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Abstract

Embryo transfer is an important assisted reproductive technology (ART) that enables cattle producers to reach their genetic,
reproductive, and financial goals and overcome reproductive challenges. The ability to freeze embryos provides flexibility and
further genetic preservation. The aim of this study was to evaluate the impact of post-thaw culture conditions and the in vitro
development and hatching rates of various types of frozen / thawed embryos. In Experiment 1, post thaw development was
compared between 96 frozen-thawed embryos frozen in Ethelene Glycol (EG) or Glycerol (Gly). In Experiment 2, post thaw
development was compared between 57 frozen / thawed embryos cultured in media containing 10% or 25% fetal bovine serum
(FBS) or no serum. In Experiment 3, post thaw development was compared between 80 frozen-thawed embryos that were in
vitro produced or in vivo derived. In Experiment 4, post thaw development was compared between 64 frozen-thawed embryos
produced with either conventional or sex-sorted semen. Following thawing, embryos were incubated in vitro for 24 and 48 hours.
Embryos were graded and staged and evaluated for hatching at thawing, 24, and 48 hours.

Data was analyzed with one way ANOVA and chi square for binary outcomes. Results indicated a cryoprotectant and type of
embryo (in vivo versus in vitro) effect on post thaw viability; however, serum supplementation nor the use of sexed semen to
produce in vivo embryos impacted the post thaw viability. Although somewhat inconvenient, the use of Gly as a cryoprotectant
may produce favorable reproductive outcomes for in vivo derived embryos. Further, cryopreservation of in vitro derived embryos
in Gly or vitrification may also yield favorable results compared to EG. Fundamentally, in vitro culture of frozen / thawed bovine
embryos for 24 hours prior to transfer to recipients, may allow embryos that seem morphologically normal and similar, to separate
themselves into groups that have a high potential to produce pregnancies versus those that do not.

Introduction

transferred around 2016 [2]. Both technologies enhance the
Embryo transfer is an enabling ART offering vital solutions

accuracy of genetic selection, intensify dam-side genetic selection,
for various reproductive challenges. Its application is utilized

enable genomic selection at the embryo stage, and facilitate the

in multiple species, benefiting not only animals but also humans production of dairy X dairy, dairy X beef, and beef X beef offspring

facing infertility. Since its introduction into routine cattle practice

from dairy cattle [3].
in the 1970s, embryo transfer has evolved significantly, providing

continuous support for dairy producers [1]. Both super ovulation
and in vitro embryo production offer tools to meet producer’s
specific goals and challenges. The number of in vitro produced
embryos transferred and reported to the International Embryo
Technologies Society (IETS) surpassed in vivo derived embryos

The ability to freeze embryos is a major advancement in bovine
embryo transfer. Embryo cryopreservation technology provides
flexibility to the producers as well as increases genetic preservation.
Successful cryopreservation had been achieved for both in vivo
derived and in vitro produced embryos [4]. As reported by the
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IETS, the number of frozen-thawed embryos has been increasing
for several years. Of the in vitro produced embryos transferred in
2022, 44.3% were frozen thawed, a rise from 41.3% in 2021 and
39.5% in 2020 [2]. Frozen thawed in vivo derived embryos have
also increased from 60.5% in 2021 to 64.8% in 2022. In total,
cryopreserved embryos account for nearly half (49.1%) of all cattle
embryos transferred worldwide [2].

Poor fertility is a challenge in global dairy production, often
leading to the culling of many dairy cows [5,6]. To address these
challenges, reproductive technologies such as embryo transfer,
embryo freezing, and sexed semen offer promising approaches.
However, a major complication lies in the multitude of factors
involved in producing in vivo and in vitro embryos and establishing
pregnancies post transfer. Additionally, once the embryo is
produced, multiple protocols with different cryoprotectants are
used for freezing or vitrifying embryos. Variable pregnancy rates
among different embryo types and procedures could be the result of
many different factors, some of which lie with the embryo recipient.
There is a need to mitigate these factors to further optimize embryo
transfer and increase offspring production [1]. When measuring
pregnancy rates after embryo transfer, it is essential to consider the
substantial variation of that the recipients have on these pregnancy
rates. Therefore, by focusing on post-thaw culturing of embryos, a
more controlled environment is an option to evaluate the viability
of cryopreserved embryos. This approach allows for examination
of embryo development, changes in quality grades, and hatching
rates, ultimately aiming to improve the success of frozen/thawed
embryo transfer programs in dairy cattle.

The aim of this study was to evaluate the impact of post-
thaw culture conditions and the development and hatching
rates of various types of frozen embryos. In the first experiment,
development of embryos frozen in either ethylene glycol or glycerol
were compared. In Experiment 2, the addition of FBS to the culture
media was tested. In Experiment 3, in vitro produced and in vivo
derived frozen embryos were compared. Lastly, in Experiment 4 the
post-thaw development of in vivo embryos produced with sexed
semen and conventional semen was compared.

Materials and Methods

Straws containing frozen embryos were removed from liquid
nitrogen and exposed in the air for 5 seconds before being warmed
in a water bath at 30°C for 30 seconds. Straws containing embryos
frozen in EG were cut and the embryo was deposited directly into
holding media. Straws containing embryos frozen in Gly were
cut and deposited in 1 molar sucrose for 8 minutes to rehydrate
before placing into holding media. The thawed embryo was washed
through an additional well of holding media before going through
a wash drop of culture media and placed into a 5 ml culture drop.
In the serum study, thawed embryos were randomly placed into
drops containing either 10% or 25% FBS or control. Embryos were
cultured at 38.5°C in a fully humidified 5% CO2, 5% 02, 90%N
environment. Embryos were re-evaluated at 24- and 48-hour post-

thaw for development, quality grade, and hatching. Embryos were
evaluated according to IETS standards [7]. The code for stage of
development is numeric, ranging from “1”, a 1-cell embryo to “9”,
expanding hatched blastocyst. Hatching was defined as the obvious
emergence of the trophectoderm with enclosed blastocoel through
a thinning zona pellucida. Embryo quality was also numerical and
based on morphological integrity of embryos ranging from “1” to
“4”,

Data for numerical grades and stages at different time points
were analyzed by one-way ANOVA. The difference of stages
between two time points were calculated and analyzed by one-
way ANOVA. Contingency tables were constructed for development
and hatching outcomes. Each single embryo was the observational
unit with a binary outcome recorded (achieved advancement in
developmental stage or not or hatched or not). Data were analyzed
via Chi Square. Pairwise comparison was performed using a
2-proportion z-tests. The significance level was set at P < 0.05. All
analyses were performed on R software, Version 3.1.

Two hundred ninety- seven frozen embryos were used across
4 experiments. In Experiment 1, post thaw development was
compared between 96 frozen-thawed embryos frozen in Ethelene
Glycol or Glycerol. In Experiment 2, post thaw development
was compared between 57 frozen-thawed embryos cultured in
media containing 10% or 25% fetal bovine serum or no serum.
In Experiment 3, post thaw development was compared between
80 frozen-thawed embryos that were produced either in vitro
produced or in vivo. In Experiment 4, post thaw development was
compared between 64 frozen-thawed embryos produced with
either conventional or sex-sorted semen.

Results
Experiment 1

Embryo development (Table 1) was significantly higher (p=
0.0001) in the Gly-frozen embryos which advanced on average 1.8
stages compared to EG-frozen embryos which advanced 0.6 stages
of development. The EG-frozen embryos had a higher average post-
thaw stage (4.8 + 0.2) compared to Gly-frozen embryos (4.1 £ 0.1);
however, had a significantly lower average developmental stage
after 24 hours in culture (EG = 5.3 + 0.2; Gly = 5.9 + 0.2). Embryo
quality grades were not significantly different after thawing or
culture. There was no significant difference in the number of
embryos that hatched between the groups. Overall, the number
of embryos that advanced in stages after post thaw culture for 24
hours was significantly higher (p= 0.005) in Gly-frozen embryos
(38) compared to EG-frozen embryos (24).

Experiment 2

There were no significant differences seen in development
stages nor quality grades post thaw, 24 hours of culture, or 48
hours of culture between thawed embryos cultured in media
supplemented with no serum, 10% or 25% serum. No significant
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difference was seen between the number of stages advanced at
24 and 48 hours among the groups. Additionally, no significant
difference was seen in the number of embryos that developed or
hatched among the groups.

Experiment 3

In vivo derived embryos demonstrated significantly enhanced
(P<0.05) development during 48 hours of culture (Table 2). In vitro
produced embryos advanced on average only 0.7 stages while in
vivo derived embryos advanced 1.9 stages of development while in
culture for 48 hours, suggesting enhanced viability in the in vivo
embryos. In vitro produced embryos had a significantly higher (p
< 0.05) average stage (6.8 + 0.2) post thaw and after 48 hours of
culture (7.4 + 0.2) compared to in vivo derived (4.7 + 2.0; 6.6 + 2.0,
respectively) embryos although there was little advancement during
culture. Conversely, in vivo derived embryos had a significantly
(p < 0.05) superior quality grade (Table 3) post thaw, 24, and 48
hours of culture (2.0 + 0.1; 2.0 £ 0.1; 1.9 # 0.1) compared to in vitro
produced embryos (2.5 + 0.1; 2.8 + 0.1; 3.1 + 0.1, respectively). The

number of embryos that developed after 24 and 48 hours of culture
was not significantly different (p > 0.05) between in vitro produced
embryos and in vivo derived embryos. There was a significantly
higher (p= 0.004) number of hatched in vitro produced embryos
(14) compared to in vivo derived (6).

Experiment 4

There were no significant differences observed in
developmental stages post thaw, 24 hours of culture, or 48 hours
of culture between in vivo sexed embryos produced with sexed or
conventional semen. There was no significant difference in quality
grades post thaw; however, embryos produced from non-sexed
semen had a significantly superior (p= 0.03) quality grade (1.8
0.2) after 48 hours of culture compared to embryos produced from
sexed semen (2.4 * 0.2; Table 4). No significant difference was
observed between the number of stages advanced at 24 and 48
hours between the groups, nor the number of embryos developed

or hatched between groups.

Table 1: Effects of glycerol and ethylene glycol frozen embryos on average (¥ SEM) post-thaw developmental stage.

Treatment Number of embryos Stage Post Thaw Stage 24 H of Culture Advancement (48 H of culture)
Glycerol 48 41°+0.1 5.92+0.2 1.8
Ethylene Glycol 48 4.8>+0.2 5.3°+0.2 0.6°

a, b Different superscripts in the same column indicate a statistical difference (p < 0.05).

Table 2: Effects of embryo type (in vitro or in vivo derived) on average (+ SEM) post-thaw developmental stage.

Treatment Number of embryos | Stage Post Thaw | Stage 24 H of Culture | Stage 48 H of Culture | Advancement (48 H of culture)
In Vitro Produced 32 6.8°+0.2 7.00£0.2 74°%£02 0.6°
In Vivo Derived 48 47°+£20 6.0°+2.0 6.6°+2.0 1.9°
a, b Different superscripts in the same column indicate a statistical difference (p < 0.05).
Table 3: Effects of embryo type (in vitro or in vivo derived) on average (+ SEM) post-thaw embryo grade.
Treatment Number of Embryos Grade Post Thaw Grade 24 H Culture Grade 48 H Culture
In Vitro Produced 32 2.5°+0.1 2.8°+0.1 3.1°+£0.2
In Vivo Derived 48 2.0°+0.1 2.0°+0.1 1.9°+0.1

a, b Different superscripts in the same column indicate a statistical difference (p < 0.05).

Discussion

In Experiment 1, Gly-frozen embryos advanced more
developmental stages than EG-frozen embryos, suggesting higher
viability. Ethylene glycol, known for its high cell membrane
permeability in bovine embryos, is a suitable cryoprotectant for
direct transfer because it promotes less osmotic shock and cell
membrane rupture [4]. Although direct transfer is simple and

convenient for use in the field, the thawed embryo is seldom

evaluated under a microscope, leading to unknown factors
associated with the freeze / thaw cycle that impact quality
and developmental potential. Glycerol has low cell membrane
permeability, which is concerning as cells from frozen/thawed
embryos placed directly into an isotonic solution, may undergo
swelling and rupture due to the rapid influx of water compared
to cryoprotectants with slower diffusion dynamics [4]. Thus, Gly-
frozen embryos must be thawed in rehydration steps with the
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buffering action of sucrose to slowly rehydrate the embryo cells.
Because of its simplified protocol direct transfer of bovine embryos,
use of EG as a cryoprotectant had spread throughout the embryo
transfer industry. Conception rates following direct transfer of
bovine embryos in EG have been reported similar to the stepwise
dilution of Gly [8-11]. Our results suggested Gly may be a superior
cryoprotectant based on morphological evaluation of frozen/
thawed embryos during a post thaw in vitro culture, without regard
for any embryo recipient effects.

The addition of FBS to culture media supplements energy
substrates, amino acids, vitamins, growth factors and heavy-
metal chelators to the developing embryos [12]. The challenge in
supplementing with serum lies in the variation of these components
between each batch and type of sera causing inconsistent and
unknown additions to the culture media [13,14]. Although serum
has been shown to increase in vitro development [14], it has also
been associated with large offspring syndrome, modifications of
cell organelles, mitochondrial degeneration, premature formation
of the blastocoele, and modification of gene expression patterns
[12,14]. In vitro produced embryos cultured in serum have also
been shown to have reduced cryotolerance when freezing [12,14].
Rizos et al. (2003) has demonstrated that FBS supplementation in
post-fertilization culture increases blastocyst development early on
Day 6; however, by Day 7 onward there is no difference to culture
conditions without serum [14]. Cardoso et al. (2021) compared re-
expansion and hatching rates of frozen/thawed bovine embryos
placed in post thaw culture medium supplemented with 2.5%
FBS for 48 hours compared to embryos placed in culture medium
supplemented with 2.5% of FBS for 2 hours and then transferred
to culture medium with bovine serum albumin (BSA) alone for the
remaining 46 hours [15]. Their results showed that blastocysts
cultured after thawing in medium with FBS undergo hatching at
a significantly higher rate compared to those cultured with BSA
concluding that FBS positively influences blastocyst hatching after
freeze-thaw [15]. In contrast, experiment 2 in this report resulted
in no significant differences with the addition of FBS at 10 and 25%.
Similarities among groups suggest no benefit of serum to post-thaw
development with the sera type and concentration tested in this
experiment.

In vitro embryos differ from in vivo embryos morphologically,
physiologically, and developmentally [16]. A major challenge is in
vitro embryos’ reduced tolerance for cryopreservation which has
been associated with increased lipid accumulation in the cytoplasm
of in vitro produced embryos [12,13,17-19]. In vitro-produced
embryos have an overabundance of oxidized glycerophospholipids
and triglycerides, while in vivo embryos have an overabundance
of phospholipids. Phospholipids, such as phosphatidyl choline,
seem to be a positive biomarker for successful cryopreservation
[20,21] Lower conception rates in in vitro frozen thawed embryos
may be due to electron-dense cytoplasm, loose blastomeres,
buoyant density, slower growth, excessive metabolism of energy
substrates and high thermal sensibility [12]. In this study, in vitro

produced embryos were frozen at advanced stages compared
to the in vivo derived embryos, although the in vitro derived
embryos demonstrated little development during post thaw culture
compared to the in vivo derived embryos. The in vivo derived
embryos had significantly higher quality grades at all time points
post thaw supporting increased cryotolerance compared to in vitro
produced embryos and perhaps resulting in enhanced pregnancy
rates of the in vivo derived embryos.

The ability to sex semen has been revolutionary for the dairy
industry offering a strategic approach to manage offspring sex.
Sex ratios vary among breeds, but sex ratios with conventional
semen for Holstein-Friesian cow’s hover approximately 52:48 in
favor of males [22,23]. The majority of male dairy calves have low
economic value because of their poor performance potential as
beef and only 0.1% are elite enough to be utilized as dairy breeding
bulls. The production of most male dairy calves creates challenges
related to animal welfare, societal perceptions, and environmental
sustainability [23,24]. Sex-sorted semen overcomes this challenge.
Producers can utilize genetically superior dams to produce
replacement females and utilize beef semen to increase the beef
value of male offspring [23]. Mikkola et al. (2015) reported that
transfer of embryos produced with sex-sorted semen decreased the
pregnancy rate by about 12% compared with embryos produced
using conventional semen [25]. In Experiment 4, no difference in
development was observed between the in vivo embryos produced
with sexed or conventional semen, although the quality of the
embryos produced with sexed semen did decline following 48
hours of in vitro culture, supporting the earlier literature; however,
no embryos from this experiment were transferred to recipients.

Although post-thaw culture is not commonly practiced in
bovine embryo transfer, it is used clinically in humans to predict
pregnancy outcomes. In a study assessing human embryos
that had been cultured 20- 22 hours post thaw, the researchers
analyzed differences in pregnancy rates between embryo grades
and embryos that developed in culture compared to those that
did not [26]. Results suggested that fair-quality blastocysts that
developed during the post-thaw culture, resulting in a significant
increase in ongoing pregnancy rates compared to the cycles
without blastocyst development [26]. Researchers concluded
that because the blastocyst had 20-22 h to develop in the culture,
more information regarding the blastocyst prior to the transfer is
available and can assist in predicting pregnancy rates [26]. Cardoso
et al. (2021) considers two indicators of the recovery status for
frozen-thawed blastocysts, re-expansion or the restoration of the
blastocoel and hatching or partial or complete rupture of the zona
pellucida [15]. These events provide valuable insight into post-
thaw viability. Implementation of this process holds challenges for
dairy producers and embryo transfer practitioners that do not have
incubators and microscopes, although those services do exist and
are becoming more available as the in vitro fertilization industry
continues to develop. To date, transfer of embryos after post-thaw
culture has not been adequately tested in dairy cattle.
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In conclusion, the field of embryo transfer and freezing
presents a dynamic landscape with ongoing advancements and
challenges. The choice of cryoprotectant, as demonstrated by
Experiment 1, influences in vivo embryo development and viability.
Glycerol, as a cryoprotectant, although more time consuming and
requires more equipment, may be a superior option compared to
EG and direct transfer. Future studies will evaluate differences in
cryoprotectants for both in vivo and in vitro derived embryos and
explore vitrification as an additional option. Similarly, the lack of
development of in vitro produced embryos in culture post-thaw
raises questions about their viability compared to in vivo embryos.
A minor difference in 48-hour culture quality between in vivo
embryos produced using sexed semen and conventional semen
warrants further investigation to evaluate the long-term effects of
sexed semen used to produce embryos in vivo or in vitro. Further
research into post-thaw culturing of frozen embryos will increase
our understanding of factors that impact viability of cryopreserved
embryos, improving the success rates of embryo transfer programs
in dairy cattle.
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