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Assisted reproductive technologies and recent developments in in vitro embryo production 

technology in dairy cattle  

 

 

Abstract 

 

Scientific and technological researches in livestock reproduction have culminated in the 

development of various reproductive techniques. Assisted reproductive technologies that include 

artificial insemination, superovulation, estrus synchronization, in vitro fertilization and semen 

sexing as well as gametes and embryo cryopreservation have a major effect on dairy cattle 

genetic improvement programs worldwide. The major efforts of assisted reproductive 

technologies are production of large number of embryos from genetically superior dams and sirs 

and disseminate genetic material all over the world. To this end, scientific advances in in vitro 

fertilization and embryo production immensely contributed to the genetic improvement in cattle 

production systems. In vitro fertilization with sexed semen has been successfully used to enhance 

genetic improvement in wider part of the world. Recent developments in reproductive 

technologies which include ultrasound guided oocytes aspiration, semen and embryo sexing and 

cryopreservation of embryos immensely contributed for the advancement and success of 

reproduction and production in dairy industries worldwide.  
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Introduction  

 

The uses of assisted reproductive technologies (ART) in animal breeding have become very 

important tool to the genetic improvement of dairy cattle worldwide. Various reproductive 

biotechnologies have been invented and refined to speed up genetic progress as well as to obtain 

a large number of progenies from female donors with superior genetic merit. The ART includes 

artificial insemination (AI), estrus synchronization, multiple ovulation and embryo transfer 

(MOET), in vitro embryo production (IVEP) (Rodriguez et al., 2012) and gamete and embryo 

cryo-preservation. The introduction and advancement of reproductive biotechnology tools have 

opened research and experimentation methodologies to manipulate the reproductive phenomenon 

both in vitro and in vivo to improve reproductive performance in various domestic species of 

livestock. Reproductive technologies that are currently in use focus on selective breeding and 

crossbreeding programs of dairy and beef cattle breeds, that intend to hasten genetic gain from 

superior dams and sires through accelerating genetic material dissemination and shortening of 

generation interval.  

Differences related to the reproductive physiology among various breed of cattle have been 

studied for the appropriate use of different reproductive biotechnologies and hence for the 

establishment of sound reproductive management procedures (Viana et al., 2000). For instance, 

zebu breeds differ in their reproductive performances in a number of aspects from European 

breeds of cattle. To this end, it is reported that there are greater number of growing follicles 

throughout the estrous cycle in zebu cattle. Consequently, more cumulus oocyte complexes 

(COCs) are recovered using ultrasound guided ovum pic-up (OPU) per oocytes collection 

session compared to European breeds that accounts to a considerable deference between the 

breeds (Figueiredo et al., 1997; Jemal et al., 2020).  

 

Artificial insemination (AI) in animals 

 

Artificial insemination technology has been used for genetic improvement of livestock 

population by selecting genetically superior bulls that could sire thousands of offspring with 

rapid genetic progress. Thus, AI technique has immensely hastened the rate of genetic 

improvement. Preventing the transmission of venereal diseases (Vishwanath, 2003) is also 
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among the advantages of artificial insemination when compared to natural service (Rodgers et 

al., 2015; Baruselli et al., 2017a). 

Semen cryopreservation and storage revolutionized AI program through worldwide 

dissemination and use of semen. The reproductive potential of valuable males has been exploited 

by combining AI with semen cryopreservation and storage without limitations by time or 

distance; where a single bull can produce some 50,000 offspring in a year.  To this end, AI 

maximizes the use of outstanding males, dissemination of superior genetic material; improve the 

rate and efficiency of genetic selection on the male side. 

AI also plays an important role in MOET programs. Moreover, AI has contributed immensely in 

reducing the risk of spreading sexually transmitted diseases (Foote, 2002; Bhoopendra Singh, 

2022). 

Among the recent advances in assisted reproductive technology is sexing of semen which 

increases the efficiency of breeding programs in dairy herds. Sex pre-selection is more 

advantageous for productive purposes than embryo sexing. Sex-sorted bovine sperm can also be 

used for in vitro fertilization (IVF) to generate embryos from in vitro matured oocytes (Cran et 

al., 1993). 

The introduction and advancement of sexed semen technology boost the economic viability of 

IVEP, since the  greater  proportion  of  males  born  after  IVF  with normal unsorted semen 

(Camargo et al., 2010) was one of the  main  reasons  impairing  the  economic  viability  of 

IVEP in dairy breeds. Though AI has an ample role for the genetic improvement programs; 

variability in fertility among bulls is still one of the problems influencing the efficiency of this 

reproductive biotechnology (Seyoum and Lemma, 2022). In spite of the fact that AI has 

longstanding history and routinely used worldwide, the conception rate from AI programs in 

developing countries is relatively low and therefore satisfactory results has not been yet 

achieved. This is mainly attributed to the lack of proper management, particularly inaccurate 

estrus detection and poor technical skill of insemination (Desalegn et al., 2009; Destalem, 2015). 

According to Debir (2015) AI will become more effective and economically sound when farmers 

have access to better technical and organizational facilities. 
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Estrus synchronization and its variants in dairy cattle 

 

Accurate detection of estrus is crucial for good husbandry practice of female cattle. According to 

Santos et al. (2004), reproductive failure in cattle results from poor estrus detection and 

inappropriate time of insemination. Thus, estrus synchronization has been developed that allow 

artificial insemination without the need for estrus detection Paul (Ashit Kumar et al., 2015; 

Demissie et al., 2021). Synchronization of estrus involves manipulation of the estrous cycle or 

induction of estrus to bring a large proportion of a group of females into estrus at a 

predetermined time through the use of different hormones including GnRH, PGF2α and 

progesterone preparations (Santos et al., 2004; Demissie et al., 2021). 

Synchronization protocols allow for the elimination of estrus detection and for the development 

of fixed time artificial insemination programs. In dairy and beef embryo transfer programs, the 

said method offer more flexibility in the usage of recipient cows and donors with superior 

genetic merit (Vasconcelos et al., 1999). In line with this, it is proposed that synchronization of 

follicular wave emergence and of ovulation could increase the success of AI through the use of 

different synchronization protocols (Vasconcelos et al., 1999; Demissie et al., 2021). 

Consequently, various synchronizations protocols have been developed and implemented in 

dairy cattle industry.  

 

Prostaglandin based estrus synchronization in dairy cattle 

 

Prostaglandin based estrus synchronization protocol uses prostaglandin F2α (PGF2α) and its 

analogues that are luteolytic in female cattle and usually induce estrus when given during the 

luteal phase of the estrous cycle. Estrus usually occurs within 2 to 6 days of prostaglandin 

administration in large percentage of a group of treated females (Colazo et al., 2002). Indeed, the 

interval between administration of the hormone and onset of estrus can be affected by the dose 

and the status of follicular development at the time of prostaglandin administration (Répási et al., 

2005). Corpus luteum (CL) is not responsive to PGF2α or “refractory “during the first 5 days of 

luteal development and during the natural regression of corpus luteum in cattle (Levy et al., 

2006). There is certainly great variability in the interval from treatment to behavioral estrus and 

ovulation among treated animals when using PGF.  In the presence of a responsive CL, estrus 

can be induced by a single administration of PGF; however, the interval to the resulting estrus 
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and ovulation is dependent on the stage of development of the dominant follicle at the time of 

treatment (Kastelic et al., 1990a). 

A double-injection system of two doses of PGF given at eleven to fourteen days interval from the 

first administration has been implemented to overcome the problem unresponsiveness of the 

early and late CL. This method is usually used with an intention that a high proportion of group 

of animals could have a responsive CL at the time of the second PGF treatment and thus ensures 

the onset of estrus within few day of injection (Stevenson et al., 2007).  

 

GnRH and prostaglandin based estrus synchronization and factors influencing the efficacy 

 

Synchronization of estrus in dairy industry should increase submission rates, improve conception 

rates, and thus increase the overall pregnancy rate as reviewed in (Lane et al. (, 2008). In line 

with this, the stage of the estrous cycle (Moreira et al., 2000) and cyclic status (Bisinotto et al., 

2010) at the time that gonadotropin releasing hormone (GnRH) is administered has been shown 

to affect results. Research conducted by Ryan et al. (1998) showed that 250g GnRH resulted in 

ovulation, in 20 of 20 cows, when given at dominance of a follicular wave, this was followed by 

emergence of a new wave of ovarian follicular growth 1.6±0.3 days later and dominance of the 

subsequent wave was attained in 5±0.3 days. However, the authors reported that there has been 

no effect of GnRH on follicular dynamics when given at emergence of a follicular wave. Other 

works (Martínez et al., 2005) indicated that growing follicles greater than 10 mm in diameter 

ovulate after GnRH injection as administration of GnRH induce massive release of LH and FSH. 

A new follicular wave is then initiated about two days after the GnRH-induced ovulation. When 

GnRH treatment is applied before the selection of the dominant follicle, follicular growth is not 

affected (Ryan et al., 1998). 

The low ovulation rate to GnRH given at the early stage of estrous cycle have been related to the 

fact that protein for LH receptor are not expressed in the granulosa cells of growing follicles 

during the first two days of the follicular wave. Conversely, the dominant follicle has been found 

to express LH receptor (Sarkar et al., 2009) after the follicular deviation, where the follicles 

attained ovulatory capacity leading to higher ovulation rate.   

During the mid-cycle, there is loss of the functional dominance in the most of the largest follicles 

of the first follicular wave, increased serum FSH concentrations, and emergence of a new 

follicular wave (Ginther et al., 1996; Vasconcelos et al., 1999). When GnRH injection is given 
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during the late estrous cycle, the percentage of cows that ovulate depends upon whether a new 

follicular wave is occurring at that time.  Pursley et al. (1995), recorded 100 % ovulation rate 

when GnRH administered in the late estrous cycle in a herd of cows where only 2 follicular 

waves in over 90 % of estrous cycle monitored. 

To improve the estrus synchrony, exogenous GnRH, which controls the developmental stage of 

the pre-ovulatory follicle, has been included with prostaglandin for synchronization of estrus in 

dairy cows (Thatcher et al., 2006). The combinations of GnRH and PGF2α increase the estrous 

behavior, increase subsequent conception rate and synchronize ovulations leading to a timed 

artificial insemination (Demissie et al., 2021). Other previous works have described a higher rate 

of estrus synchronization when GnRH is administered 6 or 7d before PGF2α compared to 

prostaglandin alone (Stevenson et al., 2003). These synchronization programs use GnRH and 

PGF2α to sequentially control ovarian follicular dynamics, luteolysis, and ovulation 

Inovulation. In cows injected with GnRH and PGF2α 7 days apart, detection of estrus should 

begin 24-48 hours before the PGF2α injection and continued for the next 5-7 days (Demissie et 

al., 2021). The majority of cows exhibited estrus 36 to 72 hours after PGF2α injection (Stevenson 

et al., 2003; Demissie et al., 2021). DeJarnette et al. (2004) recommend that animals should be 

inseminated 8 to 12 hours after being observed in standing estrus following the hormone 

treatment. Such protocol is known as Select-Synch.  

 

Progesterone based synchronization of estrus in dairy cows 

 

The estrous cycle in cows can be controlled by extending the luteal phase by the administration 

of exogenous progesterone or synthetic progestogens. High level of serum progesterone impedes 

the final maturation of follicles, inhibits the release of luteinizing hormone and thus suppresses 

estrus and ovulation.  

In the works of (Gümen and Wiltbank, 2005; Cerri et al., 2009), progesterone preparations have 

been used to treat anovular cows and to reduce amount of female cattle showing premature 

estruses during the timed AI protocol (Rivera et al., 2004). Consequently, there have been 

achieved increased improvements in reproductive performance both in cycling and non-cycling 

cows treated with different progesterone devices compared to controls (Chebel et al., 2010). 

Gümen and Wiltbank (2005) have revealed  that the hypothalamus of lactating cows need to be 
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exposed to at least 3–5 days of progesterone in order to be responsive to estradiol followed by 

normal estradiol-induced LH peak release and ovulation. 

Progesterone delivery devices; such as progesterone releasing intra-vaginal device (PRID) and 

controlled internal drug release (CIDR) (Martinez et al., 2003) or norgestomet ear implants have 

been used extensively for synchronization of estrus in cows. Many studies (Lane et al., 2008; 

Sarkar et al., 2009) have investigated the addition of progesterone to the Ovsynch or modified 

Ovsynch protocols. To this end, a CIDR or PRID device is inserted intra-vaginally together with 

the first injection of GnRH and remains in place, usually for 7 days, until administration of PGF. 

The use of intra-vaginal devices (CIDR) for controlled release of progesterone from the GnRH to 

the PGF2α injections maintains blood progesterone concentrations that prevent premature estrous 

behavior, LH surge and ovulation. These devices have been used during timed AI protocols to 

improve fertility of dairy cows (EI-Zarkouny et al., 2004). Moreover, pregnancy rates were 

improved, when a CIDR was included in the Ovsynch protocol (59%) compared with Ovsynch 

alone (36%), as determined by ultrasound 29 days after insemination (Sarkar et al., 2009). 

Likewise, pregnancy rate in cross breed dairy heifers was significantly higher in the group with 

CIDR Ovsynch (56.3%) than without CIDR (39.3%) as reported in the work of (Demissie et al., 

2021), who determined pregnancy by ultrasound 32 days post insemination. 

  

Multiple ovulation and embryo transfer 

 

Multiple ovulation and embryo transfer (MOET) is a method of producing more offspring from a 

genetically valuable female than would be possible by natural breeding. The aim of MOET 

programs in the cattle industry is the production of progenies from female cattle of high genetic 

merit. In vivo production of embryos by superovulation also offers a safe and economic way of 

trading genetic material through cryopreservation. However, the variability in the embryo 

production of donors and low pregnancy rates after transfer are limiting factors affecting MOET 

programs (Degefa et al., 2016). Some 20% of donors do not respond to the superovulatorysuper 

ovulatory treatment and thus do not produce embryos. Expected pregnancy rates after transfer 

are between 50-60%, with best results from fresh or unfrozen embryos, where heifers are 

considered the best recipients.  

MOET has not yet become a widespread tool in developing countries for genetic improvement 

for various reasons including; costs, technical demands, and variable and unpredictable 
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efficiency. The use of MOET procedures remains affected by a high variability in the ovulatory 

response to hormonal treatment and by a low and variable number of transferable embryos and 

offspring obtained. The reasons for such low efficiency of the technology may be attributed to 

both extrinsic source, purity of gonadotrophins and protocol of administration, and intrinsic 

factors such as breed, age, nutrition and reproductive status of the animals (González-Bulnes et 

al., 2004; Degefa et al., 2016). 

Embryo transfer technology allows producers to obtain multiple progeny from genetically 

superior females. Fertilized embryos can be recovered from donor females of superior genetic 

merit by surgical or nonsurgical techniques. The genetically superior embryos are then 

transferred to recipient females of lesser genetic merit. In cattle and horses, efficient techniques 

recover fertilized embryos more commonly using non-surgical method of embryo collection.  

MOET techniques contribute towards faster improvement of livestock population, rapid 

expansion of elite animals, genetic gain, accelerated herd development and conservation of rare 

genetic stocks. Intrinsic factors related to the donor and the recipient animals need to be taken 

into account when applying such a technology. In addition, environmental factors also play a 

pivotal role in the success of the reproductive technology, especially under tropical conditions. 

Considerable progress has been made in the improvement of the outcome in MOET programs 

(Bergstein-Galan et al., 2019). 

The emerging and advancement of reproductive biotechnology techniques have wide opened 

research and experimentation opportunities to manipulate the reproductive events both in vivo 

and in vitro to improve reproductive performance in various domestic species of livestock. 

Conventional embryo transfer technology with the combination of in vitro embryo production 

has proved its advantage to assist and hasten the advancement of genetic progress from elite 

dams and balance the female side of the equation for genetic progress (Viana, 2018). According 

to Viana (2017) more than 1.6 million in vivo produced and IVF embryos were transferred 

worldwide in 2017. 
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In vitro embryo production (IVEP) 

 

In vitro embryo production (IVEP) involves collection and in vitro maturation of the oocytes 

(IVM), in vitro fertilization (IVF) and in vitro culture (IVC) of embryos up to a stage that is 

compatible to microenvironment of the recipient uterus at the time of transfer (Freitas and Melo, 

2010). The procedures have progressively advanced into successful commercial applications. 

The advancement of these techniques have been playing a pivotal role in increasing the 

production through genetics, reduction in generation intervals, extending reproductive lifetime of 

female animals, controlling of diseases, and the reduction in production costs (Verma et al., 

2012). 

The development of embryo technologies have been driven by the economic gain offered by the 

potential increase in the number of offspring from genetically superior animals that provide the 

possibilities for broader use of superior genetic material.  

In the work of Lonergan and Fair (2016), large-scale production of embryos in vitro has been 

possible in domestic mammals, particularly cattle, for purpose of generating large numbers of 

embryos for research, commercial or as a source to other genetic engineering technologies, such 

as nuclear transfer and trans-genesis. Currently, bovine IVEP is well-established and proven to 

be an efficient procedure for genetic improvement. Transvaginal Ovum Pick-Up (OPU) in 

combination with in vitro fertilization has shown its worth in increasing the yield of embryos 

from female donors of superior genetic merit. Moreover, IVEP can also be used to salvage 

irreplaceable genetic material following slaughter for controlling of infectious disease and 

culling for other reasons (Hasler, 2003).  

Oocytes can be harvested from ovaries of both slaughtered and live female donors for the in vitro 

production of bovine embryos. Recovery of oocytes from live animals is commonly conducted 

using transvaginal ultrasound-guided oocyte collection method (Pieterse et al., 1988). Ultrasound 

guided transvaginal ovum pick up (OPU), in conjunction with in vitro embryo production 

(IVEP), provides an alternative means to increase the number of offspring from genetically 

valuable cows. The technique   overcomes some shortcomings of superovulation and the use of 

ovaries obtained from slaughterhouse for in vitro embryo production (Xiao-Yu Yang et al., 

2007). OPU  is  the  most  flexible  and  repeatable technique  to  produce  embryos  from  live 

donor females in their different stage of reproductive life. It can also be applied in female cattle 
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with genital tract illness that do not respond or with low sensitivity to super ovulatory treatments. 

The application of this technique to female calves (Yang et al., 2008) has also proved its 

advantage in accelerating genetic gain by considerably decreasing the generation interval 

(Donnay, 2004).  

The frequency of ultrasound guided oocyte retrieval from ovaries of female cattle has effect on 

the number and quality of the cumulus oocyte complexes (COCs) and subsequent culture 

procedures (Imai et al., 2006).Various oocyte collection patterns have been adopted for OPU 

where once and twice a week follicular aspirations are the major schemes based on the interval 

between follicular punctures (Jemal et al., 2020; Demissie et al., 2021b). 

The  greater  proportion  of  males  calves born  after  in vitro fertilization  with conventional 

unsorted semen has been one of the  main  reasons  impairing  the  economic  feasibility  of 

IVEP in dairy breeds (Camargo et al., 2010). However, the introduction and advancement of 

sexed semen technology boost the economic viability of IVEP.  

Sex-sorted semen is used in cattle breeding that in turn enabled to effectively control the sex 

ratio of the offspring of dairy cows (Seidel and Schenk, 2008; Seidel, 2012). Using sexed semen 

for in vitro fertilization requires less sperm cell number than normal AI, but sexed semen 

typically results in low fertilization, cleavage, blastocyst and pregnancy rates (Lonergan, 2007; 

Lonergan and Fair, 2008).  

 

 Sources of oocyte for in vitro embryo production 

 

Bovine oocytes could be harvested from slaughterhouse ovaries of any age females and using the 

method of ultrasound guided ovum pick-up (OPU) (Machaty et al., 2012). The oocytes obtained 

from slaughterhouse ovaries of cattle have potential of high developmental competence to 

produce large numbers of embryos which can result in live calves through IVF procedures 

(Natumanya et al., 2008). Slaughterhouse derived ovaries contain heterogeneous population of 

oocytes that are recovered regardless of follicular dynamics and are variable in their 

developmental competence in in vitro maturation medium (Bilodeau and Panich, 2002).  

Oocytes can be recovered from ovaries of slaughtered cows by using aspiration, slicing or 

puncturing (Abid et al., 2011). The interval between animal slaughter to the oocyte recovery 

from the ovaries and the temperature at which the ovaries should be stored are important factors 

that need consideration. The technique is cheap and allows harvesting of all follicles visible on 
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the surface of ovaries. To this effect, in vitro production of embryo in animals is mostly 

dependent on a supply of slaughterhouse ovaries; it is a source of oocytes of large-scale 

production of average genetic merit embryos (Dadashpour et al., 2014). 

Ultrasound guided transvaginal oocyte recovery in IVEP has proven to be a valuable 

development in the cattle breeding and embryo transfer industry (Duszewska and Reklewski, 

2000; Saini et al., 2015). The technique is a non-invasive and flexible procedure for collecting 

oocytes ranging from small to large follicles in live animals (Demissie et al., 2021b). Valuable 

donors at different stages of reproduction and donors that are sub-fertile can be included in the 

follicular aspiration with a frequency of once or twice per week and with or without hormonal 

stimulation (Chaubal et al., 2006). Ultrasound guided ovum pick-up also help recovering oocytes 

from young heifers, pregnant cows in their first trimester and from cows during the early post-

partum period (Perez et al., 2000). Such collection schemes can be carried out for longer periods, 

where recovery of about four to five quality oocytes per each collection session can be achieved 

(Galli et al., 2001). According to Mufeed A. Alnimer (2005), a number of factors such as breed 

of cattle, age of the donor, number of follicles present, the frequency of collection, and the 

vacuum pressure used to retrieve the follicular fluid, the size and type of the aspirating needle 

affect the number of intact COCs collected (Hasler et al., 2015). Manipulation of follicular 

dynamics (Ferré et al., 2020) and function through hormonal treatment and dietary 

supplementation with energy concentrates that are rich in fatty acids (Dunning et al., 2014) 

would help to improve oocyte quality within the follicle in OPU-IVF programs. They have 

several advantages over conventional MOET; up to 80 to 120 live calves could be born per donor 

per year using these techniques (Reviewed by Van Wagtendonk de Leeuw, 2006). 

 

In vitro oocyte maturation 

 

In vitro oocyte maturation is a process in which meiotically-arrested oocytes from small to 

medium antral follicles are cultured in the laboratory to become ready for fertilization. The 

oocytes become matured in maturation medium which is determinant for the subsequent 

fertilization and further development (Bilal Alfoteisy et al., 2020). Bovine oocytes are matured at 

39.0°C, 5% CO2 in air and high humidity for 22-24h (Prentice-Biensch et al., 2012). A 

commonly used media for bovine oocyte maturation is M199 medium (Ferré Luis et al., 2016). 
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M199 contains antioxidants which are missing from TALP and SOF media formulations. 

Antioxidants are important in mitigating the accumulation of reactive oxygen species (ROS) that 

can generate oxygen stress and damage normal physiological sperm function (Bansal and 

Bilaspuri, 2010; Aitken et al., 2012), impair sperm motility, affect membrane integrity and 

decrease oocyte penetration capacity (Bansal and Bilaspuri, 2010; Aitken and Henkel, 2011). 

Oocyte maturation coincides with expression of estrus in the cow and is important to prepare the 

ovum for in vivo fertilization. Maturation of oocytes is one of the most determinants of 

subsequent embryo quality. It is the most important stage, which determines the subsequent 

successful fertilization, zygote formation, attainment of blastocyst stage and normal embryo 

growth and development (Ward et al., 2002). Thus, the production of competent oocytes during 

in vitro maturation (IVM) is crucial to increase production of valuable, healthy offspring in cattle 

reproduction (Rizos et al., 2002). During IVM, the oocyte undergoes processes that are crucial 

not only for the activation of the embryonic genome, but also throughout development to the 

blastocyst stage. Changes occurring in the nucleus and cytoplasm are referred to as nuclear and 

cytoplasmic maturation, respectively. 

 

Nuclear maturation  

 

Nuclear maturation refers to the progression of the oocyte nucleus from the germinal vesicle to 

the Metaphase-II (MII) stage. The maturation process is related to RNA synthesis activity, 

characterized by nucleus changes from the diplotene phase to metaphase II (Herry Sonjaya and 

Hasbi Hasbi, 2019). Nuclear maturation mainly involves germinal vesicle breakdown, 

condensation of chromosomes, metaphase-I spindle formation, separation of the homologous 

chromosomes with extrusion of the first polar body and arrest at MII stage. It initiates germinal 

vesicle break down, the separation of homologue chromosomes and the extrusion of the first 

polar body (Grondahl, 2008; Herry Sonjaya and Hasbi Hasbi, 2019).  

 

 Cytoplasmic maturation 

 

Cytoplasmic maturation involves the ultra-structural changes that take place in the oocyte from 

the GV to the MII stage. Protein synthesis and transcription of cytoplasmic RNA occur in the 

oocyte cytoplasm from the germinal vesicle (GV) stage to the end of MII in which the 
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developmental competence of the oocyte is attained (Hyttel et al., 1997; Duranthon and Renard, 

2001). The ultra-structural changes in the cytoplasm include migration of a number of the 

organelles. Cytoplasmic maturation is indirectly assessed as the ability of the mature oocyte to 

undergo normal fertilization, cleavage and blastocyst development. Cumulus cell expansion, 

extrusion of the first polar body and an increased perivitelline space are other indirect 

morphological parameters that can be taken into account to evaluate cytoplasmic maturation 

(Hendriksen et al., 2000). 

Maturation of follicular oocytes is normally arrested at the prophase-I of the first meiotic 

disappears and germinal vesicle breaks down followed by chromosome condensation division 

and the oocyte remain in the dormant stage. At this stage, nuclear material is enveloped and the 

immature oocyte is referred as germinal vesicle. Upon extrusion of the first polar body, the 

oocytes reach the Metaphase-II stage and remain at this stage until penetration by the 

spermatozoa (Kharche et al., 2006). In addition, the cumulus cells expand in response to a 

changing environment of gonadotropins, growth factors, steroid hormones, and other factors that 

become secreted by the oocyte during maturation (Buccione et al., 1990), the oocytes must reach 

its nuclear and cytoplasmic maturation before fertilization occurs.  

The presence of cumulus cells is required for oocyte maturation (Shirazia et al., 2007), as interce

llular communication between oocyte and cumulus cells is important for the acquisition of 

developmental competence (Boni et al., 2002; Kidder and Vanderhyden, 2010). For this reason, 

oocytes surrounded by several layers of compact cumulus cells are selected for IVM (Massip, 

1995; Boni et al., 2002). During culture, expansion of the cumulus cells is a visible sign of 

oocyte maturation and is used as a predictor of the developmental competence of oocytes 

matured in vitro (Miriam et al., 2016). 

The cumulus cells expand in response to a changing environment of gonadotropins, growth 

factors, steroids, and certain other factors that become secreted by the oocyte during maturation 

(Buccione et al., 1990). To this end, it noted that optimal environment is essential to maximize 

the number of mature oocytes after a period of 22 hours, which requires 39.5°C, 5% CO2, 

highest possible humidity, and a suitable culture media that meets the optimal nutritional and 

hormonal requirements. After maturation, the oocytes are ready for fertilization. 
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Semen preparation for in vitro fertilization 

 

Sperm preparation for in vitro fertilization involves procedures that enable to separate 

spermatozoa from seminal plasma, extender and cryo-protectant (CPA). Sperm selection is 

essential to obtain spermatozoa of good quality and high density from frozen-thawed semen for 

in-vitro fertilization (IVF). Most spermatozoa are damaged during semen freezing and thawing 

processes, leading to a low motility percentage and damaging of membrane structures (Hae-Lee 

Lee et al., 2009; Samardzija et al., 2015). The number of sperm added to oocytes during IVF 

impacts the percentage of oocytes penetrated by sperm (Parrish, 2014). In fresh semen, most 

sperm cells are motile, determining the concentration and adding a certain amount of sperm to in 

vitro fertilization plate may be sufficient. Conversely, in frozen-thawed semen, many sperm die 

in the cryopreservation process resulting in post-thaw motilities of 30-70% (Parrish et al., 1995).  

There are various methods that are used in the preparation of sperm for in vitro fertilization 

procedure (Oliveira et al., 2011), where Percoll gradient centrifugation and swim-up are the most 

used methods to obtain high-quality sperm with good progressive motility and intact structures 

(Parrish et al., 1994; Samardzija et al., 2015). 

 

Swim-up method 

 

Swim-up is a method that routinely used to separate motile from non-motile spermatozoa in vitro 

whereby sperm cells are allowed to swim upwards through an overlaid medium. In swim-up, 

sperm are layered at the bottom of a column of medium, the dense nature of semen in extender 

and cryo-protectant (CPA) initially keeps the sperm cells at the bottom. Over time motile sperms 

with normal morphology begin to swim-up out of the extender and CPA into the covering or 

upper medium. Sperms that swim up into the upper medium display increased motility, higher 

average velocity, higher percentage of normal morphology and generate improved fertilization 

rates in vitro in mammals (Yavetz et al., 2018). Non motile, dead and abnormal sperms remain at 

bottom. The swim-up isolated population of sperm can be counted in order to add a specific 

number of sperm to the IVF system.  
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Percoll density gradient method  

 

Percoll density gradient is one of the commonly used methods for separating spermatozoa and 

the most widely used in bovine IVF laboratories (Cesari et al., 2006). Sperm preparation by 

density gradient separates sperm cells based on their density. A mature morphologically normal 

spermatozoon has a slightly higher density whereas an immature and morphologically abnormal 

spermatozoon has a lower density (Allamaneni et al., 2005). Percoll comprises colloidal silica 

particles covered with polyvinylpyrrolidone; is prepared in different concentrations to form a 

discontinuous gradient of two or three phases (90, 45 and 30%) for separating sperm (Gonsalves 

et al., 2002). Frozen-thawed sperm cells are selected by centrifugation on a Percoll discontinuous 

gradient (45% and 90%). The 45% Percoll solution is prepared with equal amounts of 90% 

Percoll and sperm washing medium such as tyrode-albumin-lactate-pyruvate (TALP). After 

centrifugation the resulting interphases between seminal plasma and the 45% upper layer, 

containing the leukocytes, cell debris and 90% containing morphologically abnormal sperm with 

poor motility are discarded. Highly motile, morphologically normal, viable spermatozoa form a 

pellet at the bottom of the tube (Henkel et al., 2003; Machado, 2009; Malvezzi et al., 2014). 

Parrish et al. (1995) made a comparison of the Percoll approach for sperm isolation with the 

swim-up method and found a recovery of motile sperm from frozen thawed semen by swim-up 

approach as 9% and 40% for Percoll approach. Chen et al. (1998) reported a recovery rate of 

motile bovine sperm after Percoll gradient treatment as 58% in comparison with 16% for sperm 

recovered by swim-up. Percoll procedures were adopted in IVF laboratories due to higher viable 

sperm recovery.  

 

In vitro fertilization 

 

Fertilization is not a simple process rather it is a multifactorial and complex process that includes 

sperm-ovum interaction, fusion and initiation of embryo development. The process of in vitro 

fertilization includes sperm capacitation, and sperm binding to oocytes (Lessard et al., 2011), 

followed by acrosome reaction, penetration of zona pellucid, binding and fusion of sperm with 

oocyte plasma membrane, introduction of paternal hereditary material into the oocyte and 

ultimately leads to the fusion of male and female chromosomes (Lessard et al., 2011). 
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In vitro fertilization, fusion of oocyte and sperm cell is very complex process that requires 

competent oocytes and sperm cells as well as optimal culture conditions. The success of in vitro 

fertilization can be influenced by appropriate oocyte maturation, sperm selection, sperm 

capacitation and IVF media (Garcia et al., 2016). Different fertilization media have been used 

with Tyrode’s Albumin-Lactate-Pyruvate (TALP) (Hammami, 2014) being the most commonly 

used. TALP is designed with a specific ionic balance for oocyte and sperm requirements. To 

induce sperm capacitation TALP was supplemented with heparin (Parrish, 2014). 

Sperm-oocytes co- incubation time of 10hr is needed to ensure maximal blastocyst yields, 

whereby spermatozoa cross all physiological barriers, fuse with the ooplasma, the oocyte is 

activated and the pronuclear formation begins (Galli et al., 2003). Ward et al. (2002) 

demonstrated that blastocyst development was maximized when IVF was performed at 24 IVM 

and performing IVF earlier (at 16 to 20h IVM) or later (at 28 to 32h IVM) reduce blastocyst 

development. The actual fertilization takes between 6 to 20 hours and requires a constant 

temperature of 39°C and an atmosphere that is enriched with 5% CO2. The success of in vitro 

fertilization of bovine oocytes is estimated to be 48 hours following fertilization by a number of 

cleaved embryos and by identification of male and female pronuclei which may be visible after 

18-22 hours of co-incubation (Leibfried-Rutledge et al., 1996).  

 

In vitro embryo culture 

 

After fertilization embryos are incubated for 6 – 7 days in vitro until the blastocyst stage is 

attained, when embryos are intended to be transferred into a recipient or frozen and stored in 

liquid nitrogen (Samardzija et al., 2015). Zygotes are cultured in a defined culture medium 

where embryos are passing through different developmental stages during the in vitro culture 

period. Embryos are cultured at 39
0
C, 5% CO2 under atmospheric air in desirable defined 

sequential media to satisfy energyetic needs of the pre-implantedation embryo (Samardžija et al., 

2005). In in vitro, the pre-implantation development of the embryo occurs in close relation with 

the culture medium that demands specific balanced conditions in the medium to allow embryonic 

metabolism (Boni et al., 2002; Samardzija et al., 2015). Synthetic oviduct fluid supplemented 

with bovine serum albumin and essential and non-essential amino acids yielded relatively 

constant developmental rates of embryos (Gardner, 1994). During in vitro culture (IVC), 

embryos are passing through significant developmental stages including mitosis cell division, 
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activation of embryonic genome, compaction in morula stage, and the formation of the blastocyst 

with further differentiation of the cells (Samardzija et al., 2015). The quality of the embryo in 

turn influences the success of freezing as well as conception rate after transferring to the 

recipient animal.  

Following in vitro maturation, approximately 90% of immature bovine oocytes will reach 

metaphase II and extrude the first polar body; approximately 80% will undergo fertilization and 

cleave, at least once, to the two-cell stage. However, only about 30–40% will ever reach the 

blastocyst stage. This would suggest that the post-fertilization part of the process of in vitro 

embryo production, the longest part, is the main period determining blastocyst yield (Lonergan 

and Fair, 2016). Rizos et al. (2003) indicated that post-fertilization culture environment is critical 

in determining blastocyst quality, measured in terms of cryotolerance and relative transcript 

abundance irrespective of the origin of the oocyte. Similarly, Galli et al. (2003), Hasler (2003), 

Lonergan (2003) demonstrated that pregnancy rates after transfer of both frozen–thawed and 

fresh in vitro produced embryos are generally significantly reduced even under commercial 

conditions which might suggest that post fertilization embryo culture is the most critical period. 

 

Recent developments in in vitro embryo production technology 

 

Scientific advances in in vitro embryo production (IVEP) are immensely contributed for genetic 

improvement in cattle production systems. The combination of in vitro embryo production with 

sexed semen and genomic selection has been successfully used in North America, South 

America and Europe (Ferré et al., 2020). The main advantages offered by these technologies 

include a higher number of embryos and pregnancies per unit of time, and a wider range of 

potential female donors from which oocytes are retrieved (Ferré et al., 2020). 

There are many facts in the process of in vitro embryo production and transfer that are subjected 

to manipulation for improvement of success. To this end, in vitro productions (IVP) of embryos 

and associated technologies in cattle that  have shown significant progress in the recent years. 

 

Ultrasound guided transvaginal follicular aspiration  

 

Collecting oocytes from live animals involves puncturing and aspiration of ovaries manipulated 

per rectum and guided by a vaginally inserted ultrasound probe and needle. Transvaginal 
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ultrasound-guided oocyte aspiration techniques allow for non-invasive recovery of oocytes from 

genetically valuable animals.  

Previously conducted repeated collection oocytes via flank incision from living donor cows 

resulted in high recovery rates but were expensive, inefficient, and risked the formation of 

adhesions with subsequent loss of fertility (Lambert et al., 1986; Hasler et al., 2015). In the 

contrary, repeated transvaginal follicular aspiration sessions can be performed in cattle without 

significant side effects and with a minimal stress to the animal (Velez et al., 2012). The most 

significant features of the success in vitro embryo production systems are quality of the 

determinant materials, the ovum and sperm. Oocyte quality is a determining factor for the 

subsequent developmental competence of the embryo (Singh, 2009). The introduction and 

advancement of ovum pick-up and IVF techniques in cattle, IVEP has been playing a paramount 

role for genetic improvement and expansion for dairy industry (Galli et al., 2014). 

 

Semen sexing 

 

Numerous successful discoveries in biological sciences, including identification of the sex 

chromosomes were achieved in the first half of the 20th century in which differential density 

(Manual on Assisted Reproduction, 2000) of X and Y sperm in Rabbit was identified (Reviewed 

by Hanuman Prasad Yadav et al., 2018). Semen sorting technology separates X and Y 

chromosome bearing sperm by measuring differences in fluorescence following staining the 

sperm with a non-toxic, DNA-binding dye (Hoechst 33342) (Reviewed by Hanuman Prasad 

Yadav et al., 2018). Despite reliable separation of X- and Y chromosome-bearing sperm based 

on X/Y DNA content deference at a purity of 95%, the fertility of the sexed semen product is 

compromised (Reviewed by Van Wagtendonk de Leeuw, 2006). Following the initial 

development of the flowcytometric method of sex-sorting semen (Garner et al., 1983), numerous 

technical advances have enhanced the throughput and the sorting efficiency of semen sorting 

process (Hanuman Prasad Yadav et al., 2018). Currently, sexed semen is widely used in dairy 

industries all over the world and is nearing commercial application in several other species 

(Seidel, 2012).  
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Embryo sexing  

 

In vitro Mmanipulation of embryos to determine the sex ratio prior to transfer is an alternative 

reproductive technology, particularly in the dairy industry. In mammals, sex is determined 

genetically by the presence of the SRY gene (sex-determining region on the Y chromosome), 

which encodes the testis-determining factor (TDF) on the Y- chromosome (Koopman et al., 

1991).  

Embryo sexing methods can be grouped in to invasive and non-invasive techniques. The non-

invasive method of embryo sexing is generally considered optimal, since embryonic integrity is 

maintained and the capacity for normal development should be optimized. More rapid, reliable 

and non-invasive embryo sexing techniques such as PCR (Polymerase Chain Reaction) and 

fluorescent in-situ hybridization (FISH) are being evolved with recent progress in molecular 

biology (Jafar and Flint, 1996; Sharma et al., 2019). A routine method of embryo sexing must 

include an accurate sexing procedure and survival of embryos. Sexing methods must also be easy 

to use and inexpensive to operate.  

Embryo sexing employs methods such asare, immunological assays of male-specific antigens 

(H-Y antigen), quantification of the X-linked enzymes and analysis of sex chromatin with Y-

specific DNA probes and Karyotyping/Cytogenetic analysis. Cytogenetic analysis and the use of 

Y specific probes are highly accurate, but they are invasive methods that are limited by the 

biopsy (Jafar and Flint, 1996). The recent development of the polymerase chain reaction allows 

amplification of Y- chromosome-specific repetitive sequences and thus determination of the sex 

of the embryo in a relatively short time and with high reliability (Herr Charles et al., 1990).  

 

Cryopreservation of embryos 

 

The aim of embryo cryopreservation is preserving of cells in quiescent state, prolong viability, 

and enabling the use of cryopreserved cells in a timely manner. Cryopreservation of embryos is 

the process of freezing and storing embryos and an integral part of genetic improvement 

programmes utilizing embryo transfer and also is vital to germplasm preservation programmes. 

Pre-implantation embryos are preserved and stored in liquid nitrogen at -196
o
C. The 
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advancement of embryo cryopreservation in domestic mammalian livestock species has been 

reviewed by Youngs et al. (2010). Despite recent advancements in embryo cryopreservation, 

bovine embryos remain very sensitive to chilling and cryopreservation (Ferré et al., 2020; 

Naitana and Ledda, 2020). The poor cryo-tolerance of in vitro produced embryos is a limiting 

factor to the cryopreservation practice in IVF program (Sudano et al., 2011).  

There are two methods for bovine IVP embryo cryopreservation; slow programmable freezing 

and vitrification (Rezazadeh Valojerdi et al., 2009). Slow freezing is widespread embryo 

cryopreservation technique and is based on the use of glycerol or ethylene glycol as a CPA. The 

main advantage of this technique is the reduced cellular toxicity through the use of low 

concentrations of CPA; however, slow freezing still allows the formation of ice crystals that 

could lead to cellular damage. Vitrification method of cryopreservation enables passage from the 

liquid to the solid state by extreme elevation of viscosity due to high concentration of 

cryoprotectants and very rapid cooling. Vitrification eradicates the damage caused by the 

formation of ice crystals during the cooling process. The cryopreservation medium undergoes a 

direct passage from the liquid state to a vitrified and amorphous state without the crystallization 

of the medium occurring, which is possible due to the high viscosity of the cryopreservation 

medium and the high freezing rate by direct immersion in N2, from room temperature 

(Rezazadeh Valojerdi et al., 2009; Naitana and Ledda, 2020).  

Massip  (2001) reported that there are differences not only between species at the same stage of 

development of embryos but also in the same species all stages of development do not survive 

equally under the same freezing protocol. Cattle oocytes and early stages of embryo 

development in vivo or in vitro do not survive whereas compacted morulae and blastocysts 

survive very well. In the pig, hatched blastocysts survive better than the other stages. Horse 

embryos have special characteristics that pose problems for successful freezing. 

 

Conclusion 

 

The uses of assisted reproductive technologies (ART) in animal breeding have become very 

important tool to the genetic improvement of dairy cattle worldwide. Production of increased 

number of genetically improved progenies, a reduced number of sperm required to produce 

embryos and increased chances of obtaining the desired sex of offspring are among the 

achievements of the recent advancement in the reproductive technologies. 
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