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ABSTRACT: In vitro embryo production (IVP) in cattle has gained worldwide interest in recent 

years, but the efficiency of using IVP embryos for calf production is far from optimal. This 

review will examine the pregnancy retention rates of IVP embryos and explore causes for 

pregnancy failures. Based on work completed over the past 25 yr, only 27% of cattle receiving 

IVP embryos will produce a live calf. Approximately 60% of these pregnancies fail during the 

first 6 wk of gestation. When compared with embryos generated by superovulation, pregnancy 

rates are 10 to 40% lower for cattle carrying IVP embryos, exemplifying that IVP embryos are 

consistently less competent than in vivo-generated embryos. Several abnormalities have been 

observed in the morphology of IVP conceptuses. After transfer, IVP embryos are less likely to 

undergo conceptus elongation, have reduced embryonic disk diameter, and have compromised 

yolk sac development. Marginal binucleate cell development, cotyledon development and 

placental vascularization have also been documented, and these abnormalities are associated with 

altered fetal growth trajectories. Additionally, in vitro culture conditions increase the risk of 

large offspring syndrome. Further work is needed to decipher how the embryo culture 

environment alters post-transfer embryo development and survival. The risk of these neonatal 

disorders has been reduced by the use of serum-free synthetic oviductal fluid media formations 

and culture in low oxygen tension. However, alterations are still evident in IVP oocyte and 

embryo transcript abundances, timing of embryonic cleavage events and blastulation, incidence 

of aneuploidy, and embryonic methylation status. The inclusion of oviductal and uterine-derived 

embryokines in culture media is being examined as one way to improve the competency of IVP 

embryos. To conclude, the evidence presented herein clearly shows that bovine IVP systems still 

must be refined to make it an economical technology in cattle production systems. However, the 
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current shortcomings do not negate its current value for certain embryo production needs and for 

investigating early embryonic development in cattle.  

Key words: embryo, in vitro production, conceptus, pregnancy failure, cattle 
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INTRODUCTION 

In vitro production (IVP) of bovine embryos has gained worldwide interest as an assisted 

reproductive technology (ART) to improve genetic gains in beef and dairy cattle. Combining 

IVP with ovum pick-up (OPU) from genetically superior females to produce high genetic merit 

embryos is becoming a popular alternative to artificial insemination (AI) and multiple ovulation 

and embryo transfer (MOET) in some circumstances (van Wagtendonk-de Leeuw et al., 1998). 

Also, IVP embryos are useful for impregnating “problem breeders”; cows that may not ovulate 

or be capable of permitting fertilization (Looney et al., 1994; Block et al., 2010). Additionally, 

IVP embryos may be used to improve fertility during periods of heat stress, as initial cleavage 

stage embryos are especially sensitive to environmental stressors (Ealy et al., 1993; Block et al., 

2010; Stewart et al., 2011). In 2016, approximately 1 million IVP embryo transfers were 

completed worldwide, with 400,000 IVP embryos transferred to cattle in North America, 

350,000 in South America, and 150,000 in Europe (IETS Data Retrieval Committee Report, 

December 2017). Thus, IVP has already had an impact on worldwide cattle production, and all 

indications are that this trend will continue.    

In vitro-produced bovine embryos also have gained popularity because they serve as a 

useful model for studying embryology in cattle. The availability and affordability of 

slaughterhouse materials provides ample oocyte and embryo numbers for research endeavors 

involving oocyte maturation, fertilization and early embryo development. The bovine embryo 

also has been an excellent model for studying infertility and subfertility in humans. There are 

many commonalities in technologies used to produce embryos in vitro between cattle and 

humans. In fact, much of the initial human-based ART work was based on work completed in 

cattle (Sirard, 2018).  
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Unfortunately, pregnancy success in cattle after embryo transfer (ET) using IVP embryos 

is far from ideal. Reviews on this topic from 15+ yr ago indicated that ~50% of pregnancies will 

be maintained to term in IVP embryo recipients (Farin et al., 2001; Rizos et al., 2002). This 

percentage has not improved in the past 15 to 20 yr. In fact, pregnancy retention for IVP 

embryos appears to be worse than originally thought.  

This review will provide an update on recent pregnancy retention rates in beef and dairy 

cattle receiving IVP embryos and describe the predominant developmental abnormalities that 

exist in IVP embryos after ET. We then will finish this review by providing a brief summary of 

possible reasons why IVP embryos may be inferior to in vivo-generated embryos at producing 

viable, healthy offspring.   

 

SEVERITY OF IVP EMBRYO INCOMPETENCY 

 The studies outlined in Table 1 represent publications from the past 25 yr that 

investigated pregnancy status after IVP embryo transfer to dairy or beef cattle on at least 2 

occasions. Only data from freshly prepared IVP embryos were included to avoid confounding 

influences that embryo cryopreservation may have on pregnancy outcomes (Agca et al., 1998; 

Al-Katanani et al., 2002; Block et al., 2010; Stewart et al., 2011). A majority of the studies listed 

in Table 1 documented pregnancy outcomes from ET studies completed during winter months; 

however, 4 studies listed in this table were completed in both summer and winter months 

(Loureiro et al., 2009; Block et al., 2010; Rasmussen et al., 2013; Bonilla et al., 2014). These 

studies reported no difference in pregnancy outcome, indicating that ET may help overcome 

environmental stressors caused by seasonality.  
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As seen in Table 1, the occurrence of pregnancy losses for IVP embryos is alarmingly 

high. Pregnancies failing to reach term ranged from 59 to 85% in these studies. By contrast, 

failed pregnancies following AI are estimated at 45 to 65% in lactating dairy cows and 10 to 

30% in beef cows (Lucy, 2001; Santos et al., 2004; Perry et al., 2005; Pohler et al., 2015; 

Wiltbank et al., 2016; Gatea et al., 2018). Further evidence for the increased magnitude of 

pregnancy losses after IVP embryo transfer is available in studies that compared IVP 

pregnancies with pregnancies using in vivo-produced embryos generated by superovulation 

(Table 2). Pregnancy rates were assessed at various times in gestation, but in each study 

pregnancy rates were lower in IVP-derived pregnancies than in vivo-derived pregnancies (range: 

10-40% reduction). When averaging outcomes from these studies, pregnancy rates were ~25% 

lower in IVP embryos than for in vivo-generated embryos.  

Additional evidence for the incompetency of IVP embryos was observed in studies that 

compared pregnancy outcomes in cattle receiving either one or two embryos (McMillan, 1998). 

Comparing the incidence of open cattle with singleton and twin pregnancies from cattle 

receiving one or two embryos has been used in statistical models to assess the relative 

contributions of the embryo and the recipient for explaining pregnancy failures in cattle 

(McMillan, 1998). Both recipient and embryo-related problems caused pregnancy losses when 

using this experimental model in 32 independent studies (1,953 to 2,607 cows/embryo group 

overall). However, only one-third of the failed pregnancies were attributed to recipient-related 

problems. The remaining two-thirds of the pregnancy failures were caused by embryo-related 

problems. Also, when comparing pregnancy outcomes in IVP versus in vivo-generated embryos, 

embryo survival was consistently 10 to 15% less for IVP embryos than for in vivo-derived 

embryos in these studies (McMillan, 1998).  
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THE TIMING OF PREGNANCY LOSSES AFTER TRANSFER OF IVP EMBRYOS 

  In all the studies listed in Table 1, pregnancy losses were observed throughout gestation, 

but losses were most prevalent early in gestation. Approximately 40% of cows receiving an IVP 

embryo at d 7/8 post-estrus were no longer pregnant at d 18 to 21 of gestation, as determined by 

the absence of a conceptus in excised uteri or low circulating progesterone concentrations 

reflective of luteal regression (< 1 ng/mL). By d 30 to 40 of gestation, ~60% of the recipients 

were not pregnant when examined via transrectal ultrasonography. Further pregnancy losses 

were observed thereafter, albeit at a lower rate, with ~5% of pregnancies lost at d 45 and 90 and 

another ~7% loss thereafter. Only 27.1% of cattle receiving IVP embryos maintained the 

pregnancy to term.   

The timing of IVP embryo pregnancy losses is similar to pregnancy losses observed in 

dairy and beef cows bred by AI, although the magnitude of these losses is less severe in 

pregnancies from AI.  Fertilization failure occurs in 10 to 20% of inseminated cows, and only 50 

to 60% of the fertilized zygotes are viable and have developed to the proper stages of 

development at d 7 (Pohler et al., 2015; Wiltbank et al., 2016). Another period of pregnancy loss 

occurs between d 8 and 27 of pregnancy, where losses range from 10 to 20% in beef cattle and 

20 to 40% in dairy cattle (Pohler et al., 2015; Wiltbank et al., 2016). Pregnancies surviving to 

this stage in development experience further losses at a rate of ~15% after d 28 (Perry et al., 

2005; Wiltbank et al., 2016).   

To summarize up to this point; the various studies presented in Tables 1 and 2 provide 

compelling evidence supporting the notion that IVP embryos are less competent at maintaining a 

pregnancy than embryo generated in vivo by using AI or MOET. Although IVP pregnancy 
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failures occur throughout gestation, 80% of all the IVP pregnancy failures will occur by d 40 of 

gestation (Table 1). The next section will attempt to address the factors involved with the high 

rate of pregnancy loss in IVP embryos by exploring the differences in embryonic, fetal and 

placental development in IVP embryos after ET.   

 

POST-TRANSFER FACTORS THAT INFLUENCE IVP EMBRYO COMPETENCY 

 Various factors influence pregnancy success after ET in cattle, many of which are not 

dependent on the source of the embryos. These factors include embryo synchrony with the 

uterus, early and mid-luteal progesterone concentrations, and embryo grade (Farin et al., 2001; 

Rizos et al., 2002; Forde and Lonergan, 2017). However, there also are several conceptus, 

placental and fetal problems associated specifically with the IVP embryo, and all indications are 

that these problems make IVP-derived pregnancies prone to pregnancy failure. To follow is an 

overview of developmental abnormalities observed in IVP embryos.   

Peri-Attachment Conceptus 

Several notable alterations in the embryonic and extraembryonic tissues of the conceptus 

can be detected in IVP embryos. The term ‘conceptus’ is used to define the embryo and its 

extraembryonic tissues that develop from the zygote. In cattle, the conceptus will form as a 

sphere until around d 12 to 14 of gestation, and then it begins to elongate and form a filamentous 

structure. Conceptuses increase in length and width rapidly thereafter for several days, and by d 

17 to 19 each conceptus can span the entire length of a uterine horn (Maddox-Hyttel et al., 2003; 

Degrelle et al., 2005; Assis Neto et al., 2010). The incidence of elongation is reduced in IVP 

embryos. At d 16 to 17 of gestation, more degenerated, non-hatched embryos are recovered from 

recipients with IVP embryos than cows that were bred by AI (Bertolini et al., 2002a; Lonergan et 

al., 2007; Barnwell et al., 2015). Interestingly, IVP conceptuses were smaller than their in vivo-

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/advance-article-abstract/doi/10.1093/jas/skz116/5435781 by Lancaster U

niversity user on 11 April 2019



Acc
ep

te
d 

M
an

us
cr

ipt

 

 

produced counterparts at d 13 (Lonergan et al., 2007) but were similar in length to in vivo-

produced embryos at d 16 and 17 (Bertolini et al., 2002a; Barnwell et al., 2015). This suggests 

that the initial stages of elongation are compromised in some IVP conceptuses, but those that can 

undergo elongation may start slowly but eventually will ‘catch up’ to their in vivo-derived 

counterparts. However, controlled studies are needed to examine multiple stages of conceptus 

development before such an assertion can be definitely made.  

Errors in conceptus elongation in IVP embryos are likely caused by abnormalities in the 

trophectoderm. The trophectoderm is the outermost layer of the conceptus, and its secretions and 

direct contact with the endometrium are essential for the maintenance of pregnancy. Recent 

studies suggest that differences exist in the secretory potential between IVP and in vivo-

generated conceptuses. This idea has been best described recently by examining how 

conceptuses interact with the maternal endometrium. In one recent study, 83 differentially 

expressed genes were identified in bovine endometrial explants that were co-cultured with IVP 

versus in vivo-generated conceptuses (Mathew et al., 2018). Another study identified 118 

differentially expressed genes in the caruncular regions of the endometrium at d 20 of gestation 

between IVP and in vivo-generated pregnancies (Mansouri-Attia et al., 2009). One conceptus-

secreted molecule that may be involved with some of this differential endometrial gene 

expression is interferon-tau (IFNT), the maternal recognition of pregnancy hormone in cattle 

(Spencer et al., 2016; Ealy and Wooldridge, 2017; Forde and Lonergan, 2017). Reports are 

equivocal about whether IFNT mRNA and protein abundance differ between IVP and in vivo-

derived blastocysts and elongated conceptuses (Stojkovic et al., 1995; Kubisch et al., 2001; 

Bertolini et al., 2002a; Arnold et al., 2006). Therefore, the relative importance of IFNT in 

controlling IVP versus in vivo conceptus changes in endometrial gene expression remain 
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unclear. However, one of the aforementioned studies included an IFNT treatment to endometrial 

cultures to account for gene expression controlled by IFNT (Mathew et al., 2018). They showed 

that a majority of the differentially expressed genes identified in that study were not caused by 

differences in IFNT concentration. Other conceptus-secreted molecules, such as prostaglandins 

and cortisol, may be involved with the differential expression of endometrial genes between IVP 

and in vivo-generated conceptuses (Forde et al., 2015), although more work is needed to clarify 

whether these and other conceptus secretions are altered in IVP conceptuses.   

Another component of the peri-attachment conceptus that is altered in IVP embryos is the 

embryonic disk. This structure develops from the inner cell mass (ICM). It contains epiblast 

cells, which are the multipotent cells that develop into embryonic mesoderm, endoderm and 

ectoderm germ cell lineages (Maddox-Hyttel et al., 2003; Alexopoulos et al., 2008). Reductions 

in embryonic disk diameter are reported in IVP conceptuses (Bertolini et al., 2002a). This 

reduction in embryonic disk diameter was more pronounced in female conceptuses than male 

conceptuses (5-fold versus 2-fold reduction in diameter, respectively). The reason(s) for this sex-

bias is unknown. Also, IVP conceptuses lacking detectable embryonic disks have been reported 

by several laboratories (Bertolini et al., 2002b; Fischer-Brown et al., 2002; Fischer-Brown et al., 

2004; Block et al., 2007; Loureiro et al., 2011). From 25 to 65% of IVP conceptuses were devoid 

of an embryonic disk when assessing d 15 to 17 conceptuses by stereomicroscopy. It was not 

clear whether embryonic disks were too small to detect or if they were indeed absent. However, 

the lack of detectable embryonic disks compromises pregnancy retention, as pregnancy rates 

were severely diminished when IVP conceptuses lacking detectable embryonic disks were 

transferred back into cattle (Fischer-Brown et al., 2004). Therefore, it is likely that poor 

embryonic disk development is one reason for early pregnancy failures of IVP embryos.  
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Yolk Sac Development and Function 

Yolk sac development and function may be compromised in IVP embryos. The yolk sac 

develops from the primitive endoderm, which differentiates from a subset of ICM cells at d 8-9 

of development in cattle by signaling events that rely on fibroblast growth factor (FGF) 

sensitivity (Yamanaka et al., 2006; Yang et al., 2011; Kuijk et al., 2012). The primitive 

endoderm cells migrate to the base of the ICM to form the hypoblast, which then proliferates 

inside the trophectoderm layer to surround the blastocoel cavity. This newly formed yolk sac is 

indispensable in early pregnancy in mammals because of its role in histotroph digestion during 

early pregnancy (Shalaby et al., 1995; Arman et al., 1998). Placentomes are not well established 

in bovine pregnancies until ~ d 40 of pregnancy. Prior to this time the conceptus must rely on 

histotroph for nourishment, and the yolk sac provides digested histotroph and other nutrients, 

vitamins, ions and gases to support embryogenesis (Greenstein et al., 1958; Assis Neto et al., 

2010). It also produces several bioactive molecules that facilitate early pregnancy (e.g., 

transferrin, retinol binding proteins, apolipoproteins, angiogenic factors; Shi et al., 1985; Jollie, 

1990; Freyer and Renfree, 2009).  

Limited work has been completed on the yolk sac given the difficulty in studying this 

extraembryonic tissue early in pregnancy and the lack of suitable bovine extraembryonic 

endoderm cell lines. However, there is some evidence suggesting that yolk sac abnormalities are 

an underlying cause for at least some pregnancy failures in IVP embryos. Differences in yolk sac 

structure and gene expression exist between in vivo-generated, IVP and somatic cell nuclear 

transfer (SCNT) pregnancies at d 20 to 30 of pregnancy. Many SCNT pregnancies contain 

severe yolk sac deformations (e.g. small, misshapen, necrotic) whereas yolk sac abnormalities in 

IVP pregnancies are less severe at the macroscopic level. However, microscopic evaluations 

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/advance-article-abstract/doi/10.1093/jas/skz116/5435781 by Lancaster U

niversity user on 11 April 2019



Acc
ep

te
d 

M
an

us
cr

ipt

 

 

identified deficiencies in villous formation and vascular development in IVP pregnancies 

(Alberto et al., 2013; Mess et al., 2017). Also, changes in transcript abundance of vascular 

endothelial growth factor (VEGF), an important angiogenic factor, and its primary receptor, 

VEGFR2, were detected in the yolk sac of IVP conceptuses (Mess et al., 2017).    

Chorio-Allantois Development and Function  

 Various alterations in placentome development and morphology have been noted in IVP 

pregnancies. The initial trophectoderm adhesion/attachment phases of implantation can be 

detected at d 16 to 18 of gestation in cattle (Assis Neto et al., 2010). The villous indentations that 

initiate cotyledon development can be detected around d 32 of gestation, and within the next few 

weeks numerous placentomes can be detected throughout the placenta (Assis Neto et al., 2010). 

Several notable changes in placentome development have been observed in IVP pregnancies. 

Placentomes from IVP embryos are lower in number, smaller in thickness, and larger in size than 

placentomes from in vivo-generated pregnancies (Farin and Farin, 1995; Bertolini et al., 2002b; 

Miles et al., 2005). Also, stage-dependent changes in placental development exist in IVP 

pregnancies. At d 70 of gestation, placentae from IVP embryos have lower fluid volume, reduced 

blood vessel density, and are less efficient (as determined by comparing fetal weight to placental 

weight) than placentae from in vivo-generated embryos (Miles et al., 2005). However, at d 180, 

IVP pregnancies contain heavier placentae that have a greater placental surface area, indicating a 

potential catch-up mechanism in these pregnancies (Bertolini et al., 2004). At d 222, IVP 

placentae are still heavier and contain greater fluid volumes than their in vivo-derived 

counterparts, but overall placentome surface area is reduced when compared with pregnancies 

from in vivo-generated embryos (Miles et al., 2004). This reduction in surface area is 
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accompanied by an increase in blood vessel density within placentomes. Again, this likely is a 

compensatory mechanism of IVP pregnancies.   

Another notable difference in placentation between IVP and in vivo-derived embryos is 

in the development and activity of binucleate trophoblast cells. The binucleate cell (also referred 

to as the trophoblast giant cell) is initially detected at d 16 to 18 of gestation (Wooding, 1982). 

From d 25 onward binucleate cells will represent approximately 20% of trophectoderm cells 

within the chorion (Wooding, 1982; Spencer et al., 2008). This cell type differentiates from 

mononuclear trophectoderm cells and fuses with the endometrial epithelium to form syncytial 

plaques at the fetal and maternal borders of the placenta. Several hormones and placental factors 

are produced by binucleate cells, including placental lactogen (PL), prolactin-like proteins, 

progesterone, and pregnancy-associated glycoproteins (PAGs) (Spencer et al., 2008). Placentae 

from IVP pregnancies contain reduced binucleate cell numbers (Miles et al., 2004) and reduced 

PL and PAG concentrations in the maternal circulation (Bertolini et al., 2006). Thus, 

trophectoderm from IVP embryos appear to be functionally inferior to in vivo-produced 

embryos. 

The mechanisms responsible for these changes in placental development are not well 

understood. However, not surprisingly, gene imprinting abnormalities are associated with these 

alterations. Transcript abundance for the paternally-imprinted gene, insulin-like growth factor 2 

(IGF2), is greater in chorio-allantoic membranes for IVP pregnancies than in vivo-derived 

placentae at d 33 to 36 of gestation (Perecin et al., 2009). This alteration in IGF2 abundance may 

be one mechanism responsible for the abnormal placentation observed in IVP pregnancies as 

IGF2 is associated with the control of embryonic growth. 
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 Allantois development and function may also be compromised in IVP embryos. The 

allantoic sac is an extraembryonic mesoderm membrane that develops from the embryonic hind 

gut at d 21 to 25 of gestation. By d 30, vascular networks form within the allantoic mesoderm 

(Assis Neto et al., 2009; Assis Neto et al., 2010). This vascular network makes the allantois the 

primary vascular organ of the placenta. The involvement of the allantois in pregnancy losses has 

not been studied extensively, but the timing of allantoic sac development coincides with a time 

of pronounced embryonic losses in cattle (Wiltbank et al., 2016). Also, there is one report 

indicating that ~25% of all IVP pregnancies examined at d 22 to 34 of gestation contain allantoic 

sacs with reduced development or reduced vascularization (Thompson and Peterson, 2000).  

Fetus Development  

 Several studies have observed reductions in embryo or fetal size at d 37 to 56 of gestation 

in IVP pregnancies (Bertolini et al., 2002b; Vailes et al., 2019). However, this small IVP fetus 

phenotype is only temporary. On and after d 180 of gestation, IVP fetuses are larger than their in 

vivo-derived counterparts (Bertolini et al., 2002b; Bertolini et al., 2004; Miles et al., 2004). One 

possible cause for the altered trajectory of fetal growth is that it mirrors the previously described 

alterations in placental development. Development of both the fetus and placenta appears to be 

lagging early in gestation, but then can exceed the development of in vivo-generated pregnancies 

in mid and late gestation.  

Calving Outcomes and Performance 

The changes in growth trajectory for the developing IVP fetus described in the above 

paragraph is a common, core concept that is closely associated with the fetal origins of adult 

disease (also known as, Developmental origins of health and disease; Fetal programming). One 

of the first observations made in this field was observed in humans, where fetal 
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underdevelopment during the first trimester due to poor nutrition was followed by compensatory 

fetal gains in the last two trimesters and cardiovascular disorders, among other disorders in 

adulthood (Fowden et al., 2006). It is now well-documented that alterations in the fetal 

developmental plan caused by various environmental insults can impact postnatal health and 

longevity in multiple species (Fowden et al., 2006).  

One common outcome of IVP in both humans and cattle is a fetal overgrowth syndrome 

that produces large for gestational age neonates (Chen et al., 2015). In cattle, this phenomenon is 

commonly referred to as large offspring syndrome. As in humans and many other mammals, 

large offspring syndrome is associated with macrosomia (overgrowth), macroglossia (enlarged 

tongue), abdominal wall defects (e.g., umbilical hernia) and visceromegaly (enlarged visceral 

organs; Chen et al., 2013). It is still unclear exactly what causes this fetal overgrowth, however, 

several culture-associated factors are associated with large offspring syndrome. These include 

the presence of serum in the medium, embryo co-culture with feeder cells (e.g., oviductal cells), 

medium formulation and oxygen concentration during embryo culture (Yazawa et al., 1997; 

Farin et al., 2001; Fischer-Brown et al., 2005). These large offspring syndrome pregnancies 

increase the incidence of dystocia and retained placentae (Bonilla et al., 2014), which may 

compromise future reproductive capacity and milk yield for the dam (Zaborski et al., 2009). The 

incidence and severity of large offspring syndrome has been reduced, but has not been totally 

prevented in the past decade by removing serum from embryo culture media formations, by 

using media formations that replicate the oviduct environment (e.g., Synthetic Oviductal Fluid 

[SOF]), and by culturing embryos in an oxygen environment similar to that in the oviduct and 

uterus (van Wagtendonk-de Leeuw et al., 2000; Fischer-Brown et al., 2005; Bonilla et al., 2014; 

Siqueira et al., 2017; Tribulo et al., 2017). 
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Neonatal health is also compromised in IVP calves, this appears to occur independently 

of large offspring syndrome. Increases in stillbirths and calf death in the first 20 d of life have 

been reported in IVP calves (Bonilla et al., 2014). Also, there is a 4% increase in the incidence of 

congenital abnormalities in IVP calves (van Wagtendonk-de Leeuw et al., 1998). The 

developmental abnormalities that lead to these neonatal and postnatal problems is unclear. 

However, alterations in epigenomic profiles likely causes some if not most of these problems. 

Methylation status, both globally and at specific imprinted regions, are altered in various organs 

of some IVP fetuses (Suzuki et al., 2009; Hori et al., 2010; Chen et al., 2015). After the neonatal 

period, IVP-generated calves appear physiological normal to their AI-generated counterparts, at 

least when examining mortality rates, reproductive function and lactation performance (Bonilla 

et al., 2014; Siqueira et al., 2017). However, IVP-generated calves that were conceived using X-

sorted semen had an increased risk of mortality and reduced milk yield when compared with 

calves generated from AI (Siqueira et al., 2017). Thus, the benefits of using sexed-semen for 

genetic improvements may be counterbalanced by adverse embryonic, placental and/or fetal 

programming events.      

 

HOW DOES CULTURE INFLUENCE IVP EMBRYO COMPETENCY? 

 Up to this point in this review we have described the severity and timing of pregnancy 

losses in IVP embryos and explored the various limitations in embryonic, fetal and placental 

development that reduces IVP embryo competency after transfer. So, the question that is 

assuredly on everyone’s mind is “why are IVP embryos less competent than in vivo-produced 

embryos?” Unfortunately, a complete picture of issues relating to IVP embryo incompetency is 

not available. Thus, we are unable to provide a comprehensive story of why IVP embryos are 
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less competent than their in vivo-generated counterparts. Several limitations exist that have 

hindered the discovery of IVP embryo competency-related factors. One limitation is that few 

studies have directly compared IVP and in vivo-derived embryos. It is costly to complete both 

IVP and superovulate cows to recover embryos. Also, even if direct comparisons between 

embryo types were made, it can be difficult to adequately control for genetic contributions that 

affect embryo development and gene expression. Many IVP-based studies utilize oocytes from 

slaughterhouse-derived materials, and the genetics of these cattle can often be different from the 

genetics of cattle available for superovulation. However, even considering those limitations, IVP 

embryos clearly deviate from in vivo-produced embryos in several aspects. The upcoming 

narrative will summarize the major abnormalities in IVP embryo development that have been 

noted.  

Changes in oocyte maturation occur when oocytes are removed from the follicle and 

placed in culture for final maturation. A spontaneous resumption of meiosis is initiated when 

removing oocytes from follicles, and current IVP protocols promote the final meiotic and 

ooplasmic maturation by culturing cumulus-oocyte complexes for 21 to 24 h in medium 

containing glucose, amino acids, and gonadotropins. Selective follicle-derived hormones, such as 

epidermal growth factor (EGF) and fibroblast growth factor 10 (FGF10) also may be included to 

improve packaging of ooplasm with maternally-derived transcripts (Lonergan et al., 1996; 

Krisher and Bavister, 1998; Zhang et al., 2010; Caixeta et al., 2013). However, these culture 

schemes are not identical to oocyte maturation events occurring in the peri-ovulatory follicle. At 

least 100 genes are differentially expressed between in vitro and in vivo-matured bovine oocytes 

(Katz-Jaffe et al., 2009; Adona et al., 2016). Several of these differentially expressed genes 

represent previously described oocyte competency factors (e.g., aquaporin-3, follistatin, epsin, 
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insulin like growth factor binding protein 3, histone deacetylase 2; Meng et al., 2008; Caixeta et 

al., 2009; Liu and Zheng, 2009; Sawai, 2009; Bonnet et al., 2011). Also, gene ontology profiling 

found that several genes involved with cellular metabolism were altered by in vitro maturation 

(Katz-Jaffe et al., 2009; Adona et al., 2016). Consistent with changes in gene expression, DNA 

methylation patterns is different after in vitro oocyte maturation than following maturation in 

vivo (Jiang et al., 2018). Other factors that contribute to a bovine oocyte’s competency to 

generate transferable embryos include methods using to induce follicle development prior to 

OPU and bovid subspecies (Bos taurus vs. Bos indicus). The involvement of these factors in 

regulating oocyte competency has been reviewed elsewhere (Baruselli et al., 2012).  

 In vitro embryo development is distinct from in vivo development in several regards. 

First, the timing of embryo cleavage and blastulation is delayed during IVP, with IVP embryos 

reaching the morulae and blastocyst stages 12 to 24 h later than their in vivo-produced 

counterparts (Holm et al., 2002; Ushijima et al., 2008). Second, blastomere numbers are reduced 

in IVP embryos (Iwasaki et al., 1990; Knijn et al., 2003; Balasubramanian et al., 2007). Third, 

differences in metabolic activity is observed between IVP and in vivo-generated embryos (de 

Souza et al., 2015). Lastly, IVP bovine embryos also have a greater incidence of altered 

chromosome numbers in their blastomeres. In one study, approximately 20% of blastomeres 

contained abnormal chromosome counts (Lonergan et al., 2004). Some of the observed 

aneuploidy and mixoploidy (i.e., mix of normal and aneuploid blastomeres) is caused by 

fertilization error or polyspermy (Iwasaki et al., 1992; Viuff et al., 1999; Garcia-Herreros et al., 

2010). However, aneuploidy also occurs after fertilization, and the incidence of these cleavage 

stage-dependent errors is greater in IVP embryos than in vivo-produced embryos (Viuff et al., 

1999; Lonergan et al., 2004).   
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 Not surprisingly, differential gene expression is observed between IVP and in vivo-

generated embryos. In recent studies, between 207 and 793 differentially expressed genes were 

detected in blastocysts in these two groups (Driver et al., 2012; Heras et al., 2016). Embryonic 

gene expression will vary based on culture media composition (Mohan et al., 2004; Corcoran et 

al., 2007), so this complicates interpretations. For example, including serum during IVP caused a 

5-fold increase in the number of differentially expressed genes observed in IVP embryos when 

compared with in vivo-generated blastocysts (Heras et al., 2016). Additionally, oxygen tension 

during IVP can alter gene expression. For example, the abundance of transcripts for glucose 

transporters and stress-responsive genes are sensitive to oxygen tension, and embryo culture in 

an oxygen tension observed within the oviduct and uterus (5%) provides a gene expression 

pattern that is more similar to in vivo-produced embryos than IVP embryos cultured in an 

atmospheric oxygen condition (21%) (Balasubramanian et al., 2007). Lastly, IVP embryos differ 

in their epigenetic profiles. Changes in the methylation status of several imprinted genes (H19, 

IGF2, PEG3, IGFR2, SNRPN) are noted in IVP bovine embryos (Katz-Jaffe et al., 2009; 

Niemann et al., 2010; Heinzmann et al., 2011).  

 

RECENT ATTEMPTS TO IMPROVE IVP EMBRYO COMPETENCY 

All indications are that a subset of IVP embryos suffer from various abnormalities in 

chromosome number, gene expression, developmental potential and methylation profiles. Any 

one of these anomalies could compromise embryo competency. Recent attempts to improve IVP 

embryo competency have focused on exploring how bioactive oviductal and uterine factors 

impact IVP embryo development and pregnancy success after ET. These bioactive factors are 

often referred to as embryotrophic factors or embryokines, given their embryo development-
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promoting abilities. Embryokines studied recently include colony-stimulating factor 2, EGF, 

FGF2, and insulin-like growth factor 1 (Block et al., 2003; Loureiro et al., 2009; Arias-Alvarez 

et al., 2011; Dobbs et al., 2013; Xie et al., 2015). These factors have various activities on 

embryos (e.g., mitogenic, antiapoptotic, lineage specification), and their inclusion during embryo 

culture is proposed as a means for refining IVP systems to more closely mimic events occurring 

in the female reproductive tract during early pregnancy.   

 One example of using embryokines to improve embryo competency is by including CSF2 

in bovine embryo culture media. Supplementing CSF2 to embryo culture medium beginning on d 

5 post-IVF increases blastocyst development and post-transfer pregnancy retention in cattle 

when culture media lacks serum but not when serum is included (Loureiro et al., 2009; Denicol 

et al., 2014; Tribulo et al., 2017). Also, IVP embryo exposure to CSF2 prior to ET improves 

postnatal heifer calf growth performance (Kannampuzha-Francis et al., 2015). Potential 

mechanisms of CSF2 action include promoting early conceptus elongation and survival and 

altering DNA methylation status (Loureiro et al., 2011; Dobbs et al., 2014).  

Another example of improving pregnancy outcomes is by manipulating WNT signaling 

during in vitro embryo production. The persistence of WNT signaling is associated with embryo 

incompetency in cattle, pigs and mice (Xie et al., 2008; Denicol et al., 2013; Lim et al., 2013).  

Interference in WNT signaling is controlled, at least in part, by endometrial production of 

Dickkopf-1 (DKK1), an inhibitor of canonical WNT signaling (Cerri et al., 2012).  

Supplementing DKK1 during IVP embryo culture appears beneficial to calving outcomes. 

Increases in blastocyst development and pregnancy retention occurred in DKK1 treated IVP 

embryos in one study lacking serum in culture medium (Denicol et al., 2014), but not in another 

study that utilized a serum-containing medium (Tribulo et al., 2017). In the latter study, a 
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reduction in birth weights was observed in calves from DKK1-exposed IVP embryos (Tribulo et 

al., 2017). The mechanism responsible for this outcome is unclear, but this finding may have 

important implications for further reducing the incidence of large offspring syndrome in IVP 

pregnancies.   

 

SUMMARY & CONCLUSIONS 

Clearly, post-transfer pregnancy failures are prominent in cattle receiving IVP embryos. 

There are several proposed mechanisms for why IVP embryos do not survive to term. These are 

summarized in Figure 1. A majority of these losses (~80% of all pregnancy failures) occur within 

the first 6 weeks of gestation. Failures occurring during the pre- and peri-implantation period are 

caused primarily by developmental miscues in embryonic and extraembryonic lineage 

development. These shortcomings can prevent conceptus elongation or produce elongated 

conceptuses that contain small or non-existent embryonic disks or poorly developed yolk sacs. 

Pregnancy failure are also prominent during the implantation period, where early binucleate cell 

formation and overall placental and allantoic sac development may be compromised. Lastly, 

placental development and function during mid- and late-gestation and the trajectory of fetal 

growth are altered in IVP pregnancies, and these can produce large offspring syndrome calves or 

calves with poor neonatal health. Further work is needed to develop strategies to overcome these 

post-transfer issues. Medium formulation, oxygen tension, group embryo culture, medium drop 

size, and other considerations are being used to facilitate embryo competency. Further 

exploration into how embryokines function during early embryogenesis may hold the key to 

making future strides in improving post transfer pregnancy success in IVP embryos.   
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Regardless of the hurdles that IVP systems still face, the benefits of utilizing this tool 

cannot be ignored. With this technology, superior females can produce more offspring each year 

than by MOET alone. Additionally, IVP systems provide researchers with the opportunity to 

study early bovine embryos so that we may gain a better understanding of what these gametes 

and embryos need in order to develop successfully in culture.  
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Table 1. Early and late embryonic losses observed after transfer of in vitro-produced bovine 

embryos to beef and dairy cattle
1
.  

 

% Pregnant 

d 18/21 

% Pregnant  

d 30/40
2
 

% Pregnant 

d 45/90
2
 

% Calving Reference 

58.0 50.0 44.0 40.5 (Reichenbach et al., 1992)
3
 

61.0  42.0 42.0 -- (McMillan et al., 1997)
4
 

-- -- 17.7 15.2 (Block et al., 2003)
3,5

 

64.3 32.5 24.4 22.7 (Block and Hansen, 2007)
3,6

 

-- 37.2 -- 30.2 (Loureiro et al., 2009)
7
  

-- 37.4 33.5 -- (Pontes et al., 2009)
8
 

-- 56.3 52.6 -- (Block et al., 2010)
7
 

-- 45.5 39.4 33.9 (Stewart et al., 2011)
5
 

-- 24.1 20.6 17.1 (Rasmussen et al., 2013)
9
 

-- 29.8 -- 20.2 (Rasmussen et al., 2013)
10

 

-- 54.9 44.1 36.7 (Bonilla et al., 2014)
7
 

-- 36.4 29.2 27.2 (Denicol et al., 2014)
5
 

58.0 to 64.3 24.1 to 56.3 17.7 to 52.6 15.2 to 40.5 Range 

61.1 40.6 34.8 27.1 Average 

     
1
Overall means were calculated for pregnancy rates in studies where different embryo or 

recipient treatments were examined.  
2
Pregnancy status was completed between d 30 and 40 or between d 45 and 90 in these studies. 

3
Circulating progesterone concentrations was used to predict pregnancy status at day 21.  

4
Pregnancy status at d 18 was determined by examining reproductive tracts during necropsy.  

5
Data represent embryo transfers completed in the summer months in Florida or Texas. 

6
Data represent embryo transfers completed in the winter months in dairy farms in Florida.  

7
Data represent work completed both in the summer and winter months in Florida.  

8
Studies completed on Bos indicus cattle (Nelore).  

9
Replicate of the study completed in two dairies in Colorado in summer and winter months. 

10
Replicate of the study completed in three dairies in Florida in summer and winter months.  
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Table 2. Difference in pregnancy retention after transfer of in vitro-produced or in vivo-

produced bovine embryos
1
. 

 

Day of 

Pregnancy 

Detection 

%Pregnant 

IVP Embryos 

% Pregnant 

In vivo Produced 

Embryos 

Reference 

53 37.0 79.0 (Farin and Farin, 1995) 

60/70 42.9 63.5 (Numabe et al., 2000) 

43/53 52.0 70.5 (Farin et al., 1999)
2
 

42 54.3 90.0 (Papadopoulos et al., 2002) 

Term 29.5 45.5 (McMillan, 1998) 

60 33.5 41.5 (Pontes et al., 2009)
3
 

30 31.0 58.8 (Siqueira et al., 2009) 

Range 29.5 to 54.3 41.5 to 90.0  

Average 40.1 64.1  

    
1
Treatment means were calculated for pregnancy rates in studies where different embryo or 

recipient treatments were examined.   
2
Different embryo grades were examined. Only Grade 1 and 2 embryos were included in these 

means.  
3
Bos indicus cows were used in this study. The study used the same cows for both IVP and in 

vivo embryo production. 
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Figure Legend 

 

Figure 1. Proposed causes for pregnancy failures after transfer of in vitro-produced bovine 

embryos.  The various described contributors to these pregnancy losses are indicated relative to 

the time when they occur.  Early gestation is loosely defined as the period between embryo 

transfer (d 7) and d 30 to 40 of gestation whereas mid-late gestation is after d 40. Abbreviations: 

allantois (AL), binucleate cells (BNCs), embryonic disk (ED), interferon-tau (IFNT), large 

offspring syndrome (LOS), yolk sac (YS).  
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Figure 1 
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