needed for scientific 
research, including efforts to produce cloned animals by somatic 
cell nuclear transfer, generating transgenic animals, embryonic stem 
cells [6] and for the rescue of irreplaceable genetic materials [7]. 
However, to improve the efficiency of IVP, it is necessary to evaluate 
the maturational ability and the functional status of oocytes before 
in vitro maturation (IVM).

Nowadays IVP technology has been widely used commercially 
for producing embryos in cattle [8]. In addition, the bovine genome 
sequences and the variation of single nucleotide polymorphisms 
(SNPs) have already clarified, and the “genomic selection” based 
on SNPs has shortened the generation intervals dramatically [9]. 
Therefore, the production of embryos from younger heifers before the 
applicable stage of in vivo embryo production is strongly requested 
[8, 10, 11]. Ultrasound-guided ovum-pick up (OPU) combined with 
in vitro fertilization (IVF) is widely used to produce embryos in 
cattle for genetic improvement [8]. In addition, it is reported that 

the efficiency of embryo production by OPU-IVF is higher than that 
by in vivo embryo production [12, 13]. Therefore, the number of 
embryos produced in vitro has been increased internationally, and 
become similar to that produced in vivo (Fig. 1) [14]. On the other 
hand, it is well known that the developmental competence of in 
vitro matured (IVM) oocytes is lower than that of oocytes matured 
in vivo (Fig. 2) [15, 16]. Also, bovine immature oocytes transferred 
to pre-ovulatory follicles and induced maturation in follicles showed 
higher developmental competence than oocytes matured in vitro 
[17, 18]. These results indicate that further studies are necessary to 
investigate the acquisition of oocyte developmental competence in 
vivo and in vitro for the improvement of bovine IVP system.

Factors Affecting the Developmental Competence of 
Bovine Oocytes

It has been widely accepted that oocytes with brown and homo-
geneous ooplasm surrounded by compact multi-layered cumulus 
investment are suitable for IVM [19]. However, we can collect a 
large number of bovine oocytes from slaughter house-derived ovaries 
and OPU. In addition, oocytes derived from antral follicles (2−8 mm 
in diameter) exhibit a wide variety of morphological characteristics 
[19, 20]. If we correctly estimate their developmental capacity before 
IVM culture, we can select only those oocytes capable of developing 
into blastocysts or develop the suitable culture system for each 
oocyte having various morphologies. Therefore, we investigated 
the relationship between the morphology of oocytes collected from 
small antral follicles and their developmental competences. Firstly, 
we divided immature oocytes derived from slaughter house materials 
into 7 groups (I–VII; Fig. 3) and they were submitted to IVM, IVF 
and in vitro culture (IVC) for development into blastocysts [21]. 
Furthermore, to clarify the cause of the difference in the appearance 
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of oocytes, the ultrastructure of oocytes was also investigated [21]. 
After IVF, sperm penetration and normal fertilization rates were higher 
in the oocytes whose ooplasm appeared brown (Fig. 4), especially 
group III oocytes having dark cluster in the ooplasm showed few 
polyspermy. After IVC, the rates of cleavage and of development to 
the blastocyst stage were also higher in the brown oocytes. Although 
the oocytes with dark clusters in a pale cytoplasm showed lower 
cleavage rates, cleaved zygotes had high developmental rates the 
same as the oocytes with a brown ooplasm (Fig. 5). Transmission 
electron microscopy showed that the oocytes with a pale or black 

Fig. 1. Numbers of in vivo and in vitro derived embryos transferred 
[14]. The data was collected by national data collectors who 
volunteered to collect the information from the embryo transfer 
(ET) practitioners within their country, either directly from these 
practitioners or indirectly via the national ET association and 
entered on the IETS (International Embryo Transfer Society) 
database.

Fig. 2. Developmental competence of bovine oocytes derived from in 
vivo and in vitro [15].

Fig. 3. Morphology of bovine oocytes derived from antral follicles with 
2−8 mm in diameter [21, 26].

Fig. 4. Sperm penetration after IVF of bovine oocytes having various 
morphology and distribution of cortical granules [21]. ab Different 
letters indicate the significant difference between groups (P < 
0.05). Group III oocytes had cortical granules lined up near 
oolemma frequently after IVM (left panel: white arrowheads 
indicate cortical granules). On the other hand, groups I, II, and 
VII oocytes had large clusters of cortical granules even after IVM 
(right panel). Gray area in the bar graph indicates the oocytes 
having brown ooplasm.

Fig. 5. Development after IVF of bovine oocytes having various 
morphology [21]. abc, pq Different letters indicate the significant 
difference between groups (P < 0.05). Gray area indicates the 
oocytes having brown ooplasm.
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ooplasm had organelles arranged differently from other oocytes before 
IVM. Most of the oocytes with a brown, homogeneous ooplasm 
or small diameter had the characteristics of an immature ooplasm 
(large clusters of cortical granules) even after IVM (Fig. 4). On the 
other hand, the brown oocytes with a dark zone at the periphery or 
with dark clusters showed the similar arrangement of organelle as 
in vivo matured oocytes (Fig. 4). The oocytes with a pale or black 
ooplasm appeared to be degenerating and/or aging. A dark ooplasm 
indicates an accumulation of lipids (Fig. 6) and good developmental 
potential, while a pale ooplasm indicates a low density of organelles 
and poor developmental potential.

During nuclear and cytoplasmic maturation of oocytes, a rear-
rangement of organelles occurs. The organization and metabolic 
activity of mitochondria seems to be correlated with cytoplasmic 
maturation and a resumption of meiosis [22–25]. Therefore, we 
investigated the relationship between nuclear maturational ability 
of oocytes with various ooplasm appearances and ATP content 
of oocytes before IVM [26]. Also, we evaluated the relationship 
between ATP content and the cell numbers in blastocyst of oocytes 
with various ooplasm appearances [21, 26]. As shown in Fig. 7, the 
oocytes in groups I–III showed the highest polar body (PB) extrusion 
rate (P < 0.05), and had intermediate levels of ATP before IVM 
culture at the germinal vesicle (GV) stage. The PB extrusion rate 
and ATP levels of GV oocytes in group IV were the lowest, maybe 
due to low level of energy substrate (lipid droplets), and thus, they 
cannot produce the ATP required to complete nuclear maturation. 
GV oocytes having a pale ooplasm with dark clusters (group V) and 
those with a black ooplasm (group VI) had higher level of ATP but 
showed lower rates of PB extrusion than the oocytes with a brown 
ooplasm. GV oocytes in groups V and VI had a similar arrangement 
of organelles, including the distribution of mitochondria, to that of 

matured oocytes, and accumulated lipid droplets in their ooplasm 
[21]. Thus, GV oocytes in groups V and VI may have produced 
a larger amount of ATP before they were collected from ovarian 
follicles, or unusually high levels of ATP in ooplasm may indicate 
a disruption of oocyte functions for consuming ATP. After IVM, 
the ATP levels of matured oocytes were higher than those of GV 
oocytes in all groups (Fig. 8). Matured oocytes in groups II - III had 
intermediate levels of ATP. The ATP levels of matured oocytes were 
highest in group VI and lowest in groups I and IV. The ATP levels 
of matured oocytes in group V were between those in groups II - III 
and group VI. Oocytes in groups I and IV, which showed low rates of 
development to the blastocyst stage (Fig. 5) and small cell numbers 
in resulting blastocysts (Fig. 8), had fewer active mitochondria [26] 
and less ATP (Fig. 8). ATP is mainly used by microtubules and actin 
filaments during cell division [27]. Thus, matured oocytes with low 
levels of ATP may develop into blastocysts with a small number of 
cells. Matured oocytes in group VI had the highest levels of ATP, 
but a low rate of development into blastocysts. These results clearly 
indicated that storage of ATP at proper levels in matured oocytes is 
one of the key factors determining subsequent embryonic develop-
ment and the quality of resulting blastocysts. More importantly, the 

Fig. 6. Dark area and lipid droplets in bovine oocytes [21]. A: Denuded 
oocytes having dark clusters in ooplasm. B: Oocyte at germinal 
vesicle stage has clusters of lipid droplets and mitochondria 
(surrounded by whit arrowheads). C: Many lipid droplets 
(asterisks) existed in ooplasm, and they are surrounded by 
mitochondria (white arrowheads).

Fig. 7. ATP content and nuclear maturation rate of bovine oocytes 
having various morphology [26]. abc Different letters indicate 
the significant difference between groups (P < 0.05). Gray area 
indicates the oocytes having brown ooplasm.

Fig. 8. ATP content after IVM and cell number in a blastocyst derived 
from bovine oocytes having various morphology [21, 26]. 
abc Different letters indicate the significant difference between 
groups (P < 0.05). Gray area indicates the oocytes having brown 
ooplasm.
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results suggest that too high levels of ATP in matured oocytes may 
indicate an impaired developmental competence and disruption of 
the control of mitochondrial functions of oocytes. In our previous 
study, we showed the aged bovine oocytes had higher mitochondrial 
activity and ATP level [28]. The control of mitochondrial activity in 
oocytes should be investigate in further study.

Changes of Morphological Appearance of Bovine 
Oocytes during Follicular Development

For the efficient production of transferable embryos in vitro, we 
should collect the oocytes with high developmental competence; 
however, in cattle, only one oocyte will be ovulated, and others are 
destined to degenerate. On the other hand, some oocytes acquire 
relatively high developmental competence before degeneration as 
mentioned above. Therefore, it is important to know when we can 
collect the oocytes having high developmental competence, and we 
investigate the relationship between estrous cycle (follicular wave 
stage) and oocyte morphology. As the results, it was clarified that 
we can collect many oocytes for submitting IVP at the recruit and 
the selection phases of follicular wave [29]. Although we can collect 
the larger number of oocytes at the recruit phase, many follicles 
under 3 mm in diameter, including oocytes with small diameter or 
pale ooplasm oocytes having low developmental competence, were 
existing at recruit phase. From our consecutive studies [21, 26, 29], 
we speculate the changes of oocyte morphology and developmental 
competence as described in Fig. 9. Briefly, small oocytes (group 
VII) included in small follicles grow with follicular development, 
and the size and developmental competence of oocytes increase 
(groups I and II). Then only one follicle is selected to develop to a 
dominant follicle and ovulates, but other follicles start to degenerate. 

During degeneration process, the accumulation of lipid droplets and 
undulation of nuclear membrane of GV start, and the developmental 
competence of oocytes also increase (pseudomaturation like change 
in group III). However, too much pseudomaturation like changes 
impair the developmental competence of oocytes (groups V and 
VI). If oocytes start to degenerate before pseudomaturation like 
changes, the oocytes may become group IV. Actually, the timing of 
oocyte recovery is clearly affected the developmental competence of 
oocytes. In our previous study [30], we showed the obvious change 
of the fertilizability of bovine oocytes collected at different duration 
of OPU interval. The result indicates the possibility, we can collect 
only high-quality oocytes by control the timing of OPU or by control 
the follicular development. In further study, we should examine the 
method for control of oocyte acquisition of developmental competence.

Studies on the Improvement of Oocyte  
Developmental Competence

The oocytes collected from bovine ovaries vary in size, and develop-
ment to the blastocyst stage is known to increase with larger follicular 
and oocyte diameters [31]. It was reported that the percentage of 
115 to < 120 µm oocytes developing to blastocyst stage were higher 
than that of 110 to < 115 µm oocytes [32]. Furthermore, there was 
a positive correlation between oocyte diameter and follicular size 
[33]. When OPU is performed, follicles with more than 2 mm in 
diameter are generally aspirated, but the number of oocytes harvested 
is limited [34]. It was also reported that the mean diameter of oocytes 
collected from follicles with 2–3 mm in diameter was 112.9 µm 
[33], thus, the improvement of small-sized oocytes (110 to < 115 
µm; group VII) should be attempted for the effective IVP [35]. We 
speculated that oocytes collected by OPU, especially small-sized 

Fig. 9. Schematic features of oocyte morphology, developmental competence, and follicular development in cattle.
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oocytes, need time for cytoplasmic maturation prior to IVM to 
acquire developmental competence, and we divided oocytes into 
small-sized (110 to < 115 µm) and large-sized (≥ 115 µm) oocytes 
and cultured for 0, 5, or 10 h with 3-isobutyl-1-methylxanthine 
(IBMX), which prevented the meiotic resumption of bovine oocytes 
and improved the nuclear maturation and the blastocyst development 
[36, 37], before IVM culture (pre-IVM). As shown in Fig. 10, the 
cleavage rate of embryos derived from the small-sized oocytes with 
5 h pre-IVM was higher than those with 0 and 10 h pre-IVM. The 
blastocyst rate, based on inseminated oocytes, of embryos derived from 
small-sized oocytes subjected to 5 h pre-IVM was higher than those 
with 0 and 10 h pre-IVM, but was lower than that of the large-sized 
oocytes. In addition, blastocysts derived from small-sized oocytes 
with 5 h pre-IVM had a higher mean cell number than those with 
0 and 10 h pre-IVM. In addition, 5 and 10 h pre-IVM did not have 
any detrimental effects (aging) on cleavage and blastocyst rates in 
large-sized oocytes, and the cell number in blastocysts significantly 
increased with 5 and 10 h pre-IVM than without pre-IVM. These 
results may indicate that we can apply the pre-IVM to OPU-IVF 
and improve IVP efficiency by pre-IVM.

We have also tried to develop the in vitro growth (IVG) culture 
system for bovine small-sized oocytes (approximately 95 µm in 
diameter), which have no developmental competence without IVG 
[36–45]. In these studies, we attempted the pre-IVM culture of 
oocytes using IBMX after 12- or 14-day IVG culture [36, 37]. As 
shown in Fig. 11, the extension of culture period from 12 to 14 days 
had a negative effect on the development rate to blastocysts although 
the cleavage rate was similar. When we evaluated the mitochondrial 
activity in IVG oocytes derived from 12-day IVG during pre-IVM 
culture, the mitochondrial activity increased at 10 h pre-IVM, but 
decreased at 20 h pre-IVM. The result indicates that oocyte aging 
occurs during pre-IVM. In addition, oocytes derived from 12-day 
IVG and 10 h pre-IVM showed high developmental competence to 
blastocyst stage the same as in vivo-grown oocytes derived from 
antral follicles with 2−8 mm in diameter. We also succeeded to 
produce a healthy offspring derived from 12-day IVG and 10 h 
pre-IVM [36]. However, the examination of the optimal duration 
of pre-IVM culture is necessary.

Our ultimate objectives are to establish the model of in vivo 
follicular development and to produce the oocytes with high develop-
mental competence the same as in vivo matured (ovulated) oocytes; 
however, cultured oocyte-granulosa-cumulus complexes produce 
a large amount of progesterone during IVG like as degenerating 
follicles [41–43]. It means that the IVG system can be used as the 
model of degenerating follicles but not healthily developing follicles. 
Therefore, several modifications of IVG culture system is required. 
Recently, we reported that the addition of astaxanthin to IVG medium 
dramatically decreased the progesterone production during IVG 
culture [45]. Astaxanthin exhibits more powerful antioxidant activity 
than vitamin C, vitamin E, and β-carotene; the antioxidant activity 
of astaxanthin was shown to be 100- to 500-fold greater than that 
α-tocopherol and 15-fold greater than those of other carotenoids [46]. 
The antioxidant effects on the developmental competence of bovine 
IVP embryos have been attributed to the induction of antioxidant genes 
and suppression of apoptotic genes [47]. However, the mechanism 
of the inhibition of progesterone production is unknown.

Concluding Remarks

The demand of in vitro derived bovine embryos will increase more; 
therefore, the efficient IVP system should be developed more. The 
present IVG culture system is including oocyte and granulosa cells 
but not theca cells. Theca cells are essential to oocyte growth and 
support follicular structure and provide several factors to granulosa 
cells. In addition, to mimic in vivo follicular development, we should 
investigate the function of theca cells and perform the integrated 
study on in vivo and in vitro phenomena. There are so many things 
to investigate about in vivo and in vitro follicular development. We 
are continuing the investigation about them and we hope our research 
can contribute to the development of cattle industry and the basic 

Fig. 10. Cleavage rates, blastocyst rates, and blastocyst cell numbers 
after 0, 5, and 10 h of pre-IVM for small-sized oocytes (110 
to < 115 µm in diameter) and large-sized oocytes (≥ 115 µm in 
diameter) [34]. The number in the bar is the number of oocytes 
and replicates in parentheses. * Asterisk indicates a significant 
difference between experimental groups (P < 0.05). abc Different 
letters indicate a significant difference in small-sized oocytes (P 
< 0.05). xyz Different letters indicate a significant difference in 
large-sized oocytes (P < 0.05).
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research in reproduction.
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