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From the SBTE President
Dear colleagues,

I am really happy to welcome all of you to the 33rd Annual Meeting of the Brazilian Embryo Technology
Society (SBTE-2019), at the Transamerica Resort, Comandatuba Island, — Bahia, Brazil. It is also a pleasure to pre-
sent the meeting proceedings, considering that this is our fifth joint publication with the Association of Embryo
Technology in Europe (AETE). | am strongly optimistic about this ongoing partnership and we are grateful to AETE
for their efforts in contributing to the pronounced quality of these proceedings.

My kind acknowledgments to the Scientific Committee: Vilceu Bordignon, Luiz Pfeifer and Bernardo
Gasperin, who organized a wonderful program with an outstanding team of speakers, enabling the discussion of top
issues regarding embryo production and fertility. | would also like to thank our speakers and our workshop coordi-
nators, for their kindness in sharing their time and knowledge, thus greatly contributing to the remarkable quality of
the meeting.

We also greatly thank our sponsors: CNPg, CAPES and partner companies, particularly the partner compa-
nies of the SBTE condominium, for their great contribution in making this meeting possible.

Thank you all SBTE members, for supporting our society in so many ways through the decades.

Finally, my highest sincere and special thanks to all SBTE directors, whose nice job has made this meeting
possible.

Best regards,

M arcelo M ar condes Seneda
SBTE President (2018-2019)
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From the AETE President
Dear Friends, dear Colleagues,

It is with great pleasure that | invite you to our 35™ Annual Scientific Meeting of the Association of Embryo
Technologies in Europe. This year we go to Murcia, Spain where we will be welcomed by a fantastic Local Organizing
Committee, chaired by Dr Rakel Romar. They prepared a wonderful venue for us with a great social program, starting
with a warm Welcome Reception on Thursday evening 12" of September and ending on Saturday 14™ with a real beach
party. Of course, between these two events a lot of scientific content is programmed as well. We call it “scientific” pro-
gram, while in real life, we do our utmost best to bring an ideal mix of fundamental science with very applied topics, ready
to be used by practitioners and other stakeholders from the field.

The board of the AETE now contains three scientific committee members, focusing on the scientific programs of
the next meetings. If you have suggestions, please do not hesitate to advise us. For this year’s meeting we are pleased to
announce 4 very interesting keynote speakers. Dr Peter Hansen (Department of Animal Sciences, University of Florida)
will expand on the importance of heat stress in cattle breeding and how a changing climate may affect our embryo tech-
nology business. Dr Hansen promised us to focus on solutions and valuable advice. His lecture will be generously sup-
ported by our main sponsor Vétoquinol. This is of course very well appreciated by the Society. Next, following our yearly
tradition, the SBTE will be represented by Dr Felipe Perecin (Faculty of Animal Sciences and Food Engineering, Veteri-
nary Medicine Department, University of Sao Paulo, Brazil), who will speak about cellular interactions between the oo-
cyte and somatic cells. Also Dr Perecin promised us to provide sufficient hands-on advise translated from the great fun-
damental knowledge he and his team generated over the years. The intense collaboration between AETE and SBTE is very
well appreciated by the board and all members. As you know, this year we jointly publish already for the fifth time our
abstract proceedings and invited lectures in Animal Reproduction. At the Affiliated Society meeting at IETS, this collabo-
ration and joint publication efforts between AETE and SBTE were mentioned and really appreciated.

Dr Olli Peltoniemi (Faculty of Veterinary Medicine, University of Helsinki, Finland) will, as a third invited
speaker, expand on recent advances in reproductive management and biotechnology in the pig industry. Our fourth speak-
er, Dr Sylvie Chastant (National Veterinary School of Toulouse, France), will speak about the importance of inflammation
and disease on the quality of the oocyte and the embryo and on reproductive performances.

Next to the invited speakers, we will have more than 15 short oral presentations. Furthermore, | can already tell
you that more than 30 abstracts were submitted in the Student Competition section. Only a shortlist of the best 5 abstracts
will be selected to be presented during the meeting in our prestigious Student Competition session. In total, this year, we
have about 110 abstracts submitted.

As every year we will have two interactive workshops. The first workshop will focus on the ethical aspects of
our embryo technology sector. The importance of public opinion is growing and we should, as a society, prepare ourselves
and formulate a strong opinion. This workshop will be chaired by Dr Roger Sturmey (Hull-York Medical School, Hull,
UK). The second workshop will be moderated by Dr Zvi Roth (The Hebrew University of Jerusalem, Israel) and focuses
on the practical aspects of heat stress in our embryo technology business. How can we anticipate and avoid the negative
effects of climate change.

The highlight of our meeting in Murcia is of course the AETE Pioneer Award. It is a great honor for all members
of the AETE board, and for me personally, to present Prof Dr Poul Hyttel (Department of Veterinary and Animal
Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, Denmark) as the 2019 AETE Medalist win-
ner. Since 1990, he has been the Professor of Anatomy at the Department of Anatomy and Physiology at the Royal Vete-
rinary and Agricultural University; now Department of Veterinary and Animal Sciences (DVAS), Faculty of Health and
Medical Sciences at University of Copenhagen. Poul Hyttel’s current research activities are directed towards pluripotent
animal and human stem cells and in vitro embryo production. A fully equipped stem cell laboratory approved for geneti-
cally modified cells has been established at DVAS. The major contemporary projects focus on (1) establishment of human
patient-specific neural in vitro cell models (“microbrains”) for modeling of neurodegenerative disorders by the use of in-
duced pluripotent stem cells (iPSC); (2) establishment of animal iPSCs for the development of the domestic animals as a
translational model for iPSC-based cell therapy; and (3) in vitro production of bovine embryos, where the technologies for
oocyte maturation, fertilization and embryo culture in vitro are optimized and genomics is applied for precise selection of
high quality embryos. He has authored more than 280 refereed international articles and has been the principal supervisor
of more than 40 PhD-students and postdocs. In 1997-1998 Prof. Hyttel was President of the International Embryo Transfer
Society, in 2011 he was awarded Doctor Honoris Causa at University of Antwerp, Belgium, in 2015 he was knighted 1st
Class Order for his services to Denmark, and in 2018 he was awarded Doctor Honoris Causa at Estonian University of
Life Sciences, Tartu, Estonia.

And finally, we cannot underestimate the great importance of our Sponsors in our Society. We are very grateful
to (20 May 2019):

Main: [Vetoquinol]; General: [Ceva Santé Animal]; Exhibitors: [imv TECHNOLOGIES] [EGG TECH] [ivf
BIOSCIENCE] [IVF tech] [Minitiib] [PETS] [CONTROLTECNICA Instruments] [SPARMED APS] [ART Lab Solu-
tions] [SCR Europe srl] [WTA] [REPBIOTECH Marie-Sktodowska Curie ITN]; Supporters: [IVI Murcia]

Stay with us for the latest updates on the program at www.aete.eu and | hope to welcome you all in Murcia.

Jo Leroy
President of the AETE

Anim. Reprod., v.15, n.3, p.357, Jul./Sept. 2019 357
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From the Chairs of the SBTE Scientific Committee
Dear Friends and Colleagues,

We are delighted to welcome you to the 33rd Annual Meeting of the Brazilian Society of Embryo Technol-
ogy (SBTE), which will be held from August 15 to 18, 2019, in the Comandatuba Island, Bahia, Brazil.

This special issue of Animal Reproduction contains the full papers from invited speakers of both the SBTE
and the Association of Embryo Technology in Europe (AETE) annual meetings. We express our gratitude to the
editorial board and staff of the Animal Reproduction Journal for their support and collaboration in organizing and
publishing the joint proceedings of the annual meetings of the SBTE and AETE.

For SBTE 2019, we have prepared a special meeting with two complementary programs: on August 16, a
technology-oriented program will cover topics of major interest to professionals working in the field, and on August
17, a science-oriented program will cover fundamental aspects on reproductive biology, oocyte/embryo develop-
ment and animal fertility. We thank all the speakers for their commitment and efforts in preparing the review ar-
ticles, their kind willingness to comply with our deadlines, and for their oral presentations during the SBTE meeting.

The SBTE 2019 program will start on the afternoon of August 15, with four workshops that were planned
and developed to serve the diverse interests of all SBTE members. Participants will have the opportunity to attend
the workshop of their interest where renowned professionals and scientists will be sharing their experiences and re-
search findings. We are grateful to the workshop presenters and coordinators for their enormous contributions, espe-
cially their dedication to the planning and developing of each topic.

The SBTE program will continue during the opening ceremony on August 15 when Dr. Pascale Chavatte-
Palmer, President of the International Embryo Transfer Society (IETS), will present an update on worldwide embryo
production.

We would like to express our gratitude to the coordinators of the abstract sessions, to the reviewers of ab-
stracts and manuscripts, and to colleagues who evaluated the abstracts for the competitions and awards. This year,
more than 170 abstracts were received and carefully evaluated. Thank you all for your time and effort dedicated to
the review process.

We would like to highlight the tremendous work, dedication and contributions of all members of the SBTE
Board in making this meeting possible.

Finally, we thank all the SBTE members and participants for their attendance at the SBTE 2019 annual
meeting.

Bernardo Garziera Gasperin

Luiz Francisco M achado Pfeifer

Vilceu Bordignon

Co-Chairs of the SBTE Scientific Committee (2018-2019)
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Challenges to increase the Al and ET markets in Brazil
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Abstract

Artificial insemination (Al) and embryo transfer
(ET) are the most widely used biotechnologies in the
world with the goal of increasing genetic gain and
improving reproductive efficiency of beef and dairy
herds. The protocols for ovulation synchronization for
timed Al (TAI) or ET (TET) are tools that allow artificial
insemination or transfer of a high number of embryos in
a pre-established moment and without the necessity of
estrous detection. Currently, 86% of inseminations in
Brazil are performed using TAI (13.6 million TAI out of
a total of 15.4 million doses of semen marketed in 2018).
With the use of TAI, it was possible to verify that the
percentage of artificially inseminated females in Brazil
went from 5.8% in 2002 to 13.1% in 2018. The ET
market also presented considerable growth in the last 20
years. There was an increase of approximately 8 fold in
the number of produced embryos, escalating from 50,000
in 1999 to 375,000 in 2017. In this period, there was a
significant increase on the in vitro embryo production,
which represented 92.1% of embryos produced in Brazil
in 2017. Also, in this period, there was an increase on the
embryo production of dairy breeds and reduction on the
embryo production of zebu breeds in comparison to data
from the early 2000’s. TET increases significantly the
number of recipients suitable to receive an embryo. After
synchronization, 75 to 85% of recipients present a
suitable CL for ET without estrous detection. Currently,
many synchronization and resynchronization protocols
for TAI/TET have been studied to attend different
managements, breeds and animal categories, with
predictable and satisfactory results. With the
intensification of the use of these biotechnologies, it is
possible to obtain elevated reproductive efficiency with
increase on the genetic gain, which determines greater
productivity and economic return for dairy and beef
farms. However, the challenge to keep the market
growing in the next decade could depend on some
factors, such as: increase of the extension services for
producers and of the extension training for specialists,
improvement of the technological advances to develop
more efficient and cost-effective products and practical
protocols, increase the integration between universities,
research institutes, veterinarians and industries and also,
asses market demand for production of animal protein
with higher quality, efficiency and environmental and
economic sustainability.

Keywords: Artificial insemination, embryo transfer,
synchronization, reproductive efficiency, economic return.
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Introduction

The accelerated growth of the world population
is generating a significant increase in the demand for
food, causing concern for the production of animal
proteins to meet the growing number of people on the
planet (FAO, 2017). In this context, Brazil is relevant
because it is the fifth largest country in territorial
extension and has the largest commercial cattle herd in
the world (221.81 million heads, IBGE, 2018).

In 2017, the number of bovine slaughters in
Brazil reached 39.2 million, with an estimated
production of 9.71 million tons of carcass equivalent,
representing 14.4% of world meat production (ABIEC,
2018). Despite this positive scenario, Brazilian beef
cattle production still has low production efficiency, and
ranks second in the world classification of meat
production, led by the United States, which produce
17.9% of the world meat production (ABIEC, 2018).

The national production of fluid milk was 33.5
billion liters, out of a total of 17 million milked cows,
corresponding to the yield of 1,943 liters of milk per
cow per year (IBGE, 2017). In this context, each animal
contributed with only 5.4 liters of milk produced per
day, evidencing the low efficiency of this activity in
Brazil (IBGE, 2017). These numbers rank Brazil as the
fourth largest milk producer (falling behind the United
States, India and China), despite having the world's
largest cattle herd. Also, Brazil is not self-sufficient in
the production of cattle milk, and in this scenario,
importation is necessary to supply the domestic market
(IBGE, 2017).

Thus, it is essential to develop and improve
technologies that collaborate with increasing productivity
on farm, optimizing the breeding systems and the
profitability of the herds. Among the developed
technologies, reproduction biotechnologies are noticeable.

Artificial insemination (Al) is the most widely
used reproductive biotechnology in the world and its
application brings great benefits to the herds when
compared to the use of natural service (Lima et al.,
2010; Lamb and Mercadante, 2016; Baruselli et al. al.,
2018a). The technique allows the use of the semen of
genetically superior bulls, accelerating the genetic gain
and resulting in more productive calves, which generate
greater economic return to the meat and milk producer
(Baruselli et al., 2017b). In addition, Al prevents the
transmission of venereal diseases (Vishwanath, 2003)
and allows better control of the herd, increasing the
uniformity of calves when compared to natural service
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(Rodgers et al., 2015; Baruselli et al., 2017a).

In order to facilitate the use of Al in rural
properties, timed artificial insemination (TAI) was
developed (Pursley et al., 1995). This reproductive
biotechnology eliminates the necessity of estrous
detection and allows anestrous cows to be inseminated,
increasing the reproductive efficiency of cows and
heifers (Rhodes et al., 2003). Furthermore, the use of
TAI anticipates and concentrates conception at the
beginning of the breeding season, increasing the
reproductive and productive efficiency of farms
(Baruselli et al., 2002; Baruselli et al., 2004; Bo et al.,
2007; S& Filho et al., 2013; Sartori et al., 2016).

Embryo transfer (ET) allows the dissemination
of high value genetic material from both males and
females, increasing the genetic gain of animal breeding
programs when compared to Al. Furthermore, ET
associated with the advent of genomic technology and
endocrine markers (AMH) allows the use calves as
oocyte donors to produce embryos from young cattle,
which is an important strategy to accelerate genetic gain
by decreasing generation intervals (Batista et al., 2016).
The ET has presented considerable growth in the last
decades, mainly due to the scientific and technological
development of innovative processes of embryo
production. Currently, in vitro embryo production (IVEP)
represents 92.1% of the embryos produced in Brazil, and
66% of the embryos produced in the world (Viana et al.,
2018; IETS, 2018). In addition to the increase on the
IVEP, there was the development of synchronization
techniques for fixed-time embryo transfer (TET), which
increases the number of recipients suitable for receiving
an embryo and eliminates the necessity for estrous

biotechnology in beef and dairy farms (Baruselli et al.,
2000; Bo et al., 2002; Baruselli et al., 2010).

The evolution of artificial insemination

The Brazilian market for artificial insemination
traded approximately 7.0 million doses of semen in
2002. In 2018, this market reached 15.4 million semen
doses marketed (ASBIA INDEX, 2019), with a 220%
growth in that period. Still, compared to the previous
year (2017 to 2018), the semen market grew 13.7%. For
the calculation of the number of semen doses marketed
in Brazil, data from the ASBIA INDEX were
considered (representing 90% of the Brazilian semen
market), with adjustments to 100% of the market
(Baruselli et al., 2019a). These data clearly demonstrate
that artificial insemination has gained ground in Brazil
over the years.

The increase in the Al market in Brazil
occurred simultaneously with the introduction of TAI
technology. In 2002, according to data obtained by the
Animal Reproduction Department of FMVZ/USP
(Baruselli et al., 2012), the number of protocols
marketed was 100,000, which shows that only 1% of the
inseminations in Brazil were performed by TAI that
year. In 2018, the number of TAI reached 13.3 million
procedures, indicating that 86% of the inseminations
were performed using TAI in Brazil (Baruselli 2019a;
Fig. 1). The TAI market growth in 2018 also showed a
significant increase of 16.1% when compared to 2017
(11.4 million TAI). It is possible to verify that the TAI
has grown 130 fold in the last 16 years, bringing great
advances and benefits to the entire meat and milk

detection, allowing the establishment of this production chain.
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Figure 1. Evolution of timed artificial insemination (TAI) or artificial insemination with estrous detection in cattle in

Brazil (adapted from Baruselli, 2019a).
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Based on the number of breeding cows and
heifers in Brazil (ANUALPEC, 2018) and the number
of commercialized doses of semen (ASBIA, 2019), it
was possible to estimate the evolution of the Al market
in Brazil from 2002 to 2018 (Fig. 2). In 2002, which
coincides with the beginning of data collection
(presented in Baruselli et al., 2012), only 5.8% of the
bovine females of the Brazilian herd were inseminated,
taking into account the use of 1.6 doses of semen per
breeding female. However, in 2018 this figure reached
13.1% of the total number of females in reproduction of
the Brazilian herds (Fig. 2), demonstrating a significant
advance in the use of this technology. This increase was
mainly due to the use of timed protocols, which are
highly reproductive efficient and facilitate the
dissemination of artificial insemination. In 2018, it is

estimated that approximately 9.5 million females were
artificially inseminated in Brazil, contributing to
increase the genetic, productive and economic gains of
livestock.

Furthermore, statistical data collected in Brazil
are similar to those of neighboring countries, according to
the information reported by Argentina and Uruguay
(2016/2017  breeding  season).  Uruguay  has
approximately 3 million breeding females and 300,000
TAI, demonstrating that approximately 10% of breeding
females in reproduction are inseminated. In total, more
than 15 million breeding females were inseminated using
TAI in Brazil, Argentina and Uruguay in the year 2017
(Mapletoft et al., 2018). This information indicates the
consolidation of the technology in the market, resulting in
economic gains and positive perspectives for livestock.
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Figure 2. Evolution of the number and percentage of females inseminated in Brazil based on the number of beef and
dairy breeding cows and heifers (ANUALPEC, 2018) and the number of marketed doses of semen (ASBIA, 2019).
An average of 1.6 inseminations per breeding female was considered.

According to the number of bovine females in
reproduction  (cows and heifers) in  Brazil
(ANUALPEC, 2012 and 2018), the percentage of beef
(Fig. 3) and dairy (Fig. 4) artificially inseminated
females from 2002 to 2018 were calculated. These data
were confronted with the number of semen doses
commercialized for beef and for dairy herds disclosed
by the Brazilian Association of Artificial Insemination
(ASBIA, 2019). For the analysis, 1.4 doses of semen
per artificially inseminated beef female and 2.4 doses
of semen per artificially inseminated dairy females
were considered. The data show that 13.6% of the beef
females and 10.8% of the dairy females are artificially
inseminated in Brazil. Unexpectedly, there was a drop
in the percentage of inseminated dairy cows in the last
5 years. On the other hand, the percentage of
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artificially inseminated beef females has increased
almost two times in the last 10 years.

According to preliminary data from 2017
(IBGE), 76.2% of livestock establishments in Brazil
had less than 50 head. Since there are many small
producers, the low incidence of technology in small
farms is proportionately higher, creating a budget
constraint for the producer to invest in technology. For
dairy cattle, 85.9% of all properties have less than 50
head (IBGE, 2017), which can explain the reduction
on the use of Al in the last 5 years (Fig 4). The
number of establishments with 50 head or less is also
high for beef farms in Brazil (68.1%), however, the
number of large properties (441,133 farms, IBGE
2017) is almost 3-fold the number of large dairy
properties (164,568), which is indicative of a higher
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incidence of technology for beef farms. Furthermore,
according to the profile of lactating cows in Brazil,
54% of the total is composed of genetics without milk
production specialization (Nogueira, 2019).
Additionally, in the last 4-years, an increase in the cost
of the food for dairy cows was observed and therefore,
there was a reduction on the economic gain of the

dairy farms (CNA, 2019), discouraging the use of
technology in the milk production sector. These facts
corroborate with the evolution of the Al market, where
it is possible to observe that beef cattle have a growing
number of inseminated animals, and dairy cattle, in the
last four years (2014 to 2018), have had a decrease on
the number of inseminated females.
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Figure 3. Evolution of the number and percentage of beef females inseminated in Brazil based on the number of beef
breeding cows and heifers (ANUALPEC, 2018) and the number of commercialized semen doses (ASBIA, 2019).
An average of 1.4 inseminations were considered per breeding female.
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Figure 4. Evolution of the number and percentage of dairy females inseminated in Brazil, based on the number of
dairy breeding females (ANUALPEC, 2018) and the number of commercialized doses (ASBIA, 2019). An average

of 2.4 inseminations were considered per breeding female.
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The economic impact of TAI in Brazil

In the year of 2018, it is estimated that TAI
generated approximately R$ 3.5 billion (approximately
1 billion dollars) for the Brazilian beef and dairy
production chain. It is calculated that this activity counts
with 3,788 veterinarians specialized in animal
reproduction acting on the farms (considering 3,500
TAI per professional, Baruselli, 2019b). Based on these
data, it is estimated that TAI moved R$ 796 million for
its execution in Brazil. The veterinary service
corresponds to 33% of the value for execution of TAI
(R$ 265.2 million), considering the cost of R$ 20 per
synchronized animal. The companies selling semen and
pharmaceuticals represent 66% (R$ 796 million) of the
total value, considering 13.3 million TAI performed in
the year at an average price of R$ 20 for
synchronization drugs and R$ 20 for semen dose
(Baruselli, 2019b).

In addition to these direct economic impacts,
there are benefits in increasing productivity that must be
taken into consideration. In beef herds, there is an
increase in the quantity and quality of calves produced
with the introduction of TAI technology. Considering
that TAI is used in 10.2 million beef females, an
increase of 8% is estimated in calf production when
compared to natural service (S& Filho et al., 2013,
Baruselli et al., 2018a), with additional production of
816 thousand calves per year, adding R$ 979 million in
the meat production chain (TAI calf price = R$
1,200.00). Also, because of the high genetic merit and
anticipation of the calving provided by the use of TAI
comparing to natural service, these studies showed an
additional gain of 20 kg in the weaning weight, which
represents an extra gain of R$ 490 million (Kg of the
calf = R$ 6.00). Also, from weaning to slaughter, calves
from TAI show an additional gain of 15 kg of carcass,
totaling R$ 600 million (approximately 4 million
animals slaughtered with R$ 150.00 per 15 kg of
carcass). Thus, TAI generates an impact of additional
R$ 2.1 billion per year on the beef production chain
when compared to natural service (Baruselli, 2019b).

In dairy herds, TAI also has great economic
impact. Studies have shown that there is a reduction of
approximately 1 month in the inter calving interval (1CI)
of animals receiving TAIl when compared to animals
submitted to traditional systems of estrous detection or
natural mating (Nebel, 2003; Caraviello et al., 2006;
Teixeira, 2010; Baruselli et al., 2017a). With this
reduction of the ICI, there is a 10% increase in the
annual milk yield of the farm. Considering that 3.1
million dairy cows are submitted to TAI in Brazil, with
an estimated production of 3,000 liters per lactation
(estimative for farms that use Al), an increase of 917
million liters of milk per year is estimated, with
additional revenues of 1.3 billion additional income per
year. In addition, the use of genetically superior bulls
through Al adds 350 liters of milk per lactation,
corresponding to 131 million liters per year (R$ 1.39 per
liter, average of 2018 CEPEA/USP, published in 2019)
and a turnover of R$ 166 million per year. Thus, it was
estimated that the impact of the TAI on dairy farming
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generates an additional R$ 1.5 billion per year when
compared to traditional breeding systems with estrous
detection or natural mating.

From these data it is possible to calculate the
return on investment of this biotechnology. Each R$
1.00 invested on the TAI technology, there is a return of
R$ 4.50 for the beef and dairy production chain in
Brazil. (Baruselli, 2019b). These figures clearly
demonstrate that the investment in TAIl technology
generates significant gains for Brazilian livestock.

Evolution of synchronization and resynchronization
protocols for TAI

The first TAI protocols for cattle appeared in
the mid - 1990s with the development of the Ovsynch
protocol (GnRH - 7 days/PGF - 48 hours/GnRH - 16
hours before Al; Pursley et al., 1995). Currently, TAI
programs underwent various modifications to facilitate
management and improve pregnancy rates. In Brazil,
the protocol based on estradiol (E2) and progesterone
(P4) is the most used for TAI (Baruselli et al., 2002; S&
Filho et al., 2009; Baruselli et al., 2012). Numerous
protocols have been developed for different breeds,
animal categories and for the producer to adapt the best
reproductive program to the farm production system.

Regarding the available TAI programs, many
different protocols can be used with similar efficiency.
The time of permanence of the P4 device may vary from
5 to 9 days (B6 et al., 2007; Baruselli et al., 2012,
Baruselli et al., 2017a; Bo et al., 2018). Regarding the
number of managements required to perform the
synchronization for TAI, there are studies that have
developed systems with 3 or 4 animal handlings. In
general, the goal of the additional management is to
administer prostaglandin (PGF), anticipating luteolysis,
and reducing serum P4 concentrations at the end of the
protocol in cycling animals. The additional treatment
with PGF in cyclic heifers and cows 2 or 3 days before
the device removal (four animal handlings) increases
the dominant follicle growth and the ovulation and
pregnancy rates (Mantovani et al., 2005, 2010; Sa Filho
et al., 2009; Meneghetti et al., 2009). However, some
studies have demonstrated that it is possible to perform
PGF treatment on day zero (DO) of the protocol (3
animal handlings), causing luteolysis in animals with
presence of a responsive corpus luteum (CL) at the
beginning of synchronization, reducing blood P4 during
the protocol, increasing the follicular growth, ovulation
and conception and facilitating the management of TAI
(Carvalho et al., 2008). However, recent studies have
shown association between decrease in circulating
progesterone concentration during the synchronization
protocol and increase of dry matter intake (Batista et al.,
2015). Therefore, the positive effect of the PGF
treatment to induce early luteolysis during the TAI
protocol could be reduced in animals submitted to high
dry matter intake.

The EB has been successfully used for
inducing ovulations at the end of the synchronization
protocol (Hanlon et al., 1997; Cavalieri et al., 2002).
Estradiol cypionate (EC) is another ester of E2 with low
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water solubility. Despite differences in
pharmacodynamics, both esters of estradiol (EB and
EC) administered either at P4 device removal (EC) or
24 h later (EB) were effective in inducing synchronized
LH surge and ovulations and similar P/Al in suckled
Bos indicus beef cows submitted to TAI (EB = 57.5%;
2771482 vs. EC = 61.8%; 291/471; Sales et al., 2012).
Furthermore, in lactating Holstein cows the EC
administered at P4 device removal (3 animal handlings)
or GnRH 48 h later (4 animal handlings) presented
similar LH surge (time of the LH peak averaged 43.6 h
after P4 device removal) and P/Al (TAI performed 58h
after P4 device removal for both treatments, EC =
30.0%; 117/390 vs. GnRH = 31.4%; 123/392; Souza et
al., 2009). The use of EC as the ovulatory stimulus
given at the time of P4 device removal in the TAI
protocol reduces the handling, without reducing fertility.

Furthermore, to achieve better genetic and
production gains, reproductive strategies should focus
on improving service rates and reducing the interval
between inseminations, without compromising the
viability of the previously established gestation (Sa
Filho et al., 2014). Based on this concept, ovulation
resynchronization protocols were developed for females
that did not become pregnant. In these reproductive
programs, the non-pregnant females from the previous
TAI were identified as soon as possible and inseminated
again, therefore increasing the proportion of pregnant
cows per Al (Baruselli et al., 2017b). This procedure
promotes the anticipation of conception in the breeding
season; concentrating parturitions at the beginning of
the calving season and increasing reproductive
efficiency at the subsequent breeding season (Sa Filho
et al., 2013; Bo and Baruselli, 2014; Bo et al., 2016).

Conventional resynchronization is initiated at
the time of pregnancy diagnosis (28 to 32 days after
TAI; Marques et al., 2012; Stevenson et al., 2003). With
this method, it is possible to perform three
inseminations with an 80-days interval. Subsequently,
early resynchronization was developed, which is
initiated in all females (independently of the pregnancy
diagnosis) 22 days after the TAI. On day 30 all females
are submitted to pregnancy diagnosis and only the non-
pregnhant females carry on the TAI protocol, receiving
the next artificial insemination on day 32 (S& Filho et
al., 2014). With this method, it is possible to perform
three inseminations with a 64-days interval. Recently
the super-early resynchronization protocol was
developed, in which it is possible to perform three
inseminations in 48 days. This resynchronization starts
in all females 14 days after TAI. On the 22nd, all the
non-pregnant females were diagnosed using Doppler
ultrasonography (Vieira et al., 2014), analyzing the
presence and vascular flow of the CL (Pugliesi et al.,
2017; Siqueira et al., 2013).

According to Vieira et al. (2014), the
application of 1.5 mg of estradiol benzoate (EB) on days
13 to 14 after previous TAI induced luteolysis and
reduced conception rate of the first insemination
differently from resynchronized females at 22 days
post-TAI, which do not present luteolysis after the
treatment with estradiol benzoate at the beginning of the
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resynchronization protocol (Sa Filho et al., 2014). Thus,
super-early resynchronization is based on the use of
injectable P4 at the time of insertion of the P4 device
(14 after TAI) to induce the emergence of a new wave
of follicular growth (Cavalieri, 2018) without impairing
the gestation established in the previous Al (Rezende et
al., 2016; Guerreiro et al., 2018; Gongales-Junior et al.,
2018). However, recently Motta et al. (2018) reported
that 16- to 18-month-old Nellore heifers submitted to
super-early resynchronization with 1 mg of EB at day
14 showed early luteolysis, but there was no reduction
in the conception rate of the first TAI. This information
is indicative of conflicting scientific findings and justify
further studies to evaluate the effect of treatment with
estradiol at the onset of the super-early
resynchronization protocol (Day 14).

Embryo Transfer Market

The in vivo embryo production (in vivo derived
— IVD) in Brazil had its onset in 1977 (Rubin, 2005),
reaching a production of 24,085 embryos in 1997
(IETS, 1998). In the next 7 years, the IVD embryo
production increased more 4 fold, with a production of
102,100 embryos in 2004 (IETS 2005). As of this
moment, the in vitro production (IVP) of embryos,
which was implemented in Brazil in 1993 (Rubin,
2005), becomes noticeable, approaching the IVD
embryo production (IVD: 102,100 vs. 1VP: 80,833). In
2004, 30% of transferred embryos in the world were
derived from the IVP of embryos (IVD: 789,000 vs.
IVP: 239,813).

In 2007, 46,694 IVD embryos and around
200,000 IVP embryos were transferred in Brazil, clearly
showing the exponential growth of the in vitro embryo
production market (IETS, 2008). At that time, over 90%
of these embryos (both IVD and I1\VVP) were produced in
beef herds. In 2008, Brazil accounted for 86% of the
world production of IVP embryos (IETS, 2009). These
data demonstrate that Brazil was a world leader in the
use of this technology.

While the IVD embryo production maintained
constancy between 2007 (46,694) and 2013 (50,455),
the in vitro embryo production continued enhancing,
reaching its peak production in 2013 with 366,517 VP
embryos (IETS, 2014).

In addition, according to recent data published
by the IETS in 2018 (Viana, 2018), there has been an
increase of 48.9% in the number of VP embryos in the
world in comparison to the previous year. On the other
hand, the number of IVD embryos production had a
reduction of 21.7%. Nowadays, the number of VD
embryos produced in the world (495,054) is two times
lower than IVP embryos (992,289; Viana, 2018). This
increase on the IVP embryos in 2017 occurred mainly in
North America (82.7%) and in Europe (164.7%). For
the first time since 1999, the number of VP embryos in
North America overcame the number of IVP embryos in
South America.

In South America, Brazil and Argentina stand
out as the largest bovine herds and largest embryos
producers (Viana et al, 2018). In 2017, Brazil was
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responsible for the production of 345,528 IVP embryos,
which represents 76.2% of all IVP embryos in South
America.

In 2017 in Brazil, the IVP embryos was higher
for dairy (180.475 embryos) than for beef (165,053
embryos) herds, and in Argentina (2™ in the ranking for
IVP embryos in South America), the number of IVP
embryos for beef herds was higher than for dairy herds
(31,034 vs. 1,710).

In South America the 1VD embryo production
is of 49,230 embryos, with an average of 5.5 embryos

per flushing. Brazil is responsible for approximately
60% of the 1VD embryos produced in South America.
The second in the ranking is Argentina, comprising 36%
of this production. In Brazil, there is a noticeable
difference in the proportion of 1VD embryos in dairy
and beef herds in the last 3 years (Tab. 1). In beef herds,
the IVD embryos represents nowadays only 24% of the
Brazilian production, the remaining (76%) belongs to
the dairy herds. In Argentina, this proportion is
reversed, where the beef herds comprise 92% of the
IVD embryos market.

Table 1. Proportion of 1\VD and I\VVP embryos for beef and dairy herds in Brazil from 2015 to 2017.

In vivo In vitro
Beef Dairy Total embryos Beef Dairy Total embryos
2015 73% 27% 22,355 43% 57% 353,539
2016 48% 52% 31,683 46% 54% 346,817
2017 24% 76% 29,533 48% 52% 345,528

Evolution of the synchronization and
resynchronization protocols for TET

The technique of synchronization of ovulation
for timed embryo transfer (TET) significantly increases
the amount of recipients suitable for receiving an
embryo, making it feasible and easy to use this
technology for beef and dairy herds (Baruselli et al.,
2000; Bo et al., 2002; Nasser et al., 2004). After
synchronization, 75 to 85% of the recipients present a
CL that is suitable for ET without the need for estrous
detection (Baruselli et al., 2010). TET can be used in
cyclic or anestrous recipients, optimizing the
reproductive efficiency in beef and dairy herds
(Rodrigues et al., 2010).

In addition to optimizing the dissemination of
high value genetic material, the ET improves the
reproductive efficiency of repeat-breeder cows and
reduces fertility impact caused by heat stress (Baruselli
et al.,, 2010). The TET can be used in repeat-breeder
cows to increase conception rates mainly during warm
periods of the year (Freitas et al., 2010, Rodrigues et al.,
2010; Ferreira et al., 2011). In studies conducted in
Brazilian tropical conditions, it was observed that the
oocyte quality is affected by heat stress during the
summer (Torres-Junior et al., 2008), which interferes
with initial embryo development, especially in repeat-
breeder cows (Ferreira et al., 2011; Ferreira et al.,
2016). Studies have indicated that it is possible to obtain
a larger numbers of pregnant females in dairy herds
with the use of ET during the summer and in repeat-
breeder cows.

In beef herds, studies evaluated the reproductive
efficiency of synchronization and resynchronization
techniques used simultaneously for TAI and TET. In
one study (Martins et al., 2014), 634 lactating Nellore
cows were submitted to four treatments: two consecutive
TAlI (2TAI; n = 160), TAI followed by TET
(TAUTET; n =160); TET followed by TAI (TET/TAI,
n = 158) and two consecutive TET (2TET; n = 156).
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The embryos were produced in vitro and transferred
fresh. The pregnancy rate after the first service was
higher for managements with 2TAI (59.4%, 95/160) and
TAIl + TET (59.4%, 95/160) compared to TET + TAI
(31.7%, 50/158) and 2TET (32.7%, 51/156, Figure 5).
Furthermore, the accumulated pregnancy rate (1st + 2nd
service) was lower for the animals that received 2 TET
(P < 0.0001; Fig. 5) when compared to animals that
received 2 TAl and TAI+TET. However, no differences
were observed between 2 TAIl and TAI+TET
reproductive programs. These data are indicative of high
reproductive efficiency for programs associating TET
with TAL.

In order to reduce the negative effects of
pregnancy rate using TET, another study was carried
out with two resynchronizations (early
resynchronization protocol starting 22 days after Al and
with diagnosis of gestation at day 30) in Nellore
lactating cows (n = 360; unpublished data). The animals
received a TET, followed by 2 TAI in a 64-day breeding
season. The pregnancy rate for TET was 44.2%,
followed by 55.7% for the first TAI (second service)
and 47.1% for the second TAI (third service),
comprising 86.9% pregnancy rate at the end of 64 days
breeding season. These data are indicative that it is
possible to use TET on the first service, followed by
resynchronizations with TAI, with satisfactory results in
the herds breeding season.

Aiming to improve the efficiency of
reproductive programs, research groups have studied the
use of Doppler ultrasonography (to evaluate the
vascularization of the CL) for TET. Several studies have
observed the effect of the CL blood flow on embryo
recipients pregnancy (Pinaffi, 2015; Pugliesi et al., 2016),
which allows the use of Doppler ultrasonography to rule
out recipients presenting CL without vascularization,
directing desirable embryos to more fertile cows (Pugliesi
etal., 2017).

The possibility of initiating resynchronization
after the early pregnancy diagnosis using Doppler was
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also evaluated. A total of 165 embryo recipients were
diagnosed at 21 days, aiming to improve reproductive
management of TET programs (Guimaraes et al., 2015).
The accuracy and sensitivity of the early diagnosis at 21
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days was of 88.3% and 100%, respectively. This early
diagnosis with Doppler enabled 80% of the non-pregnant
recipients to be diagnosed at 21 days of gestation and
thus resynchronized early for a new TET program.
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Figure 5. Pregnancy rate of the first and second services and cumulative pregnancy rate (first + second service) in
Nelore (Bos indicus) lactating cows submited to four reproductive managements: 2TAI (n = 160), TAI followed by
TET (TAI/TET; n = 160), TET followed by TAI (TET/TAI; n = 158) and two TET (n = 156). Adapted from Martins

etal., (2014).

Challenges to increase the use of reproductive
biotechnologies in Brazil

The markets for Al and ET in Brazil have
grown considerably in the last 20 years. The
technological development of the reproductive
processes has reached high efficiency with favorable
cost-benefit when applied in the farms for meat and
milk production. However, the challenge to keep the
market growing in the next decade could depend on
some factors, such as:

- Extension services for producers: transfer the
scientific and technical knowledge related to increased
farm productivity and economic benefits of the
application of reproductive biotechnologies on farms,
providing a clear message to the users (many farmers do
not know the advantages of using reproductive
biotechnologies involved with breeding programs).

- Extension training for specialist: the
educational programs for training new specialists to
apply assisted reproductive technologies on farms to
support the continuous growth of these technologies (to
reach the world average of inseminated cattle in Brazil,
4000 veterinarians working on the farms are necessary).

- Technological development: continue to
develop more efficient and cost-effective products and
practical protocols to apply on the farm to enhance
productivity and profitability. Conduct more research to
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increase the efficiency of Al and ET programs taking
into account the interaction between nutrition and
reproduction, genetics and reproduction, health and
reproduction and environment and reproduction.

- Increase the integration: increase the
cooperation between universities, research institutes,
veterinarians, industries for cattle Al and ET, allied
animal production industries, farm associations and
producers with the intent of more effectively transferring
the use of reproductive technologies to the field.

- Market demand: in the world there is a
strong demand for production of animal protein with
higher efficiency and environmental and economic
sustainability. The use of reproductive biotechnologies
increases productivity per unit of land and significantly
contributes to improve the efficiency of livestock.
Therefore with the intensification of the use of
reproductive biotechnologies it is possible to enhance
production with reduced environmental impact. This
scenario contributes to change the production system
and for farmers to seek new alternatives, in which
reproductive biotechnologies are included.

Conclusions
The use of reproductive biotechnologies (Al

and ET) to multiply superior individuals results in
significant genetic advancement of the herds and
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increased productivity. Despite all the scientific and
technological advances that have occurred in recent
years, these biotechnologies are still used in small
extent in rural properties. Only 13% of Brazilian cows
and heifers are artificially inseminated, compared to 20-
22% in the world (Thibier and Wagner, 2002;
Vishwanath et al.,, 2003). The Brazilian Al market
needs to grow 5% per year in the next 10 years to reach
the world average of inseminated bovine females.
Although Brazil is the largest producer of embryos in
the world, the intensity of use of ET is low (number of
embryos transferred/total of the herd), ranking the
country in the 11th position in the world (Viana et al.,
2017). Therefore, the Brazilian livestock needs to
intensify the use of reproductive biotechnologies for the
genetic and productive improvement of the herd. To
change this scenario, efficient reproductive programs
that aim to increase the use of artificial insemination
and embryo transfer on farms have been developed.
These programs are currently established and present a
positive economic return (Baruselli et al., 2018b),
generating higher meat and milk production per area
and more value for the beef and dairy production chain.
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Abstract

Establishment of pregnancy in mammals
requires reciprocal molecular communication between
the conceptus and endometrium that modifies the
endometrial transcriptome and uterine luminal milieu to
support pregnhancy. Due to the small size of the early
embryo and elongating conceptus relative to the volume
of the uterine lumen, collection of endometrium adjacent
to the developing conceptus is difficult following
conventional uterine flushing methods in cattle. Use of
endometrial explants in culture can overcome this
challenge and reveal information about the dialogue
between the developing embryo and the uterus. The aim
of this short review is to summarize some of our recent
findings in relation to embryo maternal interaction during
bovine pregnancy establishment and to put them in the
wider context of fertility in cattle.

Keywords: bovine,
progesterone.

conceptus, fertility, uterus,

Introduction

Embryo mortality is a major contributor to
poor reproductive efficiency in dairy and beef cows. A
significant proportion of embryonic loss in cattle,
particularly lactating dairy cows, occurs during the first
2-3 weeks after conception, before maternal recognition
of pregnancy, which occurs around Day 16. In a recent
comprehensive review, Wiltbank et al. (2016) described
four pivotal periods of pregnancy loss during the first
trimester of gestation and discussed possible causes for
pregnancy failure during these periods. Despite a
relatively high fertilization rate (>85%), 20%-50% of
high-producing lactating dairy cows experience
pregnancy loss during the first week of gestation. From
Days 8 to 27, concomitant with embryo elongation and
maternal recognition of pregnancy, losses average
approximately 30%. From Days 28 to 60, losses of
approximately 12% occur while in the fourth period,
during the third month of pregnancy, pregnancy losses
are reduced (approximately 2%), but may be elevated in
some cows, particularly in those carrying twins in the
same uterine horn (Wiltbank et al., 2016).

Communication between the developing
embryo and the mother is vital for the successful
establishment and maintenance of pregnancy but the
requirement for this dialogue is temporal in nature and
in reality only becomes absolutely essential from around
Day 15-16 onwards. Pregnancies are routinely
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established in commercial embryo transfer following the
transfer of 6-7 day old embryos, often produced in vitro,
to synchronized recipients. Indeed, pregnancy can be
established following the transfer of elongated
conceptuses up to at least Day 16 (Betteridge et al.,
1980; Kimura and Matsuyama 2014) indicating that the
uterus does not need to receive any signals from the
embryo prior to that stage in order for pregnancy occur.

Up to the blastocyst stage (Day 7-8), the
bovine embryo is relatively autonomous, as blastocysts
can be produced in vitro in the absence of contact with
the female reproductive tract and are capable of
establishing pregnancy after transfer to a synchronous
uterus. In contrast to primates and rodents, in which
implantation occurs shortly after the blastocyst enters
the uterus, in ungulates, such as ruminants and pigs, the
early conceptus undergoes a phase of rapid growth and
elongation before implantation, the latter occurring 2-3
weeks after fertilization. In cattle, conceptus elongation is
initiated around Day 13 of gestation when the hatched
bovine blastocyst transitions sequentially from a
spherical- to ovoid-, then tubular- and finally
filamentous-shaped structure that primarily involves
proliferation of the conceptus trophectoderm cells.
During this time, the elongating conceptus secretes
interferon tau (IFNT), the maternal pregnancy
recognition signal in ruminants (Bazer and Thatcher
2017). While there is a strong positive correlation
between conceptus length and IFNT secretion (Rizos et
al., 2012), surprisingly, threshold concentrations of IFNT
required to overcome luteolysis are as yet not known
(Forde and Lonergan 2017; Spencer et al., 2017).

Elongation is necessary to ensure sufficient
concentrations of IFNT are secreted and to expand the
conceptus surface area for maximal vascular exchange
with maternal tissues after implantation. An inability of
the conceptus to optimally elongate undoubtedly results
in embryonic loss and is believed to significantly
contribute to reproductive failure in cattle (Wiltbank et
al., 2016; Moraes et al., 2018). In contrast to pre-
hatching development, elongation is predominantly
maternally-driven, dependent on substances in the
uterine lumen fluid (ULF; or histotroph). As evidence
for this, blastocysts do not elongate in vitro (Brand&o et
al., 2004) and the absence of uterine glands in vivo
results in failure of blastocysts to elongate following
embryo transfer (Gray et al., 2002).

Spatial and temporal changes of the
endometrial transcriptome and histotroph composition
are necessary to establish uterine receptivity to
implantation and, in turn, are pivotal to the likelihood of
successful pregnancy in cattle. Those modifications are
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primarily regulated by the steroid hormone progesterone
(P4) derived from the corpus luteum (CL) which acts
via the endometrium to promote conceptus growth and
implantation, as well as conceptus-derived IFNT, which
prevents development of the endometrial luteolytic
mechanism (Forde and Lonergan 2012; Brooks et al.,
2014). The role of P4 in uterine receptivity is
unequivocal (Lonergan et al., 2016; Spencer et al.,
2016). Low circulating P4 concentrations in the first
week after ovulation, as frequently occurs in high-
producing lactating dairy cows, are associated with
under-developed conceptuses (Forde et al., 2012) with
an altered transcriptomic signature (Barnwell et al.,
2016) and a low likelihood of establishing pregnancy
(Wiltbank et al., 2016). On the other hand, elevated
concentrations of circulating P4 in the period
immediately after conception have been associated with
advanced conceptus elongation (Carter et al., 2008),
increased IFNT production (Mann and Lamming 2001),
and greater pregnancy rates in cattle and sheep
(Ashworth et al., 1989; Stronge et al., 2005; McNeill et
al., 2006). Despite the definitive association between P4
and conceptus elongation, significant natural variation
in age-matched in vivo- (Betteridge et al., 1980) and in
vitro-derived conceptuses occurs, even amongst
conceptuses developing in the same uterus (Clemente et
al., 2009; Sanchez et al., 2019a; b). This would suggest
that part of the ability to elongate is intrinsic to the
embryo and may be related to oocyte and/or blastocyst
quality.

The aim of this short review is to summarize
some of our recent findings in relation to embryo
maternal interaction during bovine pregnancy
establishment and to put them in the wider context of
fertility in cattle. Several of the recent studies referred to
below have used an endometrial explant co-culture
system to elucidate this fine dialogue by examining
changes in endometrial gene expression induced by
blastocysts (Passaro et al., 2018, 2019) or by an
elongating conceptus (Mathew et al., 2019; Sanchez et
al., 2019b; Bagés-Arnal et al., 2019). Due to the
maintenance of normal cellular and extracellular
architecture in endometrial explants (Borges et al.,
2012), some of the limitations of traditional cell culture
can be overcome; for example, uterine explants allow
the communication between resident populations of
endometrial cells which cannot be achieved with current
2D and 3D cell culture technologies.

Role of progesteronein uterine receptivity and
conceptus elongation

Progesterone from the CL induces both
temporal and spatial changes in the endometrial
transcriptome necessary to establish uterine receptivity,
when implantation in the uterus is possible (Forde et al.,
2009). These changes include down-regulation of the
nuclear progesterone receptor (PGR) in the luminal and
then glandular epithelium (Okumu et al., 2010), which
allows expression of genes and secretion of their protein
products, as well as active transport of other molecules,
required for conceptus elongation.
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The capacity of the uterus to stimulate
conceptus elongation is primarily dependent on
secretions from the luminal and glandular epithelium.
However, the timing of conceptus elongation is clearly
associated with concentrations of P4 in circulation,
which acts via the uterus (Clemente et al., 2009) to alter
the timing of PGR downregulation and thus onset of
expression of key genes required for elongation in cattle
(Forde et al., 2009) and sheep (Satterfield et al., 2006).
Consequently, P4 has an indirect effect on the secretion
of IFNT by the conceptus, given the strong positive
correlation between conceptus length and IFNT
production (Rizos et al., 2012). In order for P4 output
from the CL to be maintained, sufficient quantities of
IFNT must be produced by the conceptus by Day 16 to
abrogate the luteolytic mechanism and maintain CL
function and induce expression of both classical and
nonclassical interferon-stimulated genes (ISG) in the
different cellular compartments of the endometrium that
are proposed to regulate conceptus elongation.

Temporal changes in uterine gene expression
occur irrespective of whether the cow is pregnant or not
(Forde et al., 2009) and it is only during maternal
recognition of pregnancy, around Day 16, by which
time the conceptus is secreting copious amounts of
IFNT (Forde and Lonergan 2017) that major changes in
gene expression between cyclic and pregnant
endometrium become apparent (Forde et al., 2011;
Bauersachs et al., 2012).

Blastocyst-induced changesin the endometrium

Pregnancy recognition in cattle is initiated
around Day 15-16, both at the physiological and
transcriptomic level. Nonetheless, the first week of
development is critical as evidenced by the fact that, at
least in high-producing dairy cows, about 50% of
embryos are no longer viable by Day 6-7 (Sartori et al.,
2010). Whether communication between the embryo
and endometrium at this stage is really important
remains to be demonstrated convincingly. There is
unequivocal evidence that when development occurs in
vivo, blastocyst quality is improved in terms of
ultrastructure (Rizos et al., 2002a), gene expression
profiles (Lonergan et al., 2003a, b; Gad et al., 2012),
cryotolerance (Rizos et al., 2002b) and pregnancy rate
after transfer (Hasler et al., 1995) compared to when
blastocysts are produced in vitro. However, evidence of
a reciprocal effect of a single embryo on the cells of the
uterus is more difficult to detect. As mentioned earlier,
the fact that blastocysts can be produced routinely in
vitro in the absence of contact with the reproductive
tract and subsequently establish a pregnancy after
transfer to a recipient supports the notion that exposure
of the reproductive tract to the early embryo, or vice-
versa, is not required for pregnancy.

In vitro studies have demonstrated that
preimplantation embryos secrete a variety of
biochemical messengers, embryotropins, that act in an
autocrine manner to promote embryonic development
(reviewed by Wydooghe et al., 2015). For many of
these factors, expression of corresponding receptors in
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the uterus has been identified, the activation of which
could lead to cellular and tissue responses in regions
that are in close physical contact with the embryo.
Others have reported that the early bovine embryo (from
Day 5 to Day 9) induces an anti-inflammatory response
in uterine epithelial cells and immune cells in vitro
(Talukder et al., 2017). Therefore, if factors secreted by
the pre-elongating embryo enhance changes in the
transcriptome and in the proteome of the endometrium,
those changes are most likely to be local in nature and
may not be detectable using crude methods of sample
collection. Use of an explant model allows the
interrogation of cells that were in direct contact with the
embryo(s) facilitating the detection of such local
embryo-induced changes in the endometrium during the
very early stages of pregnancy.

Recently, local embryo-induced alterations in
the endometrial transcriptome from spatially-defined
regions in response to the presence of a Day 7 bovine
embryo were reported (Sponchiado et al., 2017). In that
study, the presence of an embryo altered the abundance
of 12 transcripts in the cranial part of the uterine horn
ipsilateral to the CL, including classical ISG (1SG15,
MX1, MX2, OASLY), genes involved in prostaglandin
biosynthesis (PTGES, HPGD, AKR1L4), water channels
(AQP4) and a solute transporter (SLC1A4); however,
the extent of change was relatively minor in nature
ranging from 1.35- to 2-fold). Based on this, we
hypothesized that the blastocyst induces local changes
in the endometrial transcriptome through the production
of IFNT and potentially other diffusible factors. Using
co-culture of endometrial explants in the absence or
presence of blastocysts or medium conditioned by
blastocysts, we demonstrated that bovine endometrium
responds to the presence of 8-day old blastocysts by
upregulating expression of classical I1SG (Passaro et al.,
2018). This effect was (i) specific to the blastocyst stage
- earlier stages did not induce gene expression changes,
(ii) dependent on the number of blastocysts present - a
minimum of 5 blastocysts were required to detect such
changes, and (iii) independent of direct contact - the
effect was induced by embryos co-cultured on
endometrial explants using a cell culture insert
(preventing direct contact) as well as by blastocyst-
conditioned medium (Passaro et al., 2018). While others
have reported differential expression of a small number
of other transcripts in the endometrium in vivo, induced
by the presence of a single blastocyst (Sponchiado et
al., 2017), or in cultured endometrial cells (Talukder et
al.,, 2017; Gémez et al., 2018), we failed to detect in
endometrial explants using gPCR (Passaro et al., 2018).

To extend these findings, Passaro et al. (2019)
used RNA sequencing to investigate global changes in
the transcriptome of endometrial explants induced by
exposure to blastocysts. Exposure of bovine
endometrium to blastocyst-stage embryos resulted in the
upregulation of 40 transcripts in blastocyst-exposed
endometrial explants compared to the control.
Comparison of this list of differentially expressed genes
(DEG) with the common list of genes altered in
endometrial explants following culture with 100 ng/ml
IFNT or a Day 15 conceptus (from Sanchez et al.,
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2019b; Fig. 1) indicated that all of the DEG induced in
the endometrium by blastocyst-stage embryos are
IFNT-stimulated, in contrast to Day 15 when a
significant number of IFNT-independent genes are
induced (Mathew et al., 2019; Sanchez et al., 2019b —
see below).

These results support the concept that the early
embryo is capable of communicating with the
reproductive tract. The effect on the endometrial
transcriptome is dependent on the stage of embryo
development and appears to be due solely to IFNT. The
functional significance, if any, of such induced changes
remains to be fully elucidated given that it is possible to
transfer embryos from Day 7 onwards to a uterus that
has not previously been exposed to an embryo and
achieve normal pregnancy rates.

Response of the endometrium to in vivo or in vitro
derived conceptuses

It has been elegantly shown that the
endometrium can act as a ‘sensor’, with its
transcriptome reflective of the type and developmental
competency of the conceptus present (Bauersachs et al.,
2009; Mansouri-Attia et al., 2009). These studies
compared the endometrial responses to bovine
conceptuses produced by somatic cell nuclear transfer,
in vitro fertilization or artificial insemination (Al) and
suggested that placental failure in bovine clone
pregnancies may originate from abnormal embryo-
maternal communication during the peri-implantation
period (Day 18-20).

As stated above, it is generally accepted that
blastocysts produced in vitro are inferior in quality to in
vivo-derived embryos. This difference is reflected in the
fact that in commercial embryo transfer, the majority of
in vitro-produced blastocysts are transferred fresh while
the majority of in vivo-derived blastocysts are
transferred frozen (Viana, 2018).

Mathew et al. (2019) compared the
transcriptomic response of the endometrium following
exposure to IFNT or a conceptus derived from the
transfer of an in vivo-derived (superovulation and Al) or
in vitro-produced (IVF) blastocyst in order to identify
novel transcripts dependent and independent on IFNT,
conceptus origin and conceptus sex. IVF- or Al-
produced blastocysts were transferred into recipient
heifers on Day 7 of the estrous cycle. On Day 15, IVF-
or Al-derived conceptuses were obtained by uterine
flushing and individually placed on endometrial
explants in media for 6 h. Explants were also cultured
with media alone as a control or media containing 100
ng/mL recombinant ovine IFNT. Incubation of
endometrium with IFNT or IVF- or Al-derived
conceptuses altered the expression of 491, 498 and 576
transcripts, respectively, compared to the control.
Further, 369 DEG were common between explants
exposed to IFNT or a conceptus. 240 DEG were
uniquely altered by conceptuses (IVF- and Al-derived)
but not IFNT. Of these transcripts, 46 were shared
between the IVF and Al groups, while 61 and 133 were
specific to IVF and Al conceptuses, respectively. Five
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genes (MLPH, PROM2, MYADM, VNI1R4L, HTR1A)
were more abundant in endometrium exposed to female
compared to male conceptuses while a single gene
(ARL4C) was more abundant in response to male
conceptuses than female conceptuses.

These data support the hypothesis that
conceptus regulation of gene expression in the
endometrium is complex and involves factors other than
IFNT that may have a biological role in pregnancy
establishment. The findings are consistent with the
presence of unique proteins in ULF of pregnant heifers
on Day 16 and produced by short-term in vitro cultured
Day 16 conceptuses (Forde et al., 2015) and those of
Bartol et al. (1985) who demonstrated that the fully
elongated bovine conceptus produces a significant
number of proteins when cultured in vitro. Further,
Spencer et al. (2013) demonstrated that the bovine
conceptus produces prostaglandins, which can modify
the endometrium prior to pregnancy recognition.

Effect of conceptuslength on the endometrial
response

Significant variation in the length and
morphology of age-matched conceptuses exists, even
when multiple conceptuses are recovered from the same
uterine environment (Clemente et al., 2009; O’Hara et
al., 2014), despite the fact that embryos were produced
in vitro under the same conditions until the blastocyst
stage and were of similar morphological quality at the
time of transfer on Day 7. Conceptus length on a given
day in the period around pregnancy recognition is
thought to be indicative of its quality and the likelihood
of establishing and maintaining a pregnancy (Barnwell
et al., 2016), although this has yet to be definitively
established. While significant differences in the
transcriptomes of long and short Day 15 conceptuses
have been reported (Barnwell et al., 2016), the
interaction between such divergent conceptuses and the
endometrium had, until recently, not been described.
We hypothesized that bovine endometrium exposed to
long vs. short Day 15 conceptuses would exhibit a
different transcriptome profile reflective of potential for
successful pregnancy establishment. To test this
hypothesis we used a combination of in vitro production
of bovine blastocysts, multiple embryo transfer and
conceptus-endometrial explant co-culture to investigate
the response of the endometrium to age-matched
conceptuses of different sizes collected from the same
uterine environment (Sanchez et al., 2019b). The main
findings were that: (i) Day 15 conceptuses vary
significantly in length, even when derived from the
same uterine environment; and (ii) the endometrium
responds in an IFNT-dependent and independent
manner to conceptuses of different sizes which likely
reflects the ability to successfully establish pregnancy
(Fig. 1). These data complement nicely the data on the
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conceptus transcriptome mentioned above describing
differential patterns of mMRNA expression between short
(mean length of 4.2 + 0.1mm) and long (24.7 £ 1.9 mm)
bovine conceptuses recovered on Day 15 of gestation
(Barnwell et al., 2016). In that study, a total of 348
genes were differentially expressed related to
metabolism and biosynthesis. These genes and cellular
pathways involved in enhanced conceptus elongation, as
well as the endometrial response blueprint to short and
long conceptuses (Sanchez et al., 2019b), may
ultimately serve as markers of successful pregnancy.

Whether or not smaller conceptuses on a given
day are actually abnormal or whether they are simply
slower in development is unclear; however, it is likely
that they are compromised compared to longer (normal)
conceptuses. Definitive proof will come from the
recovery and retransfer of long and short age-matched
conceptuses to establish their ability to initiate and
maintain pregnancy.

While the differences in conceptus length are
due, at least in part, to intrinsic differences in the
embryo/conceptus, likely related to oocyte quality, it
would be wrong to completely discount a role for the
uterus in contributing to variation in conceptus length
and pregnancy establishment. Using a model of repeated
embryo transfer originally described by McMillan et al.
(1999), Geary et al. (2016) classified heifers based on
pregnancy success following serial embryo transfer as
high fertile (HF), subfertile (SF), or infertile (IF).
Conceptus survival and growth to Day 14 was not
compromised in SF and IF heifers. However, pregnancy
rate on Day 28 was higher in HF (70.4%) than in heifers
with low fertility (36.8%; SF and IF). In a follow-up
study (Moraes et al., 2018), pregnancy rate on Day 17
was substantially higher in HF (71%) and SF (90%)
than IF (20%) heifers. Furthermore, elongating
conceptuses were about twofold longer in HF than SF
heifers. Taken together, these data suggest that the
uterus impacts conceptus survival and programs
conceptus development, and effects of dysregulated
conceptus-endometrial interactions elicit loss of the
post-elongation conceptus in SF cattle during the
implantation period of pregnancy.

In summary, bovine endometrium responds
differently in terms of its gene expression signature to
age-matched long and short conceptuses, in an IFNT-
dependent and independent manner, which may be
critical for embryo survival. In particular, short
conceptuses failed to alter the expression of a large
number of ISG that were altered by both IFNT and long
conceptuses, suggesting that insufficient IFNT
production is a major contributory factor to lower
survival of such conceptuses. Furthermore, the
alteration of >100 endometrial transcripts uniquely by
long conceptuses suggests that other aspects of
maternal-embryo communication at this critical time are
IFNT-independent.
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Figure 1. Use of an ex-vivo uterine endometrial explant-conceptus co-culture system to elucidate conceptus-induced
effects on the endometrium both dependent and independent of interferon-tau (IFNT). Uterine explants taken from
the same uterus were exposed to (i) medium alone (control), (ii) 100 ng/ml recombinant ovine IFNT, (iii) a long Day
15 conceptus, or (iv) a short Day 15 conceptus. Numbers of differentially expressed genes indicated for each group
are relative to the Control. Modified from Sanchez et al. (2019b).

Differential response of endometrium ipsilateral and
contralateral tothe CL

Embryo transfer studies established that the
incidence of embryo loss is higher following transfer to
the uterine horn contralateral to the ovary containing the
CL compared to transfer to the ipsilateral horn (Christie
et al., 1979). Whether these differences are manifest in
conceptus growth and elongation in the critical window
preceding maternal recognition of pregnancy is
unknown. Knowledge of differences in gene expression
between the uterine horns during the estrous cycle could
further enhance our understanding of uterine receptivity
and the process of conceptus elongation, key events for
the maternal recognition of pregnancy and, in turn,
successful pregnancy establishment.

We hypothesized that differences in the
endometrial transcriptome between the ipsilateral and
contralateral horns throughout the cycle exist, and those
differences would be correlated with differences in
conceptus elongation after embryo transfer (Sanchez et
al., 2019a). Endometrial samples from both horns were
collected from synchronized heifers slaughtered on Day
5, 7, 13 or 16 post-estrus and subjected to RNA
sequencing. Main findings were that: (i) day of the
estrous cycle contributed to the greatest variation in the
endometrial transcriptome; (ii) there were many more
altered genes between the uterine horns ipsilateral and
contralateral to the CL in the early (Day 5 and 7) as
compared to late (Day 13 and 16) luteal phase; (iii)
signalling pathways regulating pluripotency of stem
cells were highly dysregulated when both uterine horns
were compared, regardless of the day of luteal phase. In
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a separate experiment within the same study, ten Day 7
in vitro produced blastocysts were transferred into the
uterine horn ipsilateral or contralateral to the CL or into
both horns (i.e., bilateral) of synchronized recipient
heifers. Reproductive tracts were recovered at slaughter
on Day 14 and the number and dimensions of recovered
conceptuses were recorded for each horn. Site of
embryo transfer did not affect recovery rate (48.0%,
168/350) or length of conceptuses. Thus, although
differences in gene expression exist between the
endometrium of uterine horns ipsilateral and
contralateral to the CL in cattle, these differences were
not associated with a reduced ability of the uterus to
support conceptus survival or development to Day 14
after embryo transfer on Day 7.

In a follow-on study, we asked whether the
endometrium from the uterine horn ipsilateral or
contralateral to the CL responds differently to an
elongating conceptus. Bagés-Arnal et al. (2019)
compared the local response of the ipsilateral and
contralateral endometrium to a Day 14 conceptus.
Although no differences in gene expression were detected
between ipsilateral and contralateral endometrium, the
response of the endometrium to a Day 14 conceptus was
distinct in each uterine horn. Interestingly, more genes
were differentially expressed in the contralateral than in
the ipsilateral endometrium after exposure to a conceptus
239 vs. 61 DEG, respectively). Many of the biological
processes enriched in the DEG between both horns in
response to a conceptus were associated with immune
response and response to stimuli. This observation is
consistent with the study of Moraes et al. (2018), where
relatively few differences were detected in the
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endometrial transcriptome of non-pregnant high-fertile,
subfertile and infertile heifers; however, the response of
the endometrium from high-fertile and subfertile
animals to pregnancy was remarkably different (3422
vs. 1095 DEG, respectively).

These data extend those of Sanchez et al.
(2019a) describing temporal changes in the
transcriptome of the endometrium ipsilateral and
contralateral to the CL during a nonpregnant estrous
cycle by describing differential response of the
endometrium in both uterine horns to an elongating
conceptus. The large difference in the number of DEG
between the endometrium ipsilateral and contralateral to
the CL in response to a Day 14 conceptus may be
related to the differences in P4 concentrations during the
first days after ovulation (Takahashi et al., 2016), since,
as mentioned earlier, P4 is one the major regulators of
the uterine receptivity through changes in the
endometrium transcriptome.

Uterine lumen fluid compositon

The composition of ULF during the
preimplantation period has been extensively studied in
sheep (see review by Bazer et al., 2015 and references
therein). Data in cattle are more limited although
various studies have reported on aspects of ULF
composition under various physiological states (Mullen
etal., 2012; Faulkner et al., 2013; Forde et al., 2015).

We recently metabolically interrogated ULF
flushes on Days 12-14 - the window of conceptus
elongation-initiation - from cyclic heifers, either (i)
supplemented with P4 on Day 3 post-estrous (high P4
cohort), or (ii) not (normal P4 cohort; physiological
control). The former group is an established model of
conceptus elongation rate acceleration (Carter et al.,
2008; Clemente et al., 2009; O’Hara et al., 2014).
Given that conceptus elongation coincides with a period
of significant bovine pregnancy loss, our aim was to
achieve a better understanding of the biochemical
landscape surrounding the peri-elongation conceptus.
Over 5000 metabolites were screened for by high-
throughput untargeted ultra-high-performance liquid
chromatography tandem mass spectroscopy, with 233
consistently identified, clustering within 8 super-
pathways: amino acids, carbohydrates (Simintiras et al.,
2019a), lipids (Simintiras et al., 2019b), cofactors,
vitamins, nucleotides, peptides, energy substrates, and
xenobiotics (Simintiras et al., 2019c¢). A global analysis
of this dataset revealed three core ‘strategies’ likely
utilised by the bovine endometrium to facilitate
conceptus elongation, discussed below.

Firstly, indicative of the changing biochemical
requirements of the conceptus around the initiation of
elongation, a metabolic shift in the ULF of normal P4
heifers after Day 12 was observed (Simintiras et al.,
2019d), to which fructose and mannitol/sorbitol were
central. More specifically, only these two metabolites
increased on Days 13 and 14 vs. 12 within the normal
P4 group. Moreover, fructose and mannitol/sorbitol
were elevated by 18.4 and 28.4-fold, respectively, in the
ULF of high vs. normal P4 heifers on Day 12
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(Simintiras et al., 2019a) - the greatest differences
observed throughout the study - suggestive of a key role
for these metabolites in sustaining, in addition to
initiating, conceptus elongation.

Secondly, sub-pathway enrichment and
representation analyses revealed that metabolic cascades
of likely importance to conceptus elongation-initiation
revolve around phospholipids, polyamines, and purines.
Regarding the former, membrane biogenesis is
intuitively essential to the ~30-fold increase in
trophoblast length between Days 12-15 (Betteridge et
al., 1980; Brooks et al., 2014). As 47% of identified
lipids were intricately linked to membrane biogenesis, it
seems reasonable to suspect that endometrial lipid
secretions contribute to conceptus membrane fusion,
and, thus, elongating conceptus membrane biogenesis is
not entirely de novo (Simintiras et al., 2019b). The
latter, polyamines and purines, are discussed below
within the context of adenosine monophosphate
signaling.

Thirdly, P4 supplementation amplified the total
mean metabolite abundance on Day 14 (P < 0.0001);
however, just 19 metabolites (8.2% of total) were
elevated (P < 0.05) on Day 14 in high vs. normal P4
heifers, and are, therefore, largely responsible for
raising the mean (Simintiras et al.,, 2019d). The
biochemical properties of the these ‘selectively’
amplified 19 metabolites - including glucose (primary
fuel  source), trimethylamine-N-oxide  (protein-
stabilizing osmolyte), and phenol sulfate (relatively
metabolically inert yet acidic molecule) - (i) support the
notion that optimal conceptus elongation is contingent
on biophysical and physicochemical, in addition to
metabolic, cues, and (ii) contribute to the generation of
our hypothesis pertinent to the molecular bases of
conceptus elongation initiation, discussed below.

These findings combined, coupled with
previous data on the enzymatic profile of bovine ULF
(Mufioz et al., 2012; Forde et al., 2014), give rise to the
hypothesis that conceptus elongation internally hinges
on 5' adenosine monophosphate-activated protein kinase
(AMPK) and peroxisome proliferator-activated receptor
gamma (PPARY) activity, and is modulated by glucose,
adenine, and adenosine mono- (AMP), di- (ADP), and
tri-phosphate (AMP) influx (discussed in Simintiras et
al., 2019d). Additional observations worth highlighting
include: (i) that total ULF metabolite abundance (Fig.
2A) is not indicative of activity in terms of total day
effects (Fig. 2B), P4 effects (Fig. 2C), or day by P4
interactions (Fig. 2D), and (ii) the identification of a
plethora of microbiome-associated molecules in ULF,
some of which were responsive to P4 (Simintiras et al.,
2019c), highlights a need for further research into the
influence of the uterine microbiome in uterine
metabolism and maternal-embryo communication.

Conclusion
The period of early embryo development and
pregnancy establishment is fascinating. This complex

process encompasses ovulation, fertilization, blastocyst
formation and growth into an elongated conceptus,
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preghancy recognition signalling, and development of
the embryo and placenta. Despite the aforementioned
advances in the field, there is still much to learn. The
precise drivers of conceptus elongation remain
unknown. While the process is dependent on the uterus
- it does not occur in vitro - there is significant variation
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exhibited amongst conceptuses which is independent of
the uterus and may point to variation in oocyte and early
embryo quality. Furthermore, the role of the sire in
determining embryo quality and in conceptus
development is only beginning to be appreciated
(Ortega et al., 2018).
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Abstract

Among reproductive disorders in dairy and
beef cattle worldwide, embryonic mortalities stand out
as one of the most frequent. Because of the
multifactorial etiology, the clinical and laboratory
diagnoses of embryonic mortality causes in cattle are
quite complex. Often, infectious causes may account for
up to 50% of bovine embryonic mortality rates after 30
days of conception. This review will address the main
causes of early and late embryonic mortality, with
emphasis on infectious causes and, particularly, those
more frequent in the Brazilian cattle herds. In addition,
we will discuss ways of controlling and prophylaxis
including those related to reproductive and sanitary
management, with emphasis on immunoprophylaxis of
the three most frequent reproductive infectious diseases
in Brazilian dairy and beef cattle herds.

Keywords.  bovine,
leptospirosis, vaccination.

reproduction, IBR, BVD,

Introduction

In a recent past of Brazilian cattle breeding,
and especially of beef cattle, the embryonic mortality
rate was a reproductive parameter that was very little
evaluated in the production systems. The lack of
information regarding this parameter was general both
to part of producers and technicians responsible for the
reproduction of the herds. However, with the advent and
more recurrent use of reproductive biotechniques,
primarily the Fixed-Time Artificial Insemination
(FTAI), this important parameter of reproduction in
cattle has been evaluated more frequently. The
establishment of more standardized FTAI protocols
suitable for different geographic regions and different
production conditions enabled to compare results that
facilitate the identification and quantification of
reproductive failures and, in particular, embryonic
mortalities. In this review, we approach sanitary
programs focused on reducing embryonic mortality
associated with infectious diseases. Features of
embryonic  mortality, related infectious causes,
epidemiological profile of infectious reproductive
diseases, sanitary  programs, vaccination, and
biosecurity are addressed.
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Embryonic mortality

In the bovine species, the embryo is defined as
the product obtained up to approximately 42-45 days
after conception, which refers to the cell differentiation
period (Committee on Reproductive Nomenclature,
1972). Consequently, this is the period used to evaluate
the embryonic mortality rate in beef and dairy cattle
herds. In practice, the return to estrus in an interval
longer than 17-25 days reflects the occurrence of
embryonic mortality (Ayalon, 1978; Abdalla et al.,
2017). It should be emphasized that in the analysis of
the embryonic mortality rate, one must eliminate
fertilization failures.

In cattle, embryonic mortality is a
multifactorial event that may involve genetic and
environmental factors. Genetic factors are intrinsic to
the embryo, and the most frequent are those caused by
genetic  defects, individual genes and genetic
interactions that can lead to chromosomal abnormalities.
In cattle, genetic defects may account for up to 20% of
embryonic and fetal mortalities (Vanroose et al., 2000;
Diskin and Morris, 2008).

A range of causes can be included as
environmental factors of embryonic mortalities in cattle.
Among the several causes, the following stand out: age;
climate; hormonal imbalance; uterine environment,
among others that can cause physiological and endocrine
disorders that can lead to the death of the embryo (Chebel
et al., 2004; Inskeep and Dailey, 2005; Walsh et al.,
2011; Abdalla et al., 2017; Sanchez et al., 2018). In
addition, the nutrition factor is also important, especially
considering the possibility of postpartum cows present a
negative energy balance that may impact the follicular
dynamics due to changes in the gene expression of dairy
cow granulosa cells at 60 days post-partum, reducing the
reproductive performance of this animal category.
Therefore, the effects of the negative energy balance may
be felt even after the resolution of the problem (Butler,
2003; Girard et al., 2015; Lonergan et al., 2016; Rani et
al., 2018). Also in regards to environmental factors, we
will highlight the infectious causes.

Embryonic mortality can also be classified into
two types based on the time elapsed after conception.
Those mortalities that occur before 15 days post-
conception are termed early embryonic mortalities and
mortalities of 16 to 42-45 days are termed late embryonic
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mortalities (Inskeep and Dailey, 2005). Comparatively,
early embryonic mortalities are more frequent than the
late ones (Dunne et al., 2000; Inskeep and Dailey,
2005). In cases of early embryonic mortality there will
be no change in the period of the estrous cycle. It means
that early embryonic mortalities are accompanied by a
return to estrus at regular intervals. Conversely, one of
the main clinical features of late embryonic mortalities
is the return to estrus at irregular intervals (Silke et al.,
2002).

I nfectious causes of embryonic mortality in cattle

In this category we can include nonspecific
causes, represented by a series of bacteria that can cause
ascending infections. That is, these bacteria can be
present in the vaginal mucosa itself or else in the penis, in
cases of reproduction by natural mating, or in the semen
in cases of artificial insemination. Often, these
opportunistic bacteria cause inflammation in the uterus,
resulting in endometritis, which can render the uterine
environment inhospitable to the embryo (Bielanski et al.,
2000; Vanroose et al., 2000; Silva et al., 2016; Sheldon
and Owens, 2017; Rani et al., 2018). The frequency of
nonspecific infections in bovine females that result in
embryonic mortalities in dairy herds is low (Vanroose et
al., 2000; Sheldon and Owens, 2017). As cases are
sporadic, in general, specific measures for the control
and prophylaxis of these infections are rarely adopted.

However, the reproductive tract of the bovine
female is susceptible to a series of infectious processes
caused by pathogenic organisms specific to the
reproductive sphere. Infections can be caused by
different classes of microorganisms, such as bacteria,
viruses, and protozoa (Tab. 1). Although it is possible,
fungal infections are rarely a problem of great
magnitude in the reproduction of cattle (Vanroose et al.,
2000; Givens and Marley, 2008; Walsh et al., 2011).

Infections caused by specific microorganisms
can be venereally transmitted, occurring in cases that
the organisms are present in the genital tract of the
female or male, and by the hematogenous route, which
occurs with those organisms that reach the uterus

through the bloodstream (Vanroose et al., 2000). The
epidemic or endemic presentation of the diseases
depends on the geographical region, epidemiological
scenario, reproductive management, vaccination and
health status of the herds. In epidemiological terms,
specific infections of the reproductive tract may present
in an epidemic form or, more frequently in Brazil, in an
endemic manner. The epidemic form prevails in specific
pathogen-free herds, that is, they have never been in
contact with the microorganism, either by active
infection or vaccination. Since these animals lack the
active humoral or cellular response specific to the target
microorganism, the tendency is the development of the
epidemic form of the infection (Alfieri and Alfieri,
2017). In this form, several animals can simultaneously
manifest specific clinical signs of disease. In general,
they are symptomatic and therefore easier to identify.
However, those animals that had the previous infection
or those that were previously vaccinated have specific
immunological memory, which means that the infection
likely will occur in the endemic form. In the endemic
presentation, the clinical problems, primarily the
embryonic mortalities, may compromise a smaller
number of animals for a longer period of time (Alfieri
and Alfieri, 2017).

The most important endemic infectious
diseases in Brazil are infectious bovine rhinotracheitis,
IBR (caused by Alphaherpesvirus 1 - BoHV-1), bovine
viral diarrhea, BVD (caused by bovine viral diarrhea
virus — BVDV), leptospirosis (cause by Leptospira
spp.), vulvovaginitis (caused by Mycoplasma
bovigenitalium and Ureaplasma diversum),
campylobacteriosis — caused by Campylobacter fetus),
trichomoniasis (caused by Tritrichomonas foetus), and
neosporosis (caused by Neospora caninum) (Vanroose
et al., 2000; Grooms, 2006; Givens and Marley, 2008;
Kumar et al., 2011; Almeria and Lopez-Gatius, 2013;
Gates et al., 2013; Sanhueza et al., 2013; Michi et al.,
2016; Alfieri and Alfieri, 2017; Fischer et al., 2018;
Rani et al., 2018). However, regardless of the form of
presentation, epidemic or endemic, both cause
considerable economic losses for both dairy and beef
cattle (Alfieri and Alfieri, 2017).

Table 1. Frequency of embryonic death associated with different infectious agents in beef and dairy cattle herds.

Microorganism . Infection Embryonic
- Disease o i
Class Species Transmission Persistence death
Virus BoHV-1 IBR Hematogenous Viral latency +++
BVDV BVD Hematogenous Persistent infection ++
Bacteria  Leptospira spp. Leptospirosis Hematogenous Renal carrier +++
Campilobacter sp. Campylobacteriosis Genital Asymptomatic carrier bull  +
M. bovigenitalium Mycoplasmosis Genital Asymptomatic carrier cow  +
U. diversum Ureaplasmose Genital Asymptomatic carrier cow  +
Histophilus somni Histophilosis Hematogenous +
Protozoa  Tritrichomonasfoetus Trichomoniasis Genital Asymptomatic carrier bull ~ +
Neospora caninum Neosporosis Vertical Oocyst +

BoHV-1: Bovine alfaherpesvirus 1; BVDV: Bovine viral diarrhea virus. +: sporadic; ++: frequent; +++: highly
frequent. Source: Vanroose et al., 2000; Grooms, 2006; Givens and Marley, 2008; Kumar et al., 2011; Almeria and
Lépez-Gatius, 2013; Gates et al., 2013; Sanhueza et al., 2013; Michi et al., 2016.
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Animal category in a herd

IBR, BVD, and leptospirosis are the three main
and most frequent reproductive infectious diseases in
the Brazilian cattle herds (Alfieri and Alfieri, 2017;
Fischer et al., 2018). Particularly in relation to beef
cattle, the serological profile for these three infectious
diseases in a Brazilian cattle herd differs considerably
due to the animal category. In most herds the
percentages of non-vaccinated and seropositive animals
for BoHV-1, BVDV, and Leptospira spp. increase
according to the age of the animals. Therefore, the
average percentage of nulliparous (heifers) seropositive
for these three microorganisms can be considered
smaller than the average percentage of primiparous,
which is smaller than the average percentage of
multiparous cows (Médici et al., 2000; Alfieri and
Alfieri, 2017). In other words, the percentage of animals
susceptible to field prime-infection in a breeding season
is higher in heifers than in primiparous and multiparous
cows, meaning that the two categories composed by the
youngest animals in the herd are the most vulnerable.
Consequently, sanitary management for reproductive
infectious problems in beef cattle should focus on both
heifers and primiparous, particularly when evaluating a
vaccination program.

Epidemiological profile of infectious reproductive
diseases

An action of special importance, particularly
directed to the control of reproductive diseases, is to
obtain information aiming to define the epidemiological
profile of the animals and, mainly, stratifying them
according to the animal categories. Serological tests
should be performed in a percentage of animals that
enable defining the seroepidemiology of IBR, BVD, and
leptospirosis, for example. Some tests, including the
enzyme-linked immunosorbent assay (ELISA) for
viruses are qualitative and enable determining the
presence/absence of infection in the herd and/or
categories of animals that compose the herd. Other
diagnostic tests have additional advantages. This applies
to the virus neutralization test, especially because of its
simultaneous qualitative and quantitative feature, which
means that based on the tritation it is possible to
establish the magnitude of antibody titers present in the
blood serum. High titers evidence recent infection or
viral circulation in the herd (Dubovi, 2013; Lanyon et
al., 2014; Alfieri and Alfieri, 2017).

Even as distinct epidemiological situations the
presence of infectious risk factors can influence the
occurrence of reproductive problems (Souza et al.,
2017). The risk of non-infectious early fetal loss appears
to increase under the conditions of intensive
management systems (Forar et al., 1995; Hanzen et al.,
1999). The non-infectious risk factors, such as
nutritional  disorders, management failures, and
environmental conditions, isolated or in association with
infectious causes, may play important role in changes of
the main parameters used to evaluate the reproductive
efficiency in cattle herds (Garcia-Ispierto et al., 2006,
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2007a,b). The technical level used in the reproductive
activity can influence the presence, frequency, and
intensity of health problems, and can generate negative
results in a production unit. Therefore, all possible
causes of reproductive failures, including infectious,
non-infectious, current and previous herd health status,
and local and regional epidemiological features should
be carefully considered for the resolution/control of the
problems.

Furthermore, although the considerable
benefits, the indiscriminate use of the biotechnologies of
reproduction can generate undesirable consequences,
especially when used without a careful analysis of the
risk factors inherent to the management. Some factors
may compromise the health of the herd, such as the
intensive use of parturition areas, increased animal
population density at certain periods, abundance and
agglomeration of young animals, which are more
susceptible to infections (Pegoraro et al., 2018). In these
situations, the risks of environmental contamination
with the main reproductive pathogens, that can be
eliminated at the time of birth, are higher than those in
traditional breeding systems and facilitate the spread of
infections that compromise the reproductive system of
cattle. As well, the purchase and sale of genetic material
(semen, oocytes, and embryos) should follow some
safety principles (Carvalho et al., 2007). When the
material is imported/exported, clinical isolation and
observation of donors, and serological and
microbiological tests should be performed to ensure the
absence of relevant diseases. These also include
epidemiological surveillance in areas where artificial
insemination is practiced with imported semen. With
regard to embryos, proper collection, manipulation, and
transfer techniques can prevent many pathogens of
concern (Rufino et al., 2006; Carvalho et al., 2007).
These are some of the examples of non-infectious risks
that might be associated with embryonic mortality and
other reproductive failures.

Before decision making regarding the health
problems causing embryonic mortalities in bovine
females, some issues should be raised, such as i) what is
the history of the disease in the region and/or in the
herd?; ii) how does the microorganism enter the herd?;
iii) how is the infection transmitted?; iv) how does the
disease remain or how is it kept in the herd (carriers)?;
v) are there vectors?; vi) is there an effective treatment?,
vii) is there a vaccine to control and prophylaxis?; viii)
if it exists, is the vaccine effective?; ix) when and why
to vaccinate?; x) are there other controlling forms? Only
with answers to these questions is it possible to design
an efficient Sanitary Program to reduce the rate of
embryonic mortality in beef or dairy bovine herds.

Sanitary program

In animal production “Sanitary Program” can
be defined as a thematic unit constituted by a set of
actions developed aiming to promote and maintain the
animal health. Unfortunately, particularly for cattle, it is
usual to summarize or confuse Sanitary Program with
Vaccination Program. When available, vaccines are
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undoubtedly one of the main actions to be implemented
in a Sanitary Program. However, besides the importance
of prophylaxis as good practices in vaccinations, there
are other important issues, specially the control of
disease risk factors. Vaccination prophylaxis strategies
may loss efficiency due to the maintenance of the risk
factors within the herds. Therefore, complementary
actions that promote or preserve animal health are of
fundamental importance to obtain quantitative and,
mainly, qualitative increase in the beef and dairy
production chains. This is directly associated with the
financial efficiency of production chains.

One of the main tools that, when available and
depending on the epidemiological profile of infections,
should be included in a Sanitary Program is the vaccine.
In the context of a Sanitary Program for the control of
embryonic mortalities in bovine herds, some vaccines
should be used not as an additional and emergency
measure, but should form a “Vaccination Program”.

Considering the herd animal density and
intensive management of a dairy herd and aiming to
reduce the embryonic mortality caused by viruses (IBR
and BVD), a “Vaccination Program” should be applied
to all the females of the herd, regardless of the animal
category they belong. Although most of the vaccine
manufacturers indicate annual revaccination, biannual
revaccinations can be recommended (Alfieri and
Alfieri, 2017). It depends on the monitoring results of
some reproductive parameters, as well as the
qualitative and quantitative (titration) epidemiological
profile of the herd. Similarly, the manufacturers'
revaccination recommendation for leptospirosis
control is biannual. However, in our personal
experience and on the basis of epidemiological profile
and, mainly, on the antibody titers of the seropositive
animals we recommend quarterly revaccinations. Also
in the regards of leptospirosis, in very specific situations
such as high-producing beef and dairy herds, the
therapeutic use of antibiotics may also be prescribed in
addition to vaccine prophylaxis in order to reduce the
time to control the infection in the herd (Alfieri and
Alfieri, 2017).

Commercial vaccines against most of the
infections associated with bovine embryonic mortality
are available in Brazil. As the epidemiological profile of
these infections varies considerably, “Vaccination
Programs” should consider the individual variations of
each herd. It is important to consider the nutritional
management with body score analysis when defining a
Vaccination Program, since optimal nutrition is
important to enhance immunity and mount an
appropriate  response to vaccination. Therefore,
sufficient protein, energy, minerals, and vitamins are all
required to develop and maintain a strong immune
system (Berge and Vertenten, 2017). As well, the type
of reproductive management should also be considered
in the establishment of a Vaccination Program, since
pre-breeding vaccination program may improve the
health of cows by preventing BVD, trichomoniasis,
campylobacteriosis, and leptospirosis (Daly, 2006;
Vasconcelos et al., 2017), for example. Vaccinating
cows against BoHV-1, BVDV, and Leptospira spp.,
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particularly when both doses are administered before Al
or FTAIl improve cow reproductive performance
(Pereira et al., 2013; Vasconcelos et al., 2017).
Therefore, a pre-breeding vaccination program aims to
increase the chances the cow will breed and ultimately
deliver a calf; help the cow become pregnant early in
the breeding season; and protect the calf from becoming
persistently infected with BVD (Campbell, 2011).

However, in general, infections with BoHV-1,
BVDV and Leptospira spp. are widely disseminated in
Brazilian beef cattle (Junqueira and Alfieri, 2006).
Thus, these reproductive infectious diseases are more
frequently manifested as endemic and only sporadically
as epidemic. As mentioned earlier, in most of the herds,
the infection rates among females of different categories
vary considerably. It is observed a decreasing
percentage rate of seronegative animals and,
consequently, more susceptible animals in the
nulliparous, primiparous, and multiparous female
categories (Junqueira and Alfieri, 2006).

Another important aspect inherent to the
pathogenesis of these three bovine reproductive
infectious diseases is the tendency to chronicity.
Throughout evolution, the etiological agents responsible
for these infections have developed strategies to remain
in the herds (Alfieri and Alfieri, 2017). BoHV-1, by
means of viral latency mechanism (Nandi et al., 2009),
is able to maintain the viral genome in the nucleus of
infected cells, as provirus. Under this viral condition,
the infected animal may remain without clinical signs of
infection for a long period (Nandi et al., 2009).
Eventually, the viral latency is broken and the infected
animal may present clinical manifestations accompanied
by viral re-excretion, perpetuating the infection in the
herds (Jones and Chowdhury, 2007; Biswas et al.,
2013). Regarding BVDV, this viral agent is able to
persistently infect (PI) calves, which eliminate high
BVDV titers throughout their productive lives,
contributing to perpetuate the infectious process in a
herd (Hamers et al., 1998; Moennig and Becher, 2018).
Finally, bovine leptospirosis is considered a chronic
infection since most of the times it evolves to chronic
kidney disease. The clinical features of the infection,
such as the immunological exclusion and intermittent
bacterial shedding, make the infection control an
important challenge in the herd, especially the serovar
Hardjo, which is the most adapted to the bovine species
(Adler, 2015; Balamurugan et al., 2018).

Concerning the two viral infections
(IBR/BVD) this epidemiological feature has a very
important practical implication. Depending on the rate
of previously infected and, consequently, seropositive
animals, in the category of multiparous females the
decision to vaccinate or not will depend on a cost-
effective analysis of the vaccination. If the decision is
vaccinating, a single vaccination dose in the animals of
that category is enough, since it is likely that these
animals have active immunological memory to these
viral agents (Van Drunen Little-van den Hurk, 2006).
Additionally, also considering the immunological
aspects related to a previous infection, the period
between vaccination and artificial insemination may be
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shorter, and may even adapt to the management on day
zero of the FTAI (Daly, 2006; Vasconcelos et al.,
2017). However, in the categories of more susceptible
females, such as nulliparous and primiparous, which
have lower rates of seroconversion, the ideal is that
before the mating season the animals receive two doses
of vaccine with a minimum interval of 21 days between
doses (Aono et al., 2013; Pereira et al., 2013). Also in
this situation the second dose, for management reasons
may coincide with the day of initiation of the FTAI
protocol.

Vaccination vs. reproductive performance of cattle

Hundreds of scientific articles published in
peer-reviewed and indexed journals that are available in
relevant scientific databases, including Web of Science,
PubMed, CAB Abstracts, and others analyzed different
variables regarding the vaccination of beef and dairy
cattle to control reproductive infections, such as IBR
and BVD. These several articles were found by the
authors of two meta-analysis based-studies aimed to
evaluate the results of vaccination against BoHV-1 and
BVDV on the reproductive performance of cattle herds
(Newcomer et al., 2015; Newcomer et al., 2017). In
these studies, variables such as the type of reproductive
management, body score, herd size, vaccination and/or
revaccination program, infection epidemiology in the
herds (rate of seropositive animals and antibody titers),
type of vaccine (monovalent, polyvalent, inactivated,
attenuated), among other less studied aspects were
analized. Although the results considerably vary, most
studies conclude that vaccination increases the
reproductive performance of herds (Pospisil et al., 1996;
Grooms, 2004; Ficken et al., 2006; Zimmerman et al.,
2007; Aono et al., 2013; Pereira et al., 2013; Ridpath,
2013; Newcomer et al., 2015; Newcomer et al., 2017).

Newcomer et al. (2015) evaluated the impact
of BVDV vaccination on three outcomes in cows: risk
of fetal infection, abortion risk, and pregnancy risk.
Forty-six studies in 41 separate papers matched the
inclusion criteria. The analysis revealed a decrease in
abortions of nearly 45% and a nearly 85% decrease in
fetal infection rate in cattle vaccinated for BVDV
compared with unvaccinated cohorts. Additionally,
pregnancy risk was increased by approximately 5% in
field trials of BVDV vaccinations. This meta-analysis
provided quantitative support for the benefit of
vaccination in the prevention of BVDV-associated
reproductive disease.

The meta-analysis study developed by
Newcomer et al. (2017) comprised the analysis of 15
experiments in 10 manuscripts involving more than
7,500 animals. The aim of this meta-analysis was to
determine the cumulative efficacy of BoHV-1
vaccination to prevent abortion in pregnant cattle. Risk
ratio effect sizes were used in random effects, weighted
meta-analyses to assess the impact of vaccination. A
60% decrease in abortion risk in vaccinated cattle was
demonstrated. This meta-analysis provided quantitative
support for the benefit of BoHV-1vaccination in the
prevention of abortion.
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Brazilian vaccination based-studies

In the central-western region of Brazil, Aono et
al. (2013) evaluated the reproductive efficiency of 16
herds of beef cattle, of which 13 herds did not vaccinate
and three herds were regularly vaccinated for IBR,
BVD, and leptospirosis. All animals were submitted to
the same FTAI protocol and the pregnancy rate was
determined by transrectal ultrasonography at 30 and 120
days post-FTAI. The mean rate of pregnancy loss was
significantly lower in the animals of the vaccinated
herds when compared with the mean rate of embryonic
loss observed in animals from unvaccinated herds.
Concerning the category of cows, authors also observed
a reduction in the embryonic mortality at 30 and 120
days post-FTAI in vaccinated and non-vaccinated
primiparous cows.

Also in the Midwest Brazilian region, the effect
of vaccination against IBR, BVD, and leptospirosis was
evaluated from six commercial herds of beef cattle.
From a total of 1,968 cows, 953 were vaccinated and
1,015 were not-vaccinated. The body score was similar
for both groups. The reproductive management and
diagnosis of gestation were performed as in the previous
experiment. The pregnancy rate was significantly higher
in the vaccinated group at both 30 and 120 days of
gestation. In the group of primiparous cows there was a
significant reduction in embryonic mortality. However,
vaccination had no effect in the multiparous cow group
(Aono et al., 2013).

Alternative vaccination schemes for IBR,
BVD, and leptospirosis were also compared. In this
experiment, the influence of the day of the first
vaccination in relation to the initiation of the FTAI
protocol on the pregnancy and pregnancy loss rates in
primiparous Nelore cows was analyzed. Two groups of
vaccinated animals were constituted. In the first group
(pre-vaccinated) the first dose of wvaccine was
administered 30 days before the initiation of the FTAI
protocol and the second dose coincided with the
initiation of the protocol. The second group of cows
received the first dose on the day of initiation of the
FTAI protocol and the second dose 30 days after the end
of the protocol. There was an effect of the vaccination
scheme used on the pregnancy rate at 30 and at 120
days, being higher in the pre-vaccinated group.
However, the vaccination protocol had no effect on the
rate of pregnancy loss or embryo mortality (Aono et al.,
2013).

In a series of four experiments, Pereira et al.
(2013) also evaluated the effect of different vaccination
schemes against IBR, BVD, and leptospirosis in dairy
herds of Minas Gerais and Parana states. The four
studies involved the total of 3,640 Holstein or Gir x
Holstein lactating cows. All the animals of each study
received two doses of vaccines, which were
administered in different periods based on the beginning
of the FTAI protocol. The results showed that pregnant
rates were higher in the groups that received the two
doses of vaccine before the time of the FTAI in relation
to the control group. As well, pregnancy rates were
higher in comparison with the group that received the
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first dose of the vaccine at the moment of FTAI
Therefore, it was concluded that when both doses of
vaccines are administered prior to Al there is improve
of the reproductive efficiency in dairy production
systems.

Biosecurity

Currently in Brazil, the concept of biosecurity
is easily associated with animal health involving the pork
and poultry production chains, particularly due to the
higher animal density in these both production systems.
In Brazilian cattle breeding, the concepts of biosecurity
are still very little used. However, we have recently
observed in dairy cattle the beginning, albeit timid, of the
application of some standards of biosecurity, particularly
in herds with high genetics and production. Nevertheless,
in the vast majority of Brazilian beef cattle, this important
action for the control and prophylaxis of infectious
diseases is still neglected.

Important actions must be implemented and
regularly monitored in order to increase the biosecurity
of the herds. Some are easier to be implemented, while
others are more complex. Even at reduced percentages,
some of these actions can change production costs,
while in others there is practically no additional cost.

Biosecurity can be divided into two types,
external and internal. External biosecurity is related to
measures aimed at preventing the entry of pathogens
into the cattle herd. Measures related to this type of
biosecurity include quarantine before the introduction of
newly acquired animals, and transit restriction of
vehicle, person, and animals. Meanwhile, internal
biosecurity is related to the decrease in the chance of
transmission of pathogens present within the same cattle
herd. Measures should be taken to clean and disinfect
the installation, to provide adequate facilities according
to the different age groups, to separate diseased animals
(isolated facilities), to control rodent and other
synanthropic animals, to perform correct disposal of
dead animals avoiding the transmission of infectious
agents, and to promoted the animal welfare (Sarrazin et
al., 2014; Sahlstrom et al., 2014; Pegoraro et al., 2018).

Conclusion

Depending on the epidemiology of BoHV-1,
BVDV and Leptospira spp. infection in a cattle herd,
especially in certain categories of females of the herd, as
well as the vaccination scheme used for the control and
prophylaxis of these reproductive diseases the use of
vaccines can contribute considerably to the increase the
pregnancy rates and reduce embryonic mortality rates in
both the Brazilian beef and dairy cattle herds.
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Abstract

The number of embryos produced by in vitro
fertilization (IVF) has grown exponentially in recent
years. Recently, for the first time, the number of
embryos produced and transferred in vitro was
significantly higher than the number developed in vivo
worldwide. In this context, a particular boost occurred
with ovum pick-up (OPU) and in vitro embryos
produced in North America, and this technology is
becoming more prominent for commercial dairy farms.
However, despite many advances in recent decades,
laboratories and companies are looking for methods and
alternatives that can be used in collaboration with the
existing process to improve it. Among the strategies used
to improve the dairy industry are the use of genomic
analysis for the selection of animals with desired traits or
as an evaluation tool of oocyte and embryo quality, the
optimization of the collection and use of gametes from
prepubertal females and males, the effective use of sexed
semen, and improvements in culture media and methods
of embryo cryopreservation. Thus, this review aims to
discuss the highlights of the commercial use of 1\VVF and
some strategies to increase the application of this
technique in large-scale dairy programs.

Keywords. IVF, boving, commercial
genomic analysis.

dairy, use,

Introduction

The dairy industry plays an essential role in the
global socioeconomic scenario. Although growth in
global milk production has been limited in recent years,
it is projected to increase by 22% in 2027 compared to
2015-2017 (OECD and FAO, 2018). The dairy industry
is the leader among the food animal sector in the
successful application of advanced technologies
(Wiggans et al., 2017). Therefore, practices and
alternatives that improve the production of dairy cattle
are increasingly required.

The increase in the productive efficiency and
quality of animal products from livestock has been
possible due to the use of reproductive biotechniques
(Hansen et al., 2014). In this context, in Vvitro
fertilization (IVF) is a useful tool when performing the
selection and breeding of genetically superior animals
(Hansen et al., 2014), which is becoming more
prominent in commercial dairies (Sirard, 2018).
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According to the Embryo Transfer Newsletter
(Viana, 2017), for the first time, the number of bovine
embryos produced and transferred in vitro was
significantly higher than those in vivo produced
worldwide (Figs. 1-2; Viana, 2017).

Furthermore, for the first time since 1999,
North America has reported more in vitro produced
(IVP) embryos than South America, the region that led
the use of IVF in the past decade (Fig. 3; Viana, 2018).
Notably, the United States (US) had the highest number
of IVP embryos within North America, at
approximately 95.5% (Viana, 2018). The further
development of the embryo industry in North America
seems to resemble what happened in South America, in
which the contribution of in vivo embryos has been
linear, and the use of IVP embryos has resulted in a
substantial increase in numbers (Viana et al., 2018).

However, despite advances in IVF, the embryo
production rate from the total cumulus oocyte complexes
(COC), the embryo production rate remains at 30 to 40%
(Lonergan et al., 2016). Thus, laboratories and companies
have been looking for alternatives that collaborate to
improve the existing process and to optimize methods to
use IVVF in large-scale dairy programs.

The genomic testing of cattle is now
significantly affecting IVF programs. Genomic selection
has revolutionized dairy farming, shortening the
breeding interval, increasing selection accuracy, and
reducing the previous costs of progeny testing (Wiggans
et al., 2017). The commercial interest in performing
genomic analysis and collecting gametes from
prepubertal animals that have desired traits is increasing
(Moore and Hasler, 2017). The small ultrasound OPU
probes currently available allow VP embryos from
younger females to be grown (Sirard, 2018).
Additionally, genomic analysis has been used to
evaluate the quality and viability of oocytes, and even
the embryos, before transfer procedures (Moore and
Hasler, 2017).

An embryo culture media have been developed
to mimic what happens in the maternal organism.
Several studies have been performed to investigate the
addition of different products and molecules in the
culture medium, such as cytokines, growth factors, and
antioxidants, and many advances have been obtained.

Sexing technology is another practice used to
improve IVF results.; The use of sexed semen enables
the birth of offspring of a predetermined sex, as well as
increase the efficiency of producing donors with the
right genetic background. Furthermore, IVF is the most
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common application of sexed semen, which has superior
efficacy compared with its use in other areas of
biotechnology (Morotti et al., 2014).

Due to the increasing number of 1VVP embryos,
cryopreservation methods provide a good alternative for
the storage of surplus products. However, some
limitations exist, which may hamper the use of
cryopreservation on a large scale. In this context, among
the different protocols, the process of thawing and the
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direct transfer of embryos together make the
cryopreservation protocol more efficient for commercial
use by facilitating logistics in the field (Sanches et al.,
2016).

review aims to discuss some

Thus, this

strategies to increase the useful application of IVF in
large-scale dairy programs, as well as the trends,
challenges, and highlights of the commercial use of the
IVF program.
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Figure 1. The number of bovine embryos produced (in vivo - IVD, in vitro - IVP, and total) recorded in the period
1998 - 2017 (Data sourced from Viana, 2017; Viana, 2018).
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Figure 2. The accumulated number of bovine embryos transferred in the period 1998 - 2017, based on in vivo or in
vitro production methods (Data sourced from Viana, 2017; Viana, 2018).
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GLOBAL TRENDS IN IVP BY CONTINENT FROM 2013-17
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Figure 3. The accumulated number of IVP bovine embryos in the period 2013 - 2017 by continent (Data sourced

from Viana, 2017; Viana, 2018).

Genomic analysis; from animal selection to oocyte
and embryo evaluation

Currently, genomic analysis is driving the
development of several IVF laboratories in North
America and other places in the world (Sirard, 2018).
The best effect of genomic selection to date has been to
double the rate of genetic progress for traits of
economic interest. Genetic improvement occurs through
the increased accuracy of genetic merit for young
animals (Wiggans et al., 2017).

With genomic analysis performed soon after
birth, the genetic value of the bull is determined early,
and as soon as semen is produced, such high genetic
merit sperm, can be used for IVF. Moreover, it has
increased the commercial demand for producing
embryos from young heifers and calves (Sirard, 2018).
Currently, the collection of oocytes from donors before
puberty is possible with relatively high success (Landry
et al., 2016). Additionally, genomic selection is helpful
for choosing better embryo recipients according to the
genes involved with gestation maintenance.

Genomic evaluations for Holsteins, Jerseys,
and Brown Swiss became official in 2009 at the USDA,
and since that time, more than 1 million animal
genotypes have received genetic evaluations (Council
on Dairy Cattle Breeding, 2016). Due to the popularity
of genotyping chips, microsatellites have been replaced
by SNPs, and the accessibility to chips of lower cost has
made whole herd genotyping common in the US
(Wiggans et al., 2017). The scenario of genotyped
animals included in US genomic evaluations for dairy
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cattle is shown in Fig. 4.

Additionally, dairy cattle can be selected for
any combination of traits, but total genetic progress will
be fastest using an index because many traits affect
profitability. In this context, the lifetime net merit
(NM$) index, elaborated by the U.S. Department of
Agriculture (USDA), ranks dairy animals based on their
combined genetic merit for economically important
traits (VanRaden, 2018). The NMS$ index includes
economically important traits related to health, yield,
longevity and calving ease, and because it is calculated
using Holstein values, it is, therefore, widely used for
this breed (VanRaden, 2018). The weighting and
composition of the 14 traits that make up the net merit
in the year 2018 are shown in Fig. 5.

However, the relative importance of traits
differed slightly between the production systems.
Organic dairy producers, for example, tend to prefer
health traits as the pillar of selection, even though the
increase in the genetic gain in disease resistance is
achieved at the expense of milk production, since they
cannot use any medicine or chemical in animals (Fall et
al., 2008). Moreover, the CM$ provides longevity and
somatic cell score data for producers whose milk is
made into cheese or other dairy products (VanRaden,
2017). Although the Jersey produces less milk than the
Holstein, it produces milk with more fat, milk protein,
and a higher energy content (Aikman, et al., 2007).
Therefore, for Jersey cows, the CM$ would possibly be
more interesting.

Another application of genomic analysis is the
use of micro-array or RNAseq technologies on embryos
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submitted to different culture conditions, with the
intention of comparing in vivo control embryos and,
thus, improving culture methods (Sirard, 2018).
Furthermore, embryo culture medium can provide a
source of material for noninvasive embryonic genetic
testing (without biopsies, for example). However,

whether the DNA found represents the genetic state of
the embryo remains unknown. Thus, this potentially
noninvasive approach must be validated by additional
experiments (Liu et al., 2017; Smith et al., 2019), and
once confirmed, it can lead to other methods to evaluate
the quality of embryos.
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Figure 4. The number of genotyped animals included in US genomic evaluations for dairy cattle since January 2009
(Data sourced from the Council on Dairy Cattle Breeding, 2016; Wiggans et al., 2017).
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2018 Net Merit. (Available on: https://hoards.com/article-

23717-net-merit-$-index-updated-to-include-health-traits.html. Accessed on April 10, 2019).

Strategiesto improve oocyte competence before OPU

The quality of the oocyte is the central factor
interfering with the blastocyst yield, as well as the
potential explanation for the limited success rates of
IVF (Lonergan and Fair, 2016). The oocyte competence,
and consequently the development to the blastocyst
stage, is positively associated with the size of the antral
follicle (Lonergan et al., 1994) and whether the

Anim. Reprod., v.16, n.3, p.394-401, Jul./Sept. 2019

blastocyst was produced in vivo or in vitro (Rizos et al.,
2002).

One strategy for manipulating follicular growth
and affecting developmental competence is Coasting,
which is a period between hormonal stimulation and
ovary collection (Nivet et al., 2012). In adult females,
this approach allowed a high rate of blastocyst
development after IVF, suggesting an increase in oocyte
quality (Blondin et al., 2002). Animals that received six
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injections of FSH, followed by a 48-h coasting period
and an injection of LH 6 h before ovum pick-up (OPU),
presented an 80% rate of blastocyst stage occurrence
(Blondin et al., 2002). More recently, the same group
showed that the ideal period was 54 + 7 hours, where a
well-defined period of competence to recover oocytes of
the highest quality is of paramount importance (Nivet et
al., 2012).

During OPU oocytes are recovered on random
days of the estrous cycle, i.e., follicles that are at
different stages of development (Wit et al., 2000). In
these conditions, more than 85% of the aspirated
ovarian follicles present some degree of atresia due to
the apoptosis process (Hendriksen et al., 2000).
Recently, follicular wave synchronization before OPU
was observed to provide an increase in embryo
production rates and post-transfer conception for the
recipients (Cavalieri et al., 2018).

Collection and quality of oocytesfrom prepubertal
heifersand calves

Recently, there has been an increase in the
commercial interest in producing bovine embryos from
prepubertal heifers and calves. The interest in breeding
the best animals at younger ages is to accelerate the
genetic advancement rate of genetic gain (Baldassarre et
al., 2018). With the emergence of genomic technologies
in recent years, the prediction of better phenotype
production has been possible after birth of the animal
(Ponsart et al., 2013).

In the early 1990s, the development of
transvaginal oocyte recovery procedures in cattle
improve the IVF method (Pieterse et al., 1991). Initially,
due to animal size issues, the collection of oocytes by
OPU was very difficult or not possible, and
laparoscopic ovum pick-up (LOPU) rapidly became the
method of choice for small animals such as calves and
pre-pubertal heifers (Cognie et al., 2004). Currently,
small ultrasound OPU probes are available and allow
IVP embryos from younger females to be grown (Moore
and Hasler, 2017).

Several studies have shown that bovine calf
oocytes are significantly less capable of developing into
embryos compared with oocytes from adult cows
(Baldassarre and Bordignon, 2018). Prepubertal females
have immature and nonfunctional hypothalamus-
pituitary-ovarian axes and, therefore, are unable to
achieve full follicular development and ovulation
(Sanchez and Smitz, 2012). Thus, different research
groups are directing efforts seeking to improve quality
and increase oocyte competence in young heifers.

Studies described the recovery of a high
number of oocytes from females 2-6 months of age who
were stimulated with gonadotropins to increase the
proportion (and size) of large follicles (Baldassarre and
Bordignon, 2018). In some cases, the number of oocytes
was higher than what was recovered from adult cows.

B. taurus and B. indicus aging from 2 to 4
months did not exhibit an improvement in IVF results
when stimulated with 140 mg of FSH (Batista et al.,
2016). However, recently, more prolonged FSH
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stimulation (three days) was shown to increase the
development competence of Holstein calf oocytes,
which was associated with a higher proportion of
follicles larger than 5 mm (Currin et al., 2017).

A previous study showed that Holstein calves
aging from 5 to 7 months had more oocytes than
cycling heifers aging from 16 to 18 months. Although
the blastocyst rate was higher in the cycling heifers than
in the calves, the number of embryos (6-8) was not
different (Landry et al., 2016). Further studies are
necessary to investigate the beneficial effects of
exogenous gonadotropins to prepubertal heifers and
calves.

Other possible future efforts of research
include the development of in vitro maturation (1VM)
protocols with strategies for delaying nuclear and
improving cytoplasmic maturation.  Additionally,
another research target includes the supplementation of
IVM medium with substances or molecules that
improve oocyte development for step embryo transfer
(Baldassarre and Bordignon, 2018). We also believe
that the epigenetic changes or even the nutrition of the
mother, which can interfere in the quality of the oocytes
of the daughters, will be an area for future research.

Thus, with the advent of genomic analysis, the
extraordinary growth of IVF technologies in recent
years and high interest by dairy producers and the use of
elite females that are as young as possible (from 2
months of age) for embryo production has the potential
to help IVF become a viable practice very soon.

Advancesin embryo culture media

For in vitro embryo production (IVEP),
specific media are used for maturation, fertilization, and
in vitro culture to mimic what occurs physiologically in
the organism.  In cattle, approximately 90% of
immature oocytes, recovered from follicles at unknown
stages of the estrous cycle (ovaries from
slaughterhouse), undergo nuclear maturation in vitro
and approximately 80% undergo fertilization (Lonergan
and Fair, 2016).

The media used may be a determinant factor in
the production and quality of blastocysts and embryo
cryotolerance (Sanches et al., 2013). Changes in the
culture conditions such as the addition of lipolytic
chemical substances and the adjustment of fetal calf
serum in the medium have been proposed to increase
the embryo cryotolerance (Sanches et al., 2017). In this
context, several studies show forskolin and phenazine
ethosulfate (PES), as substances which reduces lipid
accumulation (Sudano et al., 2011; Paschoal et al.,
2017).

Although modest improvements have occurred
in the development and composition of IVM media
(addition of different products, cytokines, growth
factors, antioxidants, and other substances), the
blastocyst rate rarely exceeds 40-50% (Lonergan and
Fair, 2016). Thus, the yield of oocytes developing to the
blastocyst stage remains very similar to that in the years
1990 to 2000, in which it reached a plateau at 30-40%
(Sirard, 2018).
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Another strategy to improve embryo culture
media is to try to keep what occurs physiologically in
the follicular environment of the oocyte, in which the
arrest of meiosis is maintained. Several meiotic
inhibitors can delay the resumption of in vitro meiosis.
Thereby, the continuous accumulation of mRNA and
proteins within the oocyte allows a better cytoplasmic
maturation (Bilodeau-Goessels, 2012).

However, despite the many protocols and
tested methods in vitro, attention has turned toward the
source of oocytes as the cause of the limited success
rates of IVF (Sirard, 2018).

Use of sexed semen and its advantages

In the dairy industry, the production of
overweight calves from undesirable sex (i.e. male) is a
particularly important issue (Holden and Butler, 2018).
The use of sexed semen in association with reproductive
biotechnologies represents a significant advance in the
global livestock industry. In this context, the
predetermination of the sex of the animal optimizes
production and profitability in dairy herds (Morotti et
al., 2014).

Among the reproductive biotechnologies, the
most common application of sexed semen is IVF due to
good blastocyst rates can be achieved (Matoba et al.,
2014). Moreover, IVF to require far less sperm per oocyte
to make acceptable fertilization rates compared with Al
(Holden and Butler, 2018). In the US, more than 90% of
4.5 to 5 million straws of sexed semen were from milk
dairy bull sires in 2016 (Moore and Hasler, 2017).

However, studies show that the blastocyst rates
are lower than those obtained with conventional semen
(Seidel Jr. 2014). On the other hand, Cottle et al. (2018)
identified a significant profit advantage for using sexed
semen in the context of a high-output, dairy system of
spring births in Ireland. The authors concluded that the
use of sexed semen is more appropriate for those farms
that already have an excellent fertility performance.
Thus, the lowest rates associated with sexed semen can
be less acceptable for farms with sub-optimal dairy
herds fertility (Cottle et al., 2018).

In any case, genetic targeting of the dairy herd
to achieve desired sex animals justifies the expansion of
the use of sexed semen in the dairy sector.

Advancesin cryopreservation with the use of DT

Despite the IVF advantages, cryopreservation
represents a challenge for commercial laboratories. The
low cryotolerance of VP embryos is a limiting factor to
the use of the cryopreservation process in an IVF
program (Sudano et al., 2011). In addition, after the
cryopreservation is well established, we believe the
number of field technicians trained to do the transfer
process will not be sufficient. Thus, efforts should be
made to overcome all limitations involving the use of
IVP embryo cryopreservation on a large scale and
globally.

Among

cryopreservation techniques,

Anim. Reprod., v.16, n.3, p.394-401, Jul./Sept. 2019

vitrification is more often used worldwide due to the
speed and low cost (Dode, 2013). However, its method
requires a high concentration of cryoprotectants and a
trained professional to evaluate embryo quality prior to
the transfer (Vajta and Kuwayama, 2006).

In contrast, the direct transfer (DT), a method
used since the 1990s to simplify the post-thawing
rehydration step of in vivo embryos, has been proving to
be a useful alternative for commercial use in IVP
embryos.

In a study with Girolando donors (1/2 Gir and
1/2 Holstein), the conception rates obtained were 51.35
+ 1.87% (133/259) for the fresh embryos, 35.89 +
3.87% (84/234) for the vitrified embryos, and 40.19 +
4.65% (125/311) for the embryos submitted to DT
(Sanches et al., 2016). Possibly, IVP embryos with
sexed semen could be directly transferred with similar
conception rates to those submitted to vitrification.

The low concentration of cryoprotectants is the
main advantage of this technique because of the reduced
toxicity to the embryos (Voelkel and Hu, 1992).
Furthermore, the DT eliminates the evaluation before
transfer and, therefore, is more practical than
vitrification (Sanches et al., 2017). Finally, due to the
promising results, DT has been implemented in large-
scale operations, mainly in the US and Brazil.

Final comments

The genomic selection of young animals,
associated with sexed semen and frozen IVP-blastocysts
and following direct transfer protocols, is driving a new
era of IVF in the dairy sector (Sirard, 2018). However,
since many of these processes are sensitive to operators
or even the environment, the challenge of making IVF
fully business-grade remains.

In the US, some large dairies have already left
behind the commercially available genomic tests and
have begun to implement their own genomic
assessments and methods for identifying the best
animals to be reproduced. Therefore, this behavior of
the industry indicates that companies in the business of
IVF also need to invest in innovation to develop a more
personalized product because, ultimately, they must go
beyond the goal of delivering a quality embryo and/or
ensuring a high pregnancy rate.
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Abstract

Ovulation synchronization protocols are well
established in beef and dairy cows. However, the
protocol response rate is around 70-90%. In beef cows,
factors such as inadequate nutrition and calf presence
negatively impact the response of progesterone
(P4)/estradiol-based ovulation synchronization protocols
by interfering with GnRH release and consequently
reducing LH pulsatility and final follicular development.
In dairy cows, protocols based on GnRH and
prostaglandin (Ovsynch) are the most widely used in the
world. However, the efficiency of Ovsynch is dependent
on the presence of a large follicle at the time of
administration of the first GnRH. In these ovulation
synchronization protocols, pre-synchronization protocols
(Prostaglandins, Double Ovsynch and P4synch) are
usually attempted in an effort to increase responses. Thus,
the objective of this review was to discuss pre-ovulation
synchronization strategies (administration of injectable
P4 or energetic/protein supplementation or pre-
synchronization with intra-vaginal progesterone devices)
aiming to increase the LH pulsatility in beef cows or
induce the formation of a GnRH-responsive follicle at
the beginning of the Ovsynch protocol in dairy cows.
Keywords: Conception rate; timed artificial
insemination, LH, P4, pre-synchronization.

Introduction

Currently, the TAI protocols in beef and dairy
cattle are well established, in which pregnancy rates
between 30 and 65% are observed (Baruselli et al.,
2012; Sales et al., 2015; Wiltbank et al., 2015; Sales et
al., 2016; Baruselli et al., 2017). However, the response
to the TAI protocol (ovulation of largest follicle by
inducer) based on estrogen and P4 is approximately
80% in Bos indicus lactating beef cows (Sales et al.,
2012) and approximately 85% in dairy cows in GhRH-
based protocols and PGF2a (Souza et al., 2008; Silva et
al., 2018).

In Bos indicus lactating beef cows, a long
period of postpartum anestrous is observed
characterized by normal initial follicular growth
sustained by the release of FSH, reduction of the final
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growth of the dominant follicle and, consequently,
absence of ovulation (Baruselli et al., 2004). These
changes in the final follicular growth are due to the
reduction of LH pulsatility after follicle deviation due to
the calf presence and the reduced availability of forage
(Jolly et al., 1995; Yavas and Walton, 2000). In cows in
which the nutritional requirement is not met because of
low feed availability, deficient GnRH secretion and
consequently, LH release are observed (Jolly et al.,
1995; Montiel and Ahuja, 2005). The reduction of
GnRH secretion occurs due to the negative feedback in
the hypothalamus promoted by the increase in the
concentrations of neuropeptide Y, NEFA and beta-
hydroxybutyrate produced by the mobilization of body
fat (Hess et al., 2005). In addition to the nutritional
effects, the calf presence blocks the secretion of GnRH
by the hypothalamus through the action of released
endogenous opioids (Malven et al., 1986; Williams et
al., 1996). Under this condition, part of the cows do not
respond to the TAI protocol due to a drastic reduction in
LH pulsatility observed mainly in primiparous cows
(Sales et al., 2016) and in undernourished cows with
low body condition score (Grimard et al., 1995; Diskin
et al., 2003).In Bosindicus lactating cows it is necessary
to stimulate the hypothalamus to produce GnRH to
increase LH pulsatility which would allow for the final
growth of the dominant follicle and owvulation. The
positive effects of ovulation synchronization protocols
in anestrous cows are mainly due to the stimulation of
exogenous P4 on the pulsatility of GnRH and LH
(Rhodes et al., 2002), allowing the ovulation of a pre-
ovulatory follicle in the recent postpartum period
(Baruselli et al., 2017). During the early postpartum
period, progesterone reduces the expression of estradiol
receptors in the hypothalamus by interfering with the
hormone receptor-negative feedback in LH secretion
(Ireland and Roche, 1982; Day, 2004). However, in
underfed cows with body condition score <2.5 or
primiparous, the final growth of the dominant follicle is
lesser, resulting in small follicles at the time of TAl
(Sales et al., 2016). Thus, in females that do not respond
to the TAI protocol, the period of exposure to P4 during
the ovulation synchronization protocol may not be
sufficient to increase the LH pulsatility needed for
ovulation to occur. Therefore, supplementation with P4
prior to the protocol is an alternative to improve the
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reproductive efficiency of beef cows submitted to TAI
protocols (Simdes et al., 2018). In addition to the effects
of P4 in Bos indicus beef cows, energy/protein
supplementation may increase the reproductive
efficiency of beef cows submitted to the TAI protocol
(Peres et al., 2016; Orlandi et al., 2018).

In dairy cows, the protocols based on GnRH
and PGF2a are predominant due to the ban on the use of
esters of estradiol in some countries. The standard
protocol used based on GnRH and PGF2a is Ovsynch
(Pursley et al., 1995). In spite of attending to the
ovulation synchronization assumptions, there is low
synchronization efficiency (64%) in this protocol when
administered on a random day of the estrous cycle
(Vasconcelos et al., 1999). The best results to start the
Ovsynch protocol is between the 5th and 12th day of the
estrous cycle, as at this period is common to have a
dominant follicle responsive to the GnRH treatment
(Vasconcelos et al., 1999). Thus, pre-synchronization
protocols are used to increase the proportion of cows
with a responsive dominant follicle at the first GnRH of
the ovsynch protocol (Moreira et al., 2001). Among the
pre-synchronization protocols, Double-Ovsynch has
presented a better synchronization result, with ovulation
rates at the first GnRH of around 82% and pregnancy
rates of 49.7% (Souza et al., 2008). However, some
limitations (long protocol of 28 days and many animal
handling) prevent extensive use of this protocol. In
addition, to stimulating LH pulsatility, P4 (single
intravaginal P4 devices) may be an alternative to induce
the formation of large follicles that responds to the first
GnRH of the Ovsynch protocol (Silva et al., 2018). Cows
with P4 devices develop follicular persistence due to
absence of pre-ovulatory peak of LH and maintenance of
sub luteal concentrations of progesterone (Cerri et al.,
2009). Persistent follicles are capable of ovulating after
long periods (15 days) of progestogen blocking (Chebel
et al., 2006). Thus, the persistent follicle can be used as a
pre-synchronization method for the Ovsynch protocol due
to the constant follicular development and ovulatory
capacity. Thus, the objective of this review was to
propose strategies that increase the response to ovulation
synchronization protocols in beef and dairy cows using
P4 or protein/energy supplementation pre-protocol of
TAI, aiming to increase LH pulsatility or induce a
GnRH-responsive follicle at the beginning of the
ovulation synchronization protocol.

Strategiesto increase LH pulsatility prior to TAI
protocols

Postpartum anestrous in cows is caused in part
by a reduction in LH pulsatility after follicular
divergence (Yavas and Walton, 2000). This
gonadotropin depletion is caused by the strong negative
feedbacks from progesterone and estrogens in late
pregnancy. The period of anovulatory anestrus varies
between cows and milk production level. In dairy cows,
the interval between calving and first ovulation ranges
from 19 to 22 days (Darwash et al., 2010). However, in
dairy cows on grazing systems, this interval may
increase up to 43 days (McDougall et al., 1995). In Bos
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indicus beef cows raised in a continuous grazing
system, longer postpartum anestrous periods are
observed (>100 days ; Baruselli et al., 2004). Under this
management system, between 5 and 15% of the cows
are cycling at the beginning of the breeding season
(Sales et al., 2011; Baruselli et al., 2017). In this
regards, strategies for stimulation of GnRH-induced LH
secretion during early postpartum to reduce anestrous
period were attempted, such as P4 (Simdes et al., 2018)
and energetic/protein (Peres et al., 2016; Orlandi et al.,
2018) supplementation.

Progesterone

Progesterone increases LH pulsatility by
reducing the expression of estrogen receptors in the
hypothalamus, decreasing negative feedback for GhRH
production and release (Anderson and Day, 1998; Day,
2004). Thus, treatment with P4 in anestrous cows
increased follicular fluid estradiol concentration due to
increased LH pulsatility and its LH receptors on
granulosa and theca cells in pre-ovulatory follicles
(Inskeep et al., 1988; Rhodes et al., 2002). Some studies
have shown that the use of P4 stimulates cyclicity in
lactating dairy cows (Fike et al., 1997; Lucy et al.,
2001). Recently, our research group conducted studies
to evaluate the effect of injectable P4 (P4i) on the
reproductive efficiency of lactating Bos indicus cows
submitted to TAI. In the first study (Simdes et al., 2018)
the effect of previous exposure to injectable
progesterone (P4i) in TAI protocols on follicular growth
and pregnancy rate of Bos indicus lactating cows was
evaluated. In this study, 420 lactating anestrous Nelore
cows were used. Cows were divided into one of three
experimental groups (Control, P4, and P4GnRH), 10
days before (D-10) the beginning of the P4 and
estrogen-based ovulation synchronization protocol
(Sales et al., 2015). In the control group, cows were
only submitted to the protocol based on P4 and
estrogen. In the P4i group, cows received 150 mg of P4i
(Sincrogest  Injectable®, Ouro  Fino, Brazil)
intramuscularly on D-10 and were submitted to the
same ovulation synchronization protocol as in the
Control group. In the P4iGnRH group, cows received
the same treatments of the P4 group associated with the
administration of 10ug of buserelin (Sincroforte®, Ouro
Fino, Brazil) on DO. In this study, the P4i treatment
increased the follicular diameter at the beginning of the
TAI protocol and on the day of removal of the P4
device. In addition, cows receiving pre-protocol P4
were 1.68 times more likely to become pregnant after
TAI than the control group (Tab. 1). In Bos taurus beef
cows (Simdes, unpublished data), receiving P4i treatment
previous to TAI protocol increased P/Al [Control 45.6%
(118/259) and P4i 54.8% (142/259); P = 0.03]. In another
study (Santos et al., 2018) using 988 lactating Nelore
cows in adequate body condition score (~3.0), a P4
treatment preceding the ovulation synchronization
protocol did not improve pregnancy rate [Control 64.7%
(322/498) and P4i 62.9% (308/490); P = 0.55] and
cyclicity 30 days after TAI [Control 39.8% (70/176) and
P4i 39.6% (72/182) P = 0.78]. Thus, probably in cows
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with adequate body condition LH pulsatility in
postpartum should allow growth and ovulation of a
preovulatory follicle. This difference in fertility after P4
treatment is probably due to the body condition of the
animals in the different studies. In the study by Simdes
et al. (2018), the cows were nutritionally impaired
which resulted in low body condition scores.
Nutritionally deficient cows have lower postpartum LH
pulsatility due to the formation of metabolites (NEFA,
Beta-hydroxybutyrate and acetate), endorphins and
peptides (mainly neuropeptide Y) known to produce
negative feedback blocking hypothalamic GhRH (Hess,
2005). Thus, treatment with P4 prior to ovulation
synchronization protocols may have increased LH
secretion (Anderson and Day, 1998; Day, 2004), which
resulted in higher pregnancy rates.

Based on the benefits reported here, we
hypothesize that the prior use of P4 could replace eCG
in TAI protocols (Simdes, unpublished data). Research
emphasizes the importance of treatment with eCG to
increase both ovulation and pregnancy rates in TAI
protocols (Baruselli et al., 2004; Sales et al., 2011;
Sales et al., 2016). As shown previously, eCG has
positive effects on recently calved anestrous cows
(postpartum period less than 2 months) in animals with
compromised body condition (Sales et al., 2011) and in
cows with dominant follicle growth impairment due to
high levels of progesterone at the end of the ovulation
synchronization treatment (Baruselli et al., 2004).
Despite the great benefits of eCG, the use of this
gonadotrophin is banned in some countries and a

resistance front has emerged because of the way it is
extracted from mares. In addition, eCG has no activity
pattern and its cost is extremely high. In the Simdes
study (unpublished data), 600 lactating Nelore
multiparous cows were used and distributed in four
experimental groups. In the control group (n = 150),
cows were submitted to an ovulation synchronization
protocol based on P4 and estrogen (DO - 2mg estradiol
benzoate (EB) + P4 device; D8 - withdrawal P4 device
+ 1mg estradiol cypionate (EC) + 500ug Cloprostenol;
D10 - TAI). In the eCG group, cows were submitted to
the same ovulation synchronization protocol of the
Control group associated with the administration of 300
IU of eCG in D8. In the P4i group, the cows were
submitted to the same TAI protocol of the control group
associated with the administration of 150mg of
injectable P4 (Sincrogest injectable®) 10 days before
the initiation of the ovulation synchronization protocol.
In the P4ieCG group, cows underwent the same TAI
protocol from the Control group associated with the
administration of 150mg of injectable P4 and 300Ul of
eCG in D8. The association of eCG with P4i prior to the
protocol increased follicular diameter at day 10 of the
TAI protocol. However, the use of P4i without the
administration of eCG resulted in a lower preghancy
rate. However, there was an additive gain in pregnancy
rate with the association of eCG and P4i prior to the
protocol, similar to that previously observed in Bos
indicus cows (Simdes et al., 2018). Thus, in Bos indicus
cows, P4 treatment prior to the TAI protocol is not a
viable alternative to replace eCG.

Table 1. Effects of exposure to injectable progesterone previous to TAI protocol on follicular growth, CL diameter

and ovulation rate of suckled Nelore cows.

Control P4i P4iGnRH P

Diameter (mm)
LF on Day 0 (mm) 10.9+0.2° 12.7+0.3" 12.6+0.4° 0.001
LF on Day 8 (mm) 9.7+0.2° 10.4 +0.2° 9.9+0.2% 0.05
LF on Day 10 (mm) 12.6+0.3 13.0+0.3 12.6+0.3 0.21
CL on Day 24 (mm) 19.7 +0.4* 20.1+0.4° 18.5+0.4° 0.001
Follicular growth rate (mm/day) 1.4+£0.1 1.4+01 1.3+0.1 0.34

. 78.2 80.3 75.2
Ovulation rate (%) (104/133) (110/137) (106/141) 0.62

0.0 0.0 26.4

CL presence on Day 8 (%) (0/136)° (0/140)° (38/144)* 0.001
P/Al 34.9 (78/223)°  45.9(105/229)*  40.6 (93/229)* 0.01

Abbreviations: LF - largest follicle; CL - Corpus Luteum; P/Al - pregnancy per timed-Al. Control group - cows
were only submitted to the conventional protocol based on P4 and estrogen P4i group - cows received 150mg of
progesterone injectable intramuscularly 10 days before initiation of the ovulation synchronization protocol (D-10).
P4iGnRH group - cows received the same treatments of the P4 group associated with the administration of 10ug of
buserelin on DO. Different letters (a#b) in the same line differ (P < 0.05; Simdes et al., 2018).

Energetic and protein supplementation

Under feed restriction cows mobilize body
energy reserves, resulting in increases in the
concentration of neuropeptide Y (McShane et al., 1993)
and NEFA from mobilization of body energy reserves
(DiCostanzo et al., 1999) which, in turn, block the
secretion of GnRH and, consequently, the release of LH
(Schillo, 1992). In addition, cows in negative energetic
balance have high concentrations of B-hydroxybutyrate
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and low glucose concentrations that reduce GnRH
secretion by the hypothalamus (Mulliniks et al., 2013).
Therefore, adequate nutrition during the pre-partum
period and the amount of dry matter available in
postpartum are key elements for the return to cyclicity
in dairy and beef cows (Crowe et al., 2014). Studies
have shown that cows with adequate body condition pre
and postpartum have greater fertility after calving (Sa
Filho et al., 2009; Ayres et al., 2014) and that energy
and/or protein supplementation increases the conception
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rate (Pescara et al., 2010). In a recent study by our
research group (Orlandi et al., 2018), the effect of
energy and protein supplementation on follicular growth
and pregnancy rate of Bos indicus lactating cows was
evaluated. In this study, 342 Bos indicus (Nelore) cows
in anestrus were distributed in Control (non-
supplemented cows) and Supplement (cows received
2.5 kg/day of an energy/protein supplement with 26.5%
CP and 76.5% NDT for 26 days) groups.
Supplementation was initiated 12 days prior to a standard
P4 and estradiol based-TAI protocol and maintained for

14 days. After the first TAI, the non-pregnant cows were
resynchronized and 10 days after the second TAI were
exposed to Nelore clean-up bulls until the end of the
breeding season, which lasted for 110 days. The diameter
of the largest follicle at DO, D8, D10, CL diameter at D14
and ovulation rate were higher (P < 0.05) in the
Supplement group. In addition, there were no differences
(P > 0.05) between the treatments for P/Al at 1% and 2™
TAI or after the clean-up bull. However, the pregnancy
rate at the end of the breeding season was greater in the
Supplement group (P = 0.02; Fig. 1).

100 - P=0.29 P=0.19 P=0.07 P=0.02 1 Control
1 Suplemented
87.8
80 - 7.7
61.7
~ 60 -
S
— 46.8
< 42.6 46 440
Q40
33.0
20
0 T T T T
TAI'l TAI 2 Bull Overall

Figure 1. P/Al during a 110-day breeding season of lactating Nelore cows supplemented with energy and protein

diet at the end of the dry period (Orlandi et al., 2018).

In another supplementation study in beef cows
(Peres et al., 2016), the effect of corn-based
supplementation was evaluated for 41 days. The
supplementation started on the first day of insertion of
the P4 device (DO0) in the TAI protocol and remained
until pregnancy check (D41). In this study two
experiments were carried out to evaluate the hormonal
profile and the fertility of Nelore females. In the study,
the three-way TAI protocol with 11-day duration was
used. In experiment 1,681 primiparous cows averaging
2.84 in BCS were used to evaluate the concentrations of
IGF-1, leptin and GH and in experiment 2, 2395 Nelore
females (648 heifers, 635 primiparous and 1112
multiparous) were submitted to the TAI protocol to
evaluate fertility. In both experiments cows were
distributed into two groups, Control (not supplemented)
and Supplemented (1.0kg/cow/day of corn from DO to
D11 and 2.2kg/cow/day from D11 to D41). Both groups
grazed on pastures with ad libitum access to water and
mineral and TAI protocols started 35 days post calving.
In experiment 1, the higher concentration of IGF-1 at
TAI (138.4 vs 130.8ng/mL) and lower concentration on
the day of the pregnancy diagnosis (135.5 vs
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141.5ng/mL) were observed in the supplemented cows.
In this study, cows with higher concentrations of IGF-1
at the time of TAI and leptin / GH at the beginning of
the protocol had higher pregnancy rates, demonstrating
that supplementation during the protocol may increase
the pregnancy rate due to an increase in the
concentration of IGF-1. In experiment 2, although corn-
based supplementation did not interfere with the results
of the first TAI (Control - 50.9% and Supplemented -
52.4%), there was a trend of higher pregnancy rate in
the second TAIl in supplemented cows (44.3% vs.
38.5%). In addition, primiparous cows had higher
pregnancy rate at the end of the breeding season (77.8%
vs. 65.7%), showing cumulative/late effects similar to
those observed in Orlandi et al. (2018). However, in
multiparous, the final pregnancy rate was lower in the
supplemented group (87.0% vs. 92.0%). These results
make it difficult to understand the effects of energy
supplementation on beef cows during and after the TAI
protocol. Thus, the positive effects of nutrition may
occur due to changes in hormone concentrations (insulin
and IGF-1) and metabolites (glucose, cholesterol and
beta-hydroxybutyrate) related to reproductive efficiency
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(Beam and Butler, 1998; Ospina et al., 2010; Mulliniks
et al., 2013; Samadi et al., 2013). Thus, short
duration(<30 days) energy and protein supplementation
12 days before TAI sufficient to animal maintenance
increased fertility lactating beef cows in the post
postpartum period, being an interesting alternative.

Strategiesto increase response to the first GnRH of
the Ovsynch protocol

Ovsynch is the standard GnRH/PGF2a-based
protocol (Pursley et al., 1995) where a first GnRH is
given on a random day of the estrous cycle (D0). Seven
days later, PGF2a (D7) is given and 48 hours later, a
second GnRH. Cows are inseminated 16 hours after the
second GnRH. Although it meets the three premises of
ovulation synchronization, this protocol presents low
efficiency (64%) if administered in animals on a random
day of the estrous cycle (Vasconcelos et al., 1999). In
this study, ovulation rate was higher in cows that
received the first GnRH of the Ovsynch protocol
between days 5 - 9 and 17 - 21 days of the estrous cycle.
In addition, there was a higher ovulation rate to the
second GnRH of the Ovsynch protocol when the
animals responded to the first GnRH (Vasconcelos et
al., 1999). However, cows that did not respond to the
first GnRH had a longer period of dominance of the
ovulatory follicle (follicular persistence), compromising
oocyte quality and early embryo development (Cerri et
al., 2009). Such changes in follicular dynamics resulted
in a lower pregnancy rate (Chebel et al., 2006). Thus,
pre-synchronization protocols have been used to
increase the response to the first GhRH of the Ovsynch
protocol, (Moreira et al., 2001; Souza et al., 2008).

The first pre-synchronization protocol used two
PGF2a with a 14-day interval, followed by Ovsynch 12
days after the second PGF2a (termed Presynch-
Ovsynch; Moreira et al., 2001). Pre-synchronization in
this study increased the conception rate (37% vs 49%)
in heifers by 12 percentage points and other authors
observed an increase of 18 percentage points in cyclic
lactating cows (25% vs 43%; El-Zarkouny et al., 2001).
In another study, using a similar protocol (twelve day
intervals between PGF2a injections) conception rates at
42 days of gestation was 49.6% for the cows in the
Presynch group and 37.3% for cows in the Ovsynch
group (Navanukraw et al., 2004). Thus, such favorable
results are attributed to a larger number of animals in
the optimal phase of the estrous cycle receiving the
Ovsynch protocol. However, only cyclic cows can
benefit from the program with two PGF2a since the
response depends on the presence of responsive corpus
luteum (Chebel et al., 2006). Another limitation of the
effectiveness of the Presynch-Ovsynch protocol would
be the lack of precision in follicular synchronization and
luteal stages, due to estrous variability and ovulation
after PGF2a treatments (Ayres et al., 2013).

Among the pre-synchronization protocols,
Double Ovsynch (Ovsynch protocol is performed as a
pre-synchronization tool) has achieved better
synchronization results (Souza et al., 2008). Double-
Ovsynch comprises two Ovsynch protocols seven-days
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apart, with TAI after the last GnRH of the second
protocol. Double-Ovsynch increases the ovarian
response to hormone treatment and P4 concentrations
during the Ovsynch of the TAI (Souza et al., 2008). In
this study, 28% more cows with high progesterone
(>3ng/mL) were observed at the time of PGF2a in the
Double-Ovsynch group (78.1% vs 52.3%) when
compared to the group treated with two PGF2a. In
addition, there was a high ovulation rate at the first
GnRH (82%) and a satisfactory pregnancy rate (49.7%).
In another study (Herlihy et al., 2012), Double-Ovsynch
reduced the proportions of primiparous and multiparous
cows with low circulating P4 concentrations compared
to Presynch-Ovsynch treated cows (3.3 vs 19.7% in
primiparous and 8.8 vs 31.9% in multiparous). Cows
with low concentrations of P4 at the time of PGF2a
administration are more likely to have premature
luteolysis, with consequent peak LH and ovulation prior
to administration of the second Ovsynch GnRH
(Vasconcelos et al., 1999). In both studies, the Double-
Ovsynch protocol increased Ovsynch fertility compared
to Presynch-Ovsynch. The ovulatory response to the
first  Ovsynch GnRH increases the circulating
concentrations of progesterone and allows the
development of the dominant follicle less variable and
closer to the ideal size at the time of the second GnRH
(Bello et al., 2006; Giordano et al., 2012). Increased
circulating concentrations of P4 during follicular
development may decrease LH pulsatility, possibly
increase dominant follicle competence, oocyte and
uterine environment qualities (Mihm et al., 1994; Revah
and Butler, 1996). Other studies also related ovulation
to the first Ovsynch GnRH and the presence of CL at
the time of PGF2a with higher pregnancy rates at 30
and 60 days post artificial insemination (Vasconcelos et
al., 1999; Chebel et al., 2006). However, such a
protocol is too long (28 days) and difficult to implement
on farm. Thus, there is still the need for the
development of more practical and shorter pre-
synchronization protocols.

Recently our research group developed a pre-
synchronization protocol using a P4 sustained-release
vaginal device (Silva et al., 2018) to induce a persistent
dominant follicle to increase the response to the first
GnRH of the Ovsynch protocol. In the experiment, 440
dairy cows (345 Holstein-Zebu crossbreds and 95
Holsteins) were randomly assigned to Double Ovsynch
(Double-Ov; Souza et al., 2008) and P4synch. The
P4synch protocol consisted of insertion of an intravaginal
P4 device 10 days prior to the initiation of the Ovsynch
protocol (D-10) and withdrawing the device on the day
of PGF2a administration of the Ovsynch (D7) protocol.
All cows were inseminated 16 hours after the second
dose of GnRH from the Ovsynch protocol. No
differences were observed between the groups for the
pre-synchronization rate variables [presence of follicles
with more than 12mm in the DO; P = 0.66), follicular
diameter at the 1* GnRH (P = 0.28), ovulation rate at 1%
GnRH (P = 0.50), synchronization rate (P = 0.84),
follicular diameter at the 2" GnRH (P = 0.48),
ovulation rate in the 2" GnRH (P = 0.48) and the
diameter of the CL in D24 (P = 0.19)]. However, the
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presence of CL on DO was higher (P = 0.03) in the
Double Ovsynch group (Tab. 2). In addition, there was
no difference in pregnancy rates at 30 (P = 0.85), at 60
days of gestation (P = 0.41) and in gestational losses at
30 and 60 days of gestation (P = 0.13; Fig. 2). There
was no difference in the percentage of cows with P4
<1ng/mL at DO [Double-Ov 13.6% (3/22) and P4synch
5.0% (1/20); P = 0.37], for percentage of cows with P4
>1ng/mL in D7 (Double-Ov 77.3% and P4synch 95.0%;
P = 0.14) and for P4 concentration in D24 (Double-Ov

Table 2. Effect of presynchronization (Double Ovsynch

crossbred dairy cows submitted to the Ovsynch protocol.

4.7 + 0.6 and P4synch 5.9 + 0.9 ng/mL, P = 0.84). The
P4synch protocol has the same reproductive efficiency
as the Double Ovsynch protocol in lactating dairy cows.
In another study by our research group (Lima,
unpublished data), we compared the P4synch protocol
with the protocol based on estrogen and P4 (Ferreira et
al., 2013). In this study, similar results were reported
between the P4synch and the P4-estradiol-based
protocols (Tab. 3). Thus, P4synch may be an efficient
alternative for ovulation synchronization in dairy cows.

and P4synch) on the follicular dynamics of lactating

Double-Ov P4synch P

Rates (%)

Presynchronization 94.2 (49/52) 92.0 (46/50) 0.66

CL on Day 0 57.7 (30/52) 36.0 (18/50) 0.03

Ovulation to 1* GnRH 86.3 (44/51) 81.2 (39/48) 0.50

Follicular persistence 5.9 (03/52) 14.3 (07/49) 0.20

Synchronization of Day 9 84.6 (44/52) 86.0 (43/50) 0.84

Ovulation to 2" GnRH 90.9 (40/44) 86.0 (37/43) 0.48
Diameters (mm)

LF on Day 0 17.2 £ 07 18.6 0.8 0.28

LF on Day 9 17605 179+04 0.48

CL on Day 24 27907 29.4+0.8 0.19

Abbreviations: LF, largest follicle; CL, Corpus Luteum. a) Presynchronization: presence of follicle >12mm on DO.
b) Follicular persistence: presence of follicle >12mm on DO, absence of CL on D7 and follicle >20mm on D9. c)
Synchronization: presence of a follicle >12 mm. The P4synch protocol consisted of insertion of an intravaginal P4
device 10 days prior to the initiation of the Ovsynch protocol (D-10) and withdrawing the device on the day of
PGF2a administration of the Ovsynch (D7) protocol (Silva et al., 2018).

50
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40 - 39.0
_ 30
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Q
&
20 -+
10 -
212
0 - T

P/Al at 30 days

34.8

P/Al at 60 days

1 Double-OV

1 P4synch
38.7
10.2
35
212 88

Pregnancy loss

Figure 2. Effect of the presynchronization protocol (Double-Ov and P4synch) on the P/Al at 30 and 60 days and
pregnancy loss (P > 0.05) in lactating crossbred dairy cows (Silva et al., 2018).
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Table 3. Effect of protocols (PAE2 and P4synch) on the follicular dynamics and fertility of lactating dairy cows.

Rates (%)
Presynchronization
CLonDay0
Ovulation to 1% GnRH
Follicular persistence
Synchronization on induction

Diameters (mm)
LF on Day 0
LF on induction
LF on TAI

P/AI

PAE2 P4synch P
73.9 (34/46) 97.8 (45/46) 0.01
80.4 (37/46) 37.0 (17/46) 0.001
65.2 (30/46) 65.2 (30/46) 0.99

8.7 (4/46) 15.2 (7/46) 0.34
76.1 (35/46) 80.4 (37/46) 0.61
15.0+0.8 21.0+0.38 0.001
13.9+0.7 176 +0.6 0.001
15.2+0.7 17.2+0.8 0.05
37.4 (67/179) 42.4 (72/170) 0.35

Abbreviations: LF, largest follicle; CL, Corpus Luteum. a) Presynchronization: presence of follicle >12mm on DO.
b) Follicular persistence: presence of follicle >12mm on DO, absence of CL on D7 and follicle >20mm on D?9. c)
Synchronization on induction: presence of a follicle >12 mm. The P4synch protocol consisted of insertion of an
intravaginal P4 device 10 days prior to the initiation of the Ovsynch protocol (D-10) and withdrawing the device on
the day of PGF20 administration of the Ovsynch (D7) protocol (Lima et al., unpublished).

Conclusion

The TAI protocols in beef and dairy cows are
well established, but the response to protocols ranges
from 70 to 90%. Currently, there are strategies to
increase protocol response in cows with LH release
impairment. The P4i strategy brought significant
increase in fertility in Bos indicus and Bos taurus beef
cows. Another strategy that has improved TAI results in
Bos indicus beef cows is  energy/protein
supplementation before and during the protocol. In
addition, the use of intravaginal P4 device is an efficient
alternative of pre-synchronization to the Ovsynch
protocol in dairy cows.

Despite these results, more studies are
necessary to confirm these findings, especially in
energy/protein supplementation.
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Abstract

Knowledge of follicuar wave dynamics
obtained through the use of real-time ultrasonography
and the development of the means by which follicular
wave dynamics can be controlled have provided
practical approaches for the in vivo and in vitro
production and transfer of embryos in cattle. The
elective control of follicular wave emergence and
ovulation has had a great impact on the application of
on-farm embryo transfer, especialy when large groups
of donors need to be superstimulated at the same time.
Although estradiol and progestins have been used for
many years, practitioners in countries where estradiol
cannot be used have turned to aternative treatments,
such as mechanical follicle ablation or the
administration of GnRH for the synchronization of
follicle wave emergence. In vitro embryo production
aso benefits from the synchronization of follicle wave
emergence prior to Cumulus Oocyte Complexes (COCs)
recovery. As Bos indicus cattle have high antral follicle
population, large numbers of oocytes can be obtained by
ovum pick-up (OPU) without superstimulation.
However, synchronization of follicular wave emergence
and superstimulation is necessary to obtain high
numbers of COCs by OPU and blastocysts following in
vitro fertilization in Bos taurus donors. Finally, embryos
can now be transferred in commercia beef or dairy
herds using efficacious synchronization and re-
synchronization protocols that are easily implemented
by farm personnel. These technologies can also be used
to resolve reproductive problems such as the reduced
fertility observed during summer heat stress and/or in
repeat-breeder cowsin commercial dairy herds.

Keywords: superstimulation, bovine embryos, fixed-
time embryo transfer.

Introduction

The objective of ovarian superstimulatory
treatments in cattle is to stimulate the growth of the
maximum number of antral follicles that produce
competent oocytes (B6 and Mapletoft, 2014). The usual
regimen for in vivo embryo production has been twice
daily intramuscular (i.m) treatments with FSH for 4 or 5
days (B6 and Mapletoft, 2014). However, previous
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experiments have indicated that follicle maturation and
ovulation rate can be improved in at least some donors
if FSH treatments are administered over 6 or 7 days (B6
et al., 2008; Garcia Guerra et al., 2012). For in vitro
embryo production (IVP), the requirement of
superstimulation with gonadotropins prior to ovum
pick-up (OPU) is dtill under discussion, and the
approach may differ depending on whether the donors
are of Bos taurus or Bos indicus breedings. Regardless
of the method of embryo production, these technologies
can be implemented in commercia beef and dairy
operations for genetic improvement and even to
increase fertility during the summer heat stress and/or in
repeat-breeder dairy cows. The objective of this
manuscript is to briefly summarize the existing
protocols for superstimulating donors for in vivo and in
vitro embryo production and to propose alternatives by
which embryo transfer technol ogies can be implemented
more widely in commercial herds.

Super stimulation and in vivo embryo production

Two very important factors influencing
variability in superstimulatory response are the intrinsic
number of antral follicles in donors, and the stage of
follicular development at the beginning of FSH
treatments. Response can be predicted by antral follicle
count done with ultrasonography (Singh et al., 2004;
Ireland et al., 2011), or measurement of circulating
concentrations of anti-Mullerian hormone [AMH; Bos
taurus (Rico et al., 2012; Monniaux et al., 2013), Bos
indicus (Batista et al., 2014)]. High antral follicle counts
have resulted in more ovulations and a greater number
of transferable embryos following superstimulation with
FSH than low antral follicle counts (Ireland et al.,
2007). Similarly, the top quartile of circulating AMH
values was associated with a greater superovulatory
response than the lowest quartile (Souza et al., 2014).
Therefore, selection of donors based on antral follicle
counts or AMH concentrations may be important for
predictable and economical embryo production.

Synchronization of follicle wave emergence for
super stimulation

Transvaginal ultrasound-guided follicle
ablation followed by FSH treatments 1 or 2 days later is
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very efficacious in the synchronization of follicle wave
emergence (Bergfelt et al., 1997; Baracaldo et al., 2000;
Lima et al., 2007), but requires specialized skills to
apply in the field. However, if donors are housed in an
embryo production facility, follicle aspiration by OPU
can be used to obtain COCs for IVP and at the same
time synchronize follicle wave emergence for the
production of in vivo-derived (IVD) embryos in the
same donor (Surjus et al., 2014). The number of
embryos produced in that study was higher when the
interval from OPU to superstimulation was 2 days rather
than 1 day. However, there was a concern that the
number of recruited 3 to 5 mm follicles 2 days after
OPU was lower than those counted at the time of OPU
itself, which was performed at random stages of the
estrous cycle (15.2 £ 2.3 vs 33.7 = 2.3; P < 0.05; Surjus
et al., 2014). However, a more recent report (Cirit et al.,
2019) suggested that this can be overcome using a
longer superstimulation treatment (i.e., 6 days) rather
than the traditional 4-day FSH protocol. In this study,
donors received 400 IU of equine Chorionic
Gonadotropin (eCG) 1 day after OPU followed by a
5-day FSH treatment initiated 1 day later (Cirit et al.,
2019). However, a critical study with a representative
number of animals and an adequate control group is
needed to confirm this notion. The practical application
of producing embryos in vitro and in vivo in succession
in the same donor has important practical implications
because it potentially increases the production of
embryos in a short period of time.

The preferred approach for synchronization of
follicular wave emergence in South America is the
administration of 2 mg estradiol benzoate (EB) or 5 mg
estradiol-17f3 and 50 — 100 mg progesterone (P4) and
insertion of P4-releasing device 4 days before initiating
FSH treatments (B6 et al.,, 1996, 2002a; B6 and
Mapletoft, 2014). This protocol has been extensively
reviewed (B6 and Mapletoft, 2014) and will not be
discussed further in this manuscript. However, estradiol
is not available in many other countries around the
world, requiring the use of alternatives such as follicle
ablation or GnRH to synchronize follicle wave
emergence prior to superstimulation (reviewed in B6
and Mapl etoft, 2014)

Attempts to synchronize follicular wave
emergence for superstimulation with GnRH were
initially unsuccessful; however, subsequent field data
were more promising. In these cases, GhRH was
administered 1.5 to 3.0 days after the insertion of an
intravaginal P4-device which may have increased the
probability of an LH-responsive follicle at the time of
treatment with GnRH. Indeed, B6 et al. (2010) reported
the strategic use of PGF,,, a P4-device and GnRH to
induce ovulation prior to initiating FSH treatments.
Basically, a persistent follicle was induced by treatment
with PGF,, at the time of progestin device insertion;
following administration of GnRH 7 days later,
ovulation occurred in more than 95% of the animals.
Superstimulation initiated 36 hours after GNRH (with
the P4-device remaining in place) resulted in a
superovulatory response that did not differ from
controls superstimulated on Days 8 to 12 of the estrous
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cycle. More recently, Hinshaw et al. (2015) reported no
difference in superovulatory response whether GnRH
was administered 2 or 7 days after insertion of a P4-
device.

Extended super stimulatory treatment protocols

An earlier study provided rationale for the
hypothesis that superstimulatory treatment may recruit
follicles into the wave and allow small follicles to
attain medium and large diameters (Adams et al.,
1994). Based on this notion, attempts have been made
to increase the superovulatory response by adding eCG
treatment prior to initiating FSH treatments. Pre-
treatment with eCG 2 days before the conventional FSH
treatment protocol resulted in a numerically greater
number of transferable embryos (6.7 + 1.2 vs 4.9 + 0.9)
in an unselected group of donors (Caccia et al., 2000),
and a significantly greater number of transferable
embryos in donors that were defined as poor
responders (3.6 + 0.6 vs1.0+ 0.2; BO et al., 2008).

A  more recent study evaluated the
superovulatory response and embryo recovery in donors
treated with either a 4-day or a 7-day FSH treatment
protocol utilizing the same total dose of 400 mg FSH
(Folltropin-V; Vetoquinol Inc., Canada) administered
twice daily at a constant daily dosage (Garcia Guerra et
al., 2012). The mean number of ovulations detected by
ultrasonography was greater in the 7-day trestment group
(30.9 £ 39 vs 183 £ 2.9, P = 0.01), consistent with a
numerically greater number of follicles> 10 mm just
prior to ovulation (27.5 £ 4.1 vs 195 + 2.6; P = 0.11).
Moreover, ovulations occurred more synchronously
in the 7-day group (93% of ovulations occurred 12 to
36 hours post-LH as compared to 66% in the 4-day
group) suggesting that the superstimulated follicles
were more mature and capable of responding to an LH
stimulus. Although the total number of ova/embryos,
fertilized ova and transferable embryos did not differ
statistically, all end-points favored the 7-day group.
In addition, when data from two cows with fertilization
failure were removed, the number of transferable embryos
tended to be higher in the 7-day group (7.6 £ 1.7 vs
4.2+ 15, P=0.07).

In another study (Dias et al., 2013a), a 7-day
superstimulation protocol was used to investigate the
influence of P4 on follicle growth, ovulation and
oocyte competence. Beef cows were superstimulated
with 25 mg of FSH twice-daily for 4 or 7 days. Again,
the superstimulatory response (number of large follicles
just prior to insemination) was greater (P < 0.05) in the
7-day group, and the numbers of ovulations (15.4 vs
11.6) and embryos (6.7 vs 5.9) were numerically higher
in the 7-day group.

The duration of treatment rather than the FSH
dose appears to be responsible for the increase in the
superstimulatory response. In the two studies cited
above, the number of ovulatory-sized follicles just prior
to ovulation was greater following 7 days of
superstimulation than 4 days, whether the total dose of
FSH was greater (Dias et al., 2013a) or the same
(Garcia Guerra et al., 2012). In addition, there was no
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evidence that more follicles were recruited; the tota
numbers of follicles at the end of FSH treatment was the
same as that at the beginning of FSH treatment, the only
difference was the distribution of follicle sizes.
Furthermore, in a recent study of follicles undergoing a
4-day superstimulation protocol, gene expression in
granulosa cells was atered compared to a single,
naturally occurring dominant follicle (Dias et al., 2013b,
2014). Expression of growth-related genes similar to the
pre-LH stage of follicle growth (even though LH had
been administered) and those involved in oxidative
stress response were up-regulated in granulosa cells of
follicles undergoing a 4-day FSH superstimulation
protocol, compared to a preovulatory follicle of an
unstimulated follicular wave. Genes related to a
disturbance in angiogenesis were also up-regulated in
superstimulated follicles. Since the mean growth rate of
follicles between initiation of treatment and ovulation
was more similar to naturally cycling cattle in the 7-day
group than in the 4-day group, we speculate that gene
expression during the 7-day superstimulation protocol
may be more similar to the naturally occurring single
preovulatory follicle.

Use of eCG toreplacethelast four FSH applications

In search of possible improvements to the
superstimulatory treatment protocol Price et al. (1999)
demonstrated that during the superstimulatory
treatment, LH pulse frequency diminish shortly after the
first FSH injection and are accentuated during the last
injections and the preovulatory period. This occurs as a
conseguence of the high steroidogenic activity and an
increase in the concentrations of estradiol in
superstimulated cows and may affect superovulatory
response and embryo quality (Price et al., 1999).
Therefore, a treatment that provides LH support at the
end of the superstimulation treatment may be beneficial,
since LH has been shown to be essential for the fina
growth of the superstimulated follicles and for the
completion of oocyte maturation (Oliveiraet al., 2014).

Equine Chorionic Gonadotropin is a complex
glycoprotein that has FSH and LH activity in non-equid
species (Murphy and Martinuk, 1991). A remarkable
feature of eCG that has been exploited in multiple
experimental and commercial contexts is its ability to
express FSH and LH activity in the cow (Murphy,
2012). In cattle, this gonadotropin has a prolonged
action time, due to the proportion of sialic acid (10 to
15%) present in its molecule (Murphy and Martinuk,
1991).

In the early days of bovine embryo transfer,
eCG was used to induce superovulation in donors (B6
and Mapletoft, 2014). However, its long half-life, which
was a feature for induction of superovulation with a
single administration, resulted in multiple unovulated
follicles and poor embryo quality at the time of embryo
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collection (reviewed in B6 and Mapletoft, 2014;
Murphy, 2012). More recently, the last two doses of
FSH in a superstimulation protocol have been replaced
by different dosages of eCG, with the intention of
providing more LH support to the growing follicles
(reviewed in Barros et al., 2012). Some studies have
shown beneficial effects of the association of FSH and
eCG (Cifuentes et al., 2009; Reano et al., 2009; Mattos
et al., 2011), whereas others showed no effect (Sartori et
al., 2009; Daviset al., 2012).

Although the administration of eCG near the
end of the FSH treatment protocol did not always
improve the superovulatory response, it was not
detrimental and raised some interest in its use to
simplify the superstimulation protocol and to decrease
the cost of the treatment, since eCG is usually less
expensive than the pituitary extracts containing FSH.
Therefore, we designed a study to evauate the
superovulatory response and embryo production in beef
donors using twice daily FSH injections over 4 days or
an alternative protocol in which the last 4 FSH
treatments were replaced by a single injection of eCG
(Bargjas et al., 2019). Twelve (Experiment 1) and 18
(Experiment 2) mature Bonsmara donor cows were
superstimulated twice at a 46-day interval in a crossover
design. Follicular wave emergence was synchronized by
the administration of estradiol-173 at the time of
insertion of a P4-device and superstimulation was
initiated 4 days later. Donors in the control group
received 8 injections of FSH i.m. (total dose: 300 mg) in
a twice-daily decreasing dosage schedule over 4 days,
whereas donors in the FSH+eCG group received only
the first 4 injections of FSH (total dose: 220 mg) and 48
h after initiating treatment, 800 1U of eCG i.m. in a
single administration. All donors received PGF,, i.m.
with the eCG administration and again 12 h later. The
P4-devices were removed in the AM of the next day.
All cows received GnRH 24 hours after the removal of
the P4-device and were inseminated with frozen/thawed
semen from two bulls 12 and 24 hours later.
Ovalembryos were collected and evaluated according to
the IETS standards 7 days after the administration of
GnRH. In Experiment 2, donors were treated only with
FSH+eCG. The total dosage of FSH was 200 mg and
the dosage of eCG was either 800 or 600 |U. Results of
both experiments are presented in Table 1. In
Experiment 1, the FSH (control) group produced a
higher (P < 0.01) number of fertilized ova, but there
were no differences in the number of transferable
embryos. In Experiment 2, no differences were found
between the FSH+800 eCG or FSH+600 eCG groupsin
any of the parameters evaluated. In conclusion, the
replacement of the last 4 injections of FSH by a single
administration of either 600 IU or 800 IU of eCG
decreased the number of FSH treatments required in a
superstimulation protocol without adversely affecting
the production of transferable embryos.
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Table 1. Embryo production (means + SEM) in Bonsmara donors treated with FSH or FSH+eCGF.

n Total ovalembryos Fertilized ova Transferable embryos
Experiment 1
FSH 12 11.7+£25 105+ 2.3 57+14
FSH+800 IU eCG 12 9.6+15 6.8+1.0° 53+10
Experiment 2
FSH+800 IU eCG 18 6.7+0.7 54+0.8 3607
FSH+600 IU eCG 18 6.1+1.1 43+10 37038

Different letters (a,b) within a column indicate significant difference (P < 0.05). *Donors were treated with 8
intramuscular injections of FSH administered at 12 h intervals (FSH group) or the last 4 FSH treatments were
replaced by a single intramuscular injection of eCG (FSH + eCG group).

Manipulation of follicular development for in vitro
embryo production (IVP)

The IVP of embryos, together with the
technique of OPU, are reproductive biotechnol ogies that
have advanced greatly in the last 10 years. This
technology is highly developed in Brazil, where 57% of
IVP embryos that are transferred in the world are
produced (Viana et al., 2018). As indicated earlier, Bos
indicus cattle have a higher number of follicles recruited
per wave as compared to Bos taurus breeds and this has
resulted in the recovery of a higher number of oocytes
with OPU (Pontes et al., 2009; Baruselli et al., 2012;
Watanabe et al., 2017). Likewise, field data from our
laboratory has shown that Brahman-influenced synthetic
breeds produce significantly more viable oocytes and
transferable blastocysts following OPU/IVF than Bos
taurus breeds (Bernal et al., 2016).

Several studies were designed to evaluate the
effects of synchronizing follicular wave emergence and
superstimulation on the number and quality of the COCs
recovered by OPU and submitted to IVP (Ongaratto et
al., 2015; Barusdlli et al., 2016). The most important
conclusions of these studies were: 1) Synchronizing
follicle wave emergence prior to OPU increased the
number of COCs obtained and blastocysts produced in
Bos taurus, but not Bos indicus breeds; 2) Treatment
with estradiol and P4 or the removal of the dominant
follicle (DFR) were equally efficacious in the
synchronization of follicular wave emergence for
OPU; 3) Superstimulatory treatment with FSH
increased the number and quality of COCs obtained by
OPU in Bos taurus breeds, but not in Bos indicus
breeds. In an experiment conducted in Brazil with
Holstein donors (Vieira et al., 2014), all cows received
a P4-device and 2 mg of EB (Day 0). Cows in the
control group received no additional treatments, while
cows in the FSH-treated group received twice daily
treatments on Days 4 and 5 (total dose of 200 mg). On
Day 7, the P4-device device was removed and the
OPU was performed (40 h after the last FSH
treatment). There were no differences between groups
(P = 0.92) in the number of follicles that were
aspirated per OPU session (17.2+ 1.3vs17.1+1.1in
the control and FSH-treated cows, respectively);
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however, COCs from FSH-treated cows yielded a
higher blastocyst rate (34.5%, 89/258 vs 19.8%, 55/278,
P < 0.001) and more transferable embryos per OPU
session than the control group (3.0+£05vs 1.8+ 0.4, P
= 0.02). It was concluded that superstimulation of
Holstein donors with FSH before OPU increased the
efficiency of IVP by increasing COC and embryo
quality. In addition, non-lactating donors had a higher
percentage of in vitro blastocyst development and
produced more embryos per OPU session than lactating
cows. In a later study, similar results were obtained
when the four doses of FSH were replaced by a single
i.m. injection of 200 mg of FSH diluted in a 0.5%
hyaluronan solution (MAP-5, Vetoquinol; Vieira et al.,
2015).

Two other studies were performed in Angus
donors. In the first study (Ongaratto et al., 2011),
administration of FSH resulted in a higher number of
COCs obtained by OPU. In the second study (Ongaratto
et al., 2019), multiparous, non-lactating Angus cows,
were randomly allocated into two treatment groups and
treated twice in a cross-over design. Follicular wave
emergence was synchronized with estradiol 17-f and
progesterone, plus a P4-device. Four days later (Day 4)
donors received either 160 mg FSH diluted in 4 ml of
MAP-5 by a single i.m. injection or no FSH (Control
group). COCs were obtained by OPU 72 h later (Day 7).
Results are summarized in Table 2. The number of
viable COCs was significantly higher in the FSH-treated
donors than in controls.

Although administration of FSH prior to OPU
has been a common practice for increasing the numbers
of follicles available for OPU, most studies have
adopted the conventional twice daily treatments with
FSH, with either positive resultsin the number of COCs
collected and embryos produced (Ongaratto et al., 2011;
Blondin et al., 2012; Vieira et al., 2014; 2015) or no
effect on COC or embryo production in Holstein cows
(Oliveira et al., 2016). Obvioudly, the possibility of
giving a single FSH injection instead of four prior to
OPU in geneticaly superior animals is criticaly
important for the widespread application of this
technology in commercial herds, where personnel are
not as familiar with intensive treatment protocols as
producers working with purebred cattle.
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Table 2. Mean (+SEM) numbers of total and viable cumulus oocyte complexes (COCs) recovered and number of
blastocysts produced following superstimulation in Angus donors”.

Grou COCs Blastocysts
P Total Viable Total

(Sr'] ”3'96) FSH 214+ 2.4° 141+ 16 42+0.8

(C;ogtgc;l 159+ 2.7 10.6 + 2.0° 27+0.7

P Value 0.02 0.02 0.13

Different letters (a,b) within a column indicate significant difference (P < 0.05). *Donors were treated with 5 mg
estradiol 17-p and 50 mg of progesterone i.m. plus a P4-device on Day 0, followed by either 160 mg Folltropin-V
diluted in 4 ml of MAP-5 by asingle i.m. injection (Single FSH group) or no FSH (Control group) on Day 4. OPU

was performed in both groups on Day 7.

Strategiesfor the application of in vivo and in vitro
embryo transfer in commercial operations

The commercial embryo transfer industry
began in North America in the early 1970s, and the
technology soon spread to South America (B6 and
Mapletoft, 2014). Brazil and Argentina have
consistently ranked in the top five countries outside
North America and Europe in the production 1VD
embryos. Viana (2018) has reported recently that more
than 992,289 IVP and 495,054 IVD bovine embryos
were produced worldwide in 2017. North America
accounted for more than 59% (292,755) of the IVD
embryos, while South America only accounted for 10%
(49,230). On the other hand, the distribution of IVP
embryos were similar in North (475,696; 48%) and
South (453,685; 46%) America. This is the first report
in which North America produced more VP than 1VD
embryos, whereas in South America the number of VP
embryos has been higher than the number of IVD
embryos for more than 10 years.

The application of a successful program using
IVD or IVP embryos not only relies on a robust VP
system, but also on the implementation of a successful
embryo transfer program. Nutrition, management and
efficiency in the synchronization of estrus and ovulation
are among the factors that affect the use of these
technologies (Mapletoft and B6, 2016). To avoid
limitations associated with estrus detection, treatments
that synchronize the time of ovulation in recipients,
which were developed originaly for fixed-time Al
(FTAI), have been utilized for fixed-time embryo
transfer (FTET; BO et al., 2002a, 2012a). These
treatments are generally divided into those that are
GnRH-based (Ambrose et al., 1999) and those that are
estradiol-based (BO et al., 2002) and are selected
depending on the availability of the hormones in
different countries. In either case, the recipient protocols
include the insertion of a P4-device for 7 or 8 days
(Hinshaw, 1999; B et al., 2002b).

Estradiol and P4- (estradiol/P4) based
treatments are the most commonly used protocols to
synchronize follicle wave emergence and ovulation of
recipients in South America (Baruselli et al., 2010). The
simplified protocol used most commonly consists of
insertion of a P4-device and the administration of 2 mg
EB on Day 0, and PGF,, at the time of insertion and
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removal of the P4-device if it is impregnated with >1 g
of P4 and only at P4-device removal when it contains
<1 g of P4. The P4-device is usually removed on Day 7
or 8 and 300 or 400 IU of eCG are administered at that
time (BO et al., 2002a). Ovulation is induced by the
administration of 0.5 or 1 mg of estradiol cypionate
(ECP) at the time of P4-device removal and al recipients
with a corpus luteum (CL) 9 days later receive an embryo
(i.e., 7 days after the expected time of estrus; Baruselli et
al.. 2010, 2011; BO6 et al., 2012b). Overal, 75 to 85% of
the recipients treated with this protocol receive an
embryo; P4 concentrations are high at the time of embryo
transfer and pregnancy per embryo transfer (P/ET)
range from 40 to 60%, when both embryos and
recipients are of high quality (reviewed in B6 et al.,
20023a; Baruselli et al., 2010, 2011).

Recent studies have suggested that increasing
the interval from P4-device removal to FTAI may
improve pregnancy per Al (P/Al) in a GnRH-based
protocol (named 5-day CoSynch+CIDR) (Bridges et al.,
2008) or estradiol/P4-based treatments (named J-Synch
protocol; B6 et al., 2016). In both protocols, a second
GnRH is administered 72 hours after the removal of the
P4-device (prolonged proestrus). The benefits
associated with the prolonged proestrus were a
prolonged exposure to estradiol prior to ovulation and
an increased ability of the uterus to support embryo
development (reviewed in B6 and Cedefio, 2018).

Using a modified 5-day CoSynch+CIDR
protocol (no GnRH at P4-device insertion, a single
injection of PGF2a at P4 removal on Day 5 and GnRH
on Day 8), Salaet al. (2016) reported similar P/ET rates
with VP embryos as in recipients synchronized with
two PGF,, treatments 14 days apart and estrus
detection. Furthermore, Menchaca et al. (2015, 2016)
reported higher pregnancy rates in beef recipients
receiving Holstein VP embryos and synchronized with
the J-Synch protocol as compared to the conventional
estradiol/P4 protocol in which ECP was given at P4-
device removal. Although embryos can be transferred at
a fixed time, without estrus observation, optimal P/ET
and calving rates were obtained when tail paint was
used to detect estrus and only recipients with their tail
paint rubbed-off (i.e., in estrus) received embryos 7
days later (reviewed in B6 and Cedefio, 2018). The
recommended protocols for FTET in recipients are
shown in Figure 1.
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Figure 1. Recommended protocols for FTET in bovine recipients. A) Modified 5-day GhnRH+P4 device protocol (P4
device on Day 0, PGF2a and eCG on Day 5 and GnRH on Day 8). B) J- Synch protocol (P4 device and EB on Day
0, PGF2a and eCG on Day 6 and GnRH on Day 9). C) Conventional ECP protocol (P4 device and EB on Day 0,
PGF20, eCG and ECP on Day 8) If estrus detection is implemented with tail patches or tail paint, recipients are
observed 72 h after P4 device removal in protocols A and B and 54 h after P4 removal on protocol B.

Embryo Transfer in commercial beef herds

Although the numbers of embryos produced
have increased over the years in severa regions of the
world (Viana, 2018), the main bottleneck for the
widespread application of this technology has been the
availability of recipients and the intensive management
needed for embryo transfer in commercial herds. This
problem has been changing as a consequence of the
widespread application of successful FTAI in
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commercia herds. Therefore, in farms where personnel
are dready familiar with the application of
synchronization and re-synchronization of ovulation for
FTAI, the application of an embryo transfer program
with the norma management of the cow herd seems
feasible. Lactating cows and heifers can be
synchronized at the beginning of the breeding season to
receive IVD or IVP embryos and then resynchronized
and inseminated or just simply exposed to clean-up
bulls during the remainder of the breeding season.
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A study was designed to examine pregnancy
rates in Bos indicus cows that were synchronized for
FTAI or FTET at the beginning of the breeding season
(Martins et al., 2014). In this experiment, 634 lactating
Nelore cows were randomly assigned to one of four
treatment groups: 2 FTAI (n = 160), 2 FTET (n = 152), 1
FTAI followed by 1 FTET (FTAI/FTET; n = 160) and 1
FTET followed by 1 FTAI (FTET/FTAI; n = 158). All
animals were treated with a P4-device for 8 days, EB on
Day 0, and PGF,, eCG and ECP on Day 8. Cows
undergoing FTAI were inseminated 48 h after P4-device
removal, whereas those receiving embryos were
evaluated for the presence of CL 9 days after P4-device
removal and those with a CL received VP embryos.
Cows in both groups were resynchronized using the same
protocol that was used for the first service, 30 days after
the first FTAI or 23 days after FTET. The post-partum
period at the times of first service was 41.4 days for FTAI
and 47.4 days for FTET and 82.8 days for FTAI and 89.8
days for FTET for the second service. Pregnancy
diagnosis was performed by ultrasonography at 30 and 60
days of gestation. Pregnancy rates after the first service
were higher (P < 0.01) in cows that were FTAI (59.4%
and 59.4% for 2 FTAI and FTAI/FTET group
respectively) than those that were FTET (31.7% and
32.7% for 2 FTET and FTET/FTAI groups, respectively).
Similarly, pregnancy rates after the second service also
differed (P = 0.06) among groups. 2 FTAI (50.8%),
FTAI/FTET (40.6%) FTET/FTAI (51.9%) and 2 FTET
(35.0%). Finally, the cumulative pregnancy rate (first +
second service) was higher in the groups that receive 2
FTAI (80.0%) than those receiving 2 FTET (55.8%);
pregnancy rates in the other groups that received the
combined techniques were intermediate and did not differ
(FTAI/FTET: 756% and FTET/FTAI: 66.5%,
respectively). The conclusion of this study was that
although the use of two consecutive FTET had a lower
cumulative pregnancy rate than two consecutive FTAI,
the association between FTAI and FTET programs can
be considered as an alternate strategy to increase
number of offspring from embryo transfer.

PGFa+ECP
l FTET

. !
| 1 |

y | | ]

Other approaches have been implemented in
the field. In one study (B6, personal communication), an
embryo transfer program was implemented in an
extensive Hereford herd in Southern Argentina. In this
herd, cows were synchronized with a conventional
estradiol/P4-based synchronization protocol for FTET
(n = 62) or were FTAI at the beginning of the breeding
season (n = 300). In the FTET 49 cows (79.0%) had CL
9 days after P4-device removal and received VD
frozen/thawed embryos. The day after FTET al cows
were exposed to clean up bulls for the remaining of the
breeding season. Twenty cows (40.8%), were pregnant
following FTET and the pregnancy rate to FTAI was
54% (162/300; P < 0.05). However, the overal
pregnancy rate at the end of the breeding season was
91.0% and did not differ among groups.

These previous studies are examples of the
many approaches that can be implemented using FTAI
and FTET in commercial beef herds. Most of the
protocols were designed for synchronization and
resynchronization and have been published elsewhere
(for recent reviews see B0 et al., 2016 and Baruselli et
al., 2017). Two of the protocols for re-synchronization
are called Resynch 22 and Resynch 14 (Baruselli et al.,
2017). In the Resynch 22, cows receive 2 mg EB and
heifers 1 mg EB at P4-device insertion on Day 22 after
FTAI. Pregnancy diagnosis is performed a device
removal (Day 30) and non-pregnant animals receive
PGF,, and ECP and are inseminated on Day 32. The
Resynch 14 protocol involves the use of color Doppler
ultrasonography for the detection of pregnancy based on
the vascularization and size of the CL on Day 22 after
the first Al. The resynchronization treatment starts 14
days after FTAI with the re-insertion of a used P4-
device and the administration of 100 mg P4 IM
(Rezende et al., 2016) at the same time. Cows are
scanned with Doppler ultrasonography for pregnancy at
P4-device removal (Day 22) and non-pregnant animals
receive PGF,, and ECP and are inseminated on Day 24.
A proposed program using FTET and Resynch 22 for
FTAIl isillustrated in Figure 2.

Ultrasonography

PGF,0+ECP to non-
pregnant recipients
EB
l FTAI

|

Day O Day 8

Day 17

y/A— 1

Day 32 Day 40 Day 42

Figure 2. Simple proposal for FTET and resynchronization with FTAI in beef cattle. All cows treated on
Day O (transferred or not on Day 17) are resynchronized on Day 32. All those recipients not pregnant by
Day 30 of gestation (Day 40 of this protocol) are FTAI two days |ater.
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Use of embryo transfer in dairy herds

Traditionaly, embryo transfer has been
implemented in dairy herds to reproduce animals of high
genetic merit, but it has aso been shown to improve the
reproductive performance of high producing commercia
herds. The main reason for the potential improvement is
the higher fertility reported after embryo transfer in cows
experiencing heat stress (Putney et al., 1989; Ambrose et
al., 1999; Rodrigues et al., 2004, 2007a, 2007b; 2011;
Barusalli et al., 2010) and those diagnosed as repeat-
breeders (Rodrigues et al., 2007b; 2010; Dochi et al.,
2008; Ferreira et al., 2011, Stewart et al., 2011). In a
retrospective study that was performed using lactating
Holstein cows, conception rates were higher across the
year in cows receiving embryos as compared to those
that were Al, but the differences were more pronounced
in the warmer months of the year (November through
April in the southern hemisphere) (Rodrigues et al.,
20073). In a subsequent study, embryonic loss between
30 and 60 days of pregnancy was aso compared
retrospectively in lactating Holstein cows subjected to Al
or embryo transfer during summer and winter months
(reviewed by Barusdlli et al., 2011). Although pregnancy
loss was higher for embryo transfer than for Al, cows
receiving embryos had higher pregnancy rates after 60
days than those that were Al. Therefore, a useful
management tool to maintain high pregnancy rates
throughout the year would be to produce embryos
during the cooler months and use them in embryo
transfer during the periods of heat stress.

Another dternative that has tremendous
application is to use embryos in repeat breeder cows.
Repeat breeder cows are usually defined as cows that do
not become pregnant over a period of time (usually after
3 or 4 unsuccessful breedings) that do not have any
apparent abnormality that can be diagnosed by a
veterinary examination. In arecent study, the transfer of
embryos to repeat breeders resulted in increased
pregnancy rates compared to Al, without differences in
embryo/fetal losses between 30 and 60 days (Ferreira et
al., 2010). In another retrospective study (Rodrigues et
al., 2007b), conception rates in repeat breeder Holstein
cows were greater after transfer of 1VD embryos (41.7%;
1609/3858) than after Al (17.9%; 1019/5693), supporting
the notion that the fertility problem in some repeat-
breeders may be associated with oocyte quality and/or
failure of early embryo development. Other reports have
also shown significant improvements in pregnancy rates
using IVD (Son et al., 2007; Dochi et al., 2008) or IVP
embryos (Block et al., 2010) in repeat breeder cows. The
strategy that will have the greatest impact on the fertility
of the herd is to use FTET (without estrus detection;
Rodrigues et al., 2010) and IVP or IVD embryos
produced with sexed semen, to increase the number of
female calves born in the herd. Certainly, IVP is an
efficient method for using sexed semen (Wheeler et al.,
2006; Pontes et al., 2010; Rasmussen et al., 2013;
Pellegrino et al., 2016) and multiple embryos can be
produced using a single straw of semen.
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Concluding remarks

The use of protocols that control follicular
development and ovulation have the advantage of
dlowing the widespread application of assisted
reproductive technologies. The treatments used to
synchronize follicle wave emergence for superovulation
by many practitioners around the world have proven to
be practicd and easy to perform by field staff.
Lengthened the superstimulation protocol is aso an
interesting alternative to produce embryos in vivo,
especialy in cows with reduced antra follicle
populations, because the time necessary for al growing
follicles to acquire the ability to ovulate is extended.
With respect to the IVP of embryos, cattle with Bos
indicus influence adapt very well to this technology
because they have a high antral follicle population and,
consequently, more COCs are obtained by OPU than in
Bos taurus breeds. In Bos taurus donors, synchronization
of follicular wave emergence and the use of FSH have
resulted in a greater number of COCs per OPU and the
IVP of a higher percentage of blastocysts. Nowadays in
vitro and in vivo production of embryos can be combined
with efficient synchronization and FTET programs that
are easly implemented in the field and permit the
incluson of commercial beef herds in embryo transfer
programs, combined with FTAI or simply with clean-up
bulls. Although the embryo transfer technology has been
used in dairy herds for many years, primarily for genetic
improvement in a limited number of cows the
technology can now be used to resolve reproductive
problems such as the reduced fertility observed during
the summer months and in repeat breeder cows.
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Abstract

Global cattle genetic market is experiencing a
change of drategy, large genetic companies,
traditionally recognized in the artificia insemination
field, have also begun to operate in the embryo market.
Consequently, the demand for in vitro produced (IVP)
embryos has grown. However, the overall efficiency of
the biotechnology process remains low. Additionally,
the lack of homogeneity of post-cryopreservation
survival results of VP embryos still impairing a
massive dissemination of this biotechnology in the field.
A great chalenge for in vitro production labs is to
increase the amount of embryos produced with
exceptional quality after each round of in vitro
fertilization. Herein, we discuss the molecular and
cellular features associated with the competence and
cryosurvival of VP embryos. First, morphofunctional,
cellular and molecular competence of the embryos were
addressed and a relationship between embryo
developmental ability and quality were established with
cryosurvival and pregnancy success. Additionaly,
determinant factors of embryo competence and
cryosurvival were discussed including the following
effects. genotype, oocyte quaity and follicular
microenvironment, in vitro production conditions, and
lipids and other determining molecules. Finally, embryo
cryopreservation aspects were addressed and an embryo-
focused approach to improve cryosurvival was presented.

Keywords. in vitro production of embryos, bovine,
embryo quality, cryopreservation, cryotolerance,
pregnancy SUCCesS.

Introduction

In the last few years, the importance of in vitro
production of embryos (IVPE) has increased within the
reproductive biotechnologies applied in dairy and beef
cattle. As a consequence, for the first time in the last
two decades, the number of in vitro produced (IVP)
surpassed the number of in vivo derived (1VD) embryos
globally (Fig. 1A).

However, despite the favorable scenario
associated with the IVPE, it is important to highlight
that even with great effort of the scientific community
aimed to improve embryo development and competence
in the last decades, the overall efficiency of the
biotechnology process remains low (Lonergan et al.,
2016; Sudano et al., 2019).
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Additionally, embryos derived from in vitro
production process generally present a reduced quality
compared with the in vivo counterparts (Rizos et al.,
2002; Sudano et al., 2012). Conseguently, even with
important advances in the last years, the
cryopreservation of 1VP embryos remains as one of the
most challenges areas of the embryo technologies since
the homogeneity of the achieved results is still not
satisfactory. These results impact directly in the reduced
number of VP embryos cryopreserved and transferred
to recipients, in relation to the total transferred, when
compared with the IVD embryos in the world over the
last two decades (Fig. 1B).

Therefore, the objective of this work was to
address. i) morphofunctional, cellular and molecular
competence of embryos, ii) determinant factors of
embryo competence and cryosurvival, including the
following effects. genotype, oocyte quality and follicular
microenvironment, in vitro production conditions, and
lipids and other determining molecules; and iii) embryo
cryopreservation aspects and an  embryo-focused
approach to improve cryosurvival.

Embryo Competence

It is commonly accepted that in vitro produced
(IVP) bovine embryos have lower developmental ability
and quality than in vivo-derived (IVD) embryos (Hadler
et al., 1995; Sudano et al., 2013a). The embryo
developmental ability and quality are two crucia
variables associated with cryosurvival, pregnancy
establishment and maintenance that can be explained by
morphofunctional, cellular and molecular competence
of the embryos.

At the present review, the term embryo
competence is used to describe the ability of the embryo
to develop properly and with an exceptional quality that
facilitates cryosurvival and/or pregnancy establishment.

Embryo morphofunctional competence

Since the establishment of the biotechniques
used in assisted reproduction in mammals, a good
relationship between morphological evaluation of the
embryo quality and pregnancy success after transfer has
been established (Lindner and Wright, 1983; Overstrém,
1996). In most mammalian species, the morphological
evaluation of the embryo is the most used method to
select embryos suitable for transfer, mainly in cattle and
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humans (Lindner and Wright, 1983; Van Soom et al.,
2001). Currently the embryo evaluation system
recommended by the International Embryo Technology
Society (IETS) is described by B6 and Mapletoft
(2013), which classifies the embryos into four quality
rankings: (1) excellent or good, (2) regular, (3) bad or
(4) dead or degenerate. Drastic changes in embryo’s
morphology can directly affect its competence.

Assisted reproductive technologies such as in
vitro production, nuclear transfer and gene transfer
sheds light that imperceptible modifications in embryo
structure can seriously compromise its quality. Two
classical examples could be cited to illustrate this issue:
the silicon/oil used to cover the microdrop culture
affects the development of bovine embryos and their
cryosurvival according to the product batch; however,
embryos produced or not with this oil are
morphologically similar. Another example is the
parthenogenetic embryo, incapable of producing a
successful pregnancy but impossible to be morphologic
selected in the blastocyst stage from fertilized embryos
(Van Soom et al., 2001).

Since embryos are mostly evaluated when it
till confined in zona pellucida (ZP), this structure and
the perivitelline space have some importance to discuss.
The zona pellucida is a glycoprotein layer produced
during oocyte growth phase surrounding the mammalian
embryo between the zygote and the blastocyst stage. In
average the thickness of ZP in mammals is 10 um and
its ultrastructure characteristics at oocytes (number and
diameter of the pores) and embryos (thickness) can be
associated with developmental competence (Santos et
al., 2008; Béaez et al., 2019) and hatching ability
(Hoelker et al., 2006), respectively. It's well known
that, the ZP thickness decrease further the embryo
development (Van Soom et al., 2003) and the average
diameter of the ZP is significantly smaller at hatching
for IVD versus IVP blastocysts (Holm et al., 2002).
Although no relationship between ZP thickness and
embryo viability after transfer to recipients was
established (Hoelker et a., 2006), the ZP remains crucial
for embryo handling before transfer to recipients in the
majority of reproductive technologies, and especialy,
during embryo cryopreservation. Another parameter to
be evaluated is the perivitelline space (PS), because it
has been recognized that IVD embryos have larger PS
than VP embryos, possibly by the swelling of the
blastomeres in the latter. The reduction in size of the PS
could be associated with lower embryo quality and
related with problems during the morula compaction
stage (Van Soom et al., 2003).

Specifically, in the embryo itself, Merton
(2002) pointed out some important variables to be
considered in the global morphological evaluation,
which included: size and shape of blastomeres, presence
of extruded or fragmented cells, compaction, color and
stage of development which is reached at a certain time
after fertilization.

In comparison to humans and mice, all
ruminants have a larger accumulation of lipid droplets
in the embryo, which cause a quite dark cytoplasm,
even darker in pigs, cats and dogs (Van Soom et al.,
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2003). This opacity disturbs the possibility of
quantification of number of pronuclei at the zygote
stages and thus select against triploids, parthenotes or
unfertilized embryos an excellent method for selecting
human embryos with high implantation potential
(Lundgvist et al., 2001). Besides that, a polarized
distribution of the pronuclei during pronuclear
alignment is related to chromosomally normal embryos
in humans (Coskun et al., 2003).

Studies show that the presence of serum in the
culture medium can induce accumulation of cytoplasmic
lipid droplets in bovine embryos. These fluctuations of
cytoplasmic lipid droplets make darker embryos and
lesser cryotolerant. The Sudan Black staining method
has been vastly used for identifying embryos with
increased numbers of lipid droplets (Abe et al., 2002;
Sudano et al., 2011). Serum also affects the duration
from maximal compaction to blastulation, shortening
12h in comparison to IVD embryos. This short
compaction period and early blastulation in embryos
coincided with perturbed allocation of cells to the inner
cell mass and trophectoderm and is caused by decreased
expression of transcripts that are involved in the
congtruction of tight junctions, all this together
decreased cryosurvival of the subsequently formed
blastocysts (Van Soom et al., 1997; Miller et al., 2003).

Timing of blastocyst formation is a good
marker for embryo quality as well early cavitating
embryos are superior in comparison with the latter
cavitating embryos in regard to total cell number,
alocation of inner cell mass and trophectoderm cells,
and cryosurvival (Mahmoudzadeh et al., 1995; Van
Soom et al., 1997). Although, reliable morphological
predictors at the blastocyst stage for competence after
embryo transfer are till lacking. Nevertheless, thereisa
consensus by many research groups and commercial
companies that the greatest results of pregnancy rates
are generally achieved after the transfer of bovine day 7
expanded blastocysts regardiess of whether they were
fresh or cryopreserved (Hasler 2000; Xu et al., 2006;
Block et al., 2009; Sanches et al., 2013; Munoz et al.,
2014; Mogas, 2019).

Embryos suffer considerable morphofunctional
damage when they are cryopreserved. The challenge
during the process of vitrification/freezing followed by
warming/thawing is enormous, which includes osmoatic,
thermic and mechanical stress. The extent of the
cryopreservation injuries depends on factors such as the
membrane permeability, size and shape of the cells, and
qudity and senstivity of the blastomeres (Vajta and
Kuwayama, 2006). In order to obtain greater cryosurvival
results, therefore, it is sound to cryopreserve following
transfer expanded blastocysts of extraordinary superior
quality. No signs of degeneration in the morphological
evaluation of embryos would be recommended (Hader
2000; Xu et al., 2006; Block et al., 2009; Sanches et al.,
2013; Munoz et al., 2014; Mogas, 2019).

Embryo cellular competence

The initiadl development of embryos in
mammals has unique physiological characteristics and
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mechanisms of regulation. Modifications in the
properties of cytoplasmic organelles, such as location,
morphology and biochemical activity must occur to
achieve high quality during development (Sirard et al.,
2006; Mao et al., 2014).

Initially,  mitochondria  congtitute  the
powerhouses of cells, responsible for energy to boost all
cellular functions. This organelle has an important role
in calcium homoeostasis, fatty acid oxidation and
apoptosis (Lledo et al., 2018). The embryo only starts to
replicate it at hatched blastocyst stage, so all stages
before depends on the mitochondrias pre-existent in the
oocyte (Spikings et al., 2006). Alterations in normal
mitochondrial functions can lead to metabolic diseases
affecting the preimplantation development (Van
Blerkom, 2004; Schaefer et al., 2008). In the early cell
division cycle, the embryo has a greater amount of
mitochondrias in storage, which is diluted as the
divisions progress. This is the reason for blastocysts
have few copies per cell, considered the mechanism for
high quality transmission by the bottle neck theory (Lee
et al., 2012). Therefore, just only at the implantation
period the embryo is capable of replicate mitochondrial
DNA (mtDNA) (Thouas et al., 2005; St John et al.,
2010).

The initial production of energy in the early
stages of embryonic development occurs through
aerobic and anaerobic respiration (Thouas et al., 2005;
El Shourbagy et al., 2006; Spikings et al., 2007), and is
critical in severa species. Human (May-Panloup et al.,
2005), murine (Liu et al., 2000; Thouas et al., 2004),
bovine (Chiaratti et al., 2011), and porcine (Spikings et
al., 2007) studies have shown that problems in
mitochondrial function lead to reduced cleavage rates
and aneuploidy occurrence. In addition, low production
of ATP and decrease of mtDNA copies are related with
poor quality embryos (Wai et al., 2010; Wakefield et
al., 2011). Another important change is the remodelling
of mitochondrial features, turning into a complex
structure that includes development of cristae, denser
meatrix and elongated form. These transitions are crucial
to change from glycolytic to aerobic metabolism
(Schatten et al., 2014).

Response to exogenous stress is a crucial part
of cellular physiology. The main mechanism to start the
cellular stress response pathway is located in the
endoplasmic reticulum (ER). This organelle is
responsible for secreting various proteins involved in
several biological processes and its quality control is
responsible for detecting failures to maintain the
functioning of the cells which include processes of cell
divison, homeostasis, and differentiation (Latham,
2015). Disturbance in the endoplasmic reticulum stress
signalling, especialy in the GRP78 / BiP protein, leads
to problems in the pre-implantation period, failure in
blastocyst hatching and defects in cell division and
apoptosis of the inner cell mass (Luo et al., 2006).

Another cellular component is the structure of
the cytoskeleton, essential in diverse cellular functions
and embryonic development. The cytoskeleton is
composed of microfilaments, intermediate filaments and
microtubules. Damage to the cytoskeleton adversely
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affects cell viability and can cause disruption in
development and survival, given the support for
intracellular content to be organized (Mao et al., 2014).
In Damiman et al (2013) study, the comparison between
dow-freezing and non-cryopreserved embryos showed a
decrease of tubulin, actin and nucleus structures in each
stage compared in mouse, indicating that may the
vitrification technique would cause less damage on
cytoskeleton (Dasiman et al., 2013). The IVPE can also
modify the cytoskeleton leading, in some cases, to
aberrant actin organization that is responsible for
decreased development in VP embryos (Mao et al.,
2014). It was described in the literature that the
supplementation of melatonin, a cytoskeletal modulator,
reverse the damage in actin organization related genes,
such as Rho/Rac guanine nucleotide exchange factor 2
(Arhgef2), BCL2 apoptosis regulator (Bcl2), coronin 2B
(Coro2b), filamin C (FInc), and palladin cytoskeletal
associated protein (Palld), providing atarget to optimize
existing in vitro production systems (Tan et al., 2015).

Membrane damage and DNA fragmentation
are the most commonly injury caused by
cryopreservation (Sudano et al., 2012). Both injuries are
associated with the reduction in the total cell number
after cryopreservation and also the disturbance in the
proportion of inner cell mass (ICM) / trophectoderm
(TE) cells ratio (Sudano et al., 2012; Gomez, 2009).
The proper ICM/TE ratio and cells number is crucial for
embryo development and pregnancy establishment (Van
Soom et al.,, 1996; Leese et al., 1998). These
cryoinjuries can severe reduce embryo survival and the
ability for the pregnancy success.

Many ultrastructural damages are commonly
related to embryo cryopreservation, including: plasma
membrane disruption, abnormal mitochondria cristae,
matrix swelling of the endoplasmic reticulum, poorly
developed desmosome, reduced number of microvilli,
disintegrations of cell adhesion among TE cells, and
increase incidence of cell death (Overstrom et al., 1993;
Vajtaet al., 1997; Fair et al., 2001).

Nevertheless, many of this cryoinjury can be
avoided by a proper cryopreservation methodology and
rigorous application of technique assuring correct time
of exposure and temperature of the cryopreservation
steps. Additionally, cryopreserve exceptional quality
embryos tend to reduce cryoinjuries, and clear signs of
regeneration and reorganization of embryonic structures
are expected after warming/thawing and re-culture,
including re-establishment of tight-junctions between
TE cells and the return of norma mitochondrial
morphology (Vajtaet al., 1997).

Embryo molecular competence

Beyond morphological analyses, other
techniques that reflect the functional and physiological
state of the embryo have been proposed, such as the
molecular analysis. Basicaly we can evaluate the
embryos based into three groups of different stages of
cellular functioning: (1) production of transcripts and
proteins from specific genes of cellular products, (2)
final products of cellular processes (metabolites) and (3)
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gene expression regulatory transcripts, the so-called
small non-coding RNAs (ncRNAs), such as:
interference RNA (siRNA), micro RNAs (miRNA) and
antisense RNA (Phillips, 2008; Rodgaard et al., 2015).
The present review focused on mRNA transcripts
evaluation and discussed briefly other molecular
aspects.

Morphological embryonic development events
as first cleavages, compaction and blastulation are
accompanied by aloss of pluripotency and formation of
lineages of trophectoderm and inner cell mass to further
development of the three primary germ layers:
endoderm, mesoderm and ectoderm (Stephenson et al.,
2012; Schrode et al., 2013). During this period, not only
embryo morphology undergoes modifications, changes
in the transcripts levels for genes associated with early
embryo development dynamic occur. Transcription
factors required for maintenance of pluripotency, such
as POU class 5 homeobox 1 (POU5F1/Oct4), SRY -box
transcription factor 2 (SOX2) and Nanog homeobox
(NANOG), expressed dtrictly in ICM cells, mediated by
the action of the cauda type homeobox 2 (CDX2) gene
product expressed on trophectoderm cells (Chambers et
al., 2003; Ralston and Rossant, 2008) have been widely
described.

During the embryo pre-implantation period,
there is a massive degradation of the maternal
RNA/proteins stored inside the oocyte and the gradual
activation of the embryonic genome. Studies that inhibit
RNA polymerase |1 have demonstrated that the time of
the embryonic genome activation (EGA) is related to
the rate of embryonic development. In bovine, EGA
occurs between 8-16 cells and is associated with early
differentiation, embryo implantation success, and feta
development. However, the regulation of the gene
expression of bovine embryos remains an unresolved
biological issue (Misirlioglu et al., 2006; Graf et al.,
2014).

A correlation between EGA with increased
abundances of mature forms of miR30a and miR-21,
and the primary form of miR-130a from 1-cell to 8-cell
zygotes have been described (Mondou et al., 2012).
Tripurani et al (2013) pointed to another miRNA with
increased expression in 2- to 8-cell embryos, miR-212,
possibly a suppressor of the maternal factor in the germ
line at the transition of transcripts and maternal proteins
to those of the embryo, called the maternal-embryonic
transition. Although specific mechanisms of EGA are
poorly defined, some factors involved such as maternal
cyclin A2 (CCNA2), retinoblastoma protein (RB1),
catalytic subunit of the SWI/SNF-related chromatin
remodelling complex (BRG1), and the SRY-box
transcription factor 2 (SOX2) have recently been
suggested in an EGA model in mice (Tripurani et al.,
2013). Embryos that do not properly undergo genome
activation fail in the further development.

It has already been described that biopsies
derived from IVP blastocysts that resulted in calf
delivery were enriched with transcripts necessary for
implantation (cytochrome ¢ oxidase subunit 11, COX2
and caudal type homeobox 2, CDX2), carbohydrate
metabolism (arachidonate 15-lipoxygenase, ALOX15),

426

growth factor (bone morphogenetic protein 15, BMP15),
signal transduction by plasminogen activator urokinase
(plasminogen activator urokinase, PLAU) and placenta
(placenta—specific 8, PLACS). Transcripts involved in
protein phosphorylation (keratin 8, KRT8), plasma
membrane (occludin, OCLN) and glucose metabolism
(phosphoglycerate kinase 1, PGK1 and aldo-keto
reductase family 1 member B1, AKR1B1) were enriched
in reabsorbed embryos. Embryos that did not resulted in
pregnancy presented enriched transcripts involved with
inflammatory cytokines (tumor necrosis factor, TNF),
amino acid binding protein (eukaryotic translation
elongation factor 1 alpha 1, EEF1Al), transcription
factors (msh bomeobox 1, MSX1, and PTTGL regulator
of sister chromatid separation securing, PTTGL),
glucose metabolism (phosphoglycerate kinase 1, PGK1
and aldo-keto reductase family 1 member B1, AKR1B1),
and implantation inhibitor (CD9 molecule, CD9) (EI-
Sayed et al., 2006).

Despite great improvement of the information
availability of embryo competence, this knowledge was
not enough to avoid pregnancy loss observed in all
mammalian species, in which cause serious issues such
as reproductive wastage in farm animals. It is generally
expected pregnancy loss in cattle in 40% of the cases
between day 8 and 18 (Diskin and Sreenan, 1980). This
embryo mortality is caused by a series of events that
includes intrinsic embryo’'s defects, unsatisfactory
maternal environment and failure to synchronization
between the cow and embryo.

Ghanem et al. (2011) identified 41 and 43
differently expressed genes between IVD blastocysts
which resulted in no pregnancy vs. caf delivery and
pregnancy loss vs. caf delivery, respectively. In
general, genes related to placental development and
maternal-embryo interaction  (placenta—specific 8,
PLAC8) were upregulated in embryos that had
pregnancy to term. On the other hand, embryo’s
biopsies that did not end in successful pregnancy
presented enriched transcripts related to mitochondrial
transcripts (Bos taurus isolate FL405 mitochondrion,
FI1405) and stress genes (heat shock protein family D
(Hsp60) member 1, HSPD1). However, both biopsies
presented dSmilar gene expresson related to
preimplantation development of embryo.

Another study also evaluating the molecular
signatures of 1VD embryo biopsies which resulted in no
pregnancy and calf delivery identified 70 differently
expressed genes. 32 transcripts levels were upregulated
in the biopsies from calf delivery-derived embryos, such
as sperm associated antigen 17 (SPAGL7/PF6),
ubiquitin conjugating enzyme E2 D3 (UBE2D3P),
deafness autosomal recessive 31 (DFNB3l), S
adenosylmethionine  decarboxylase 1  (AMD1),
dystrobrevin binding protein 1 (DTNBP1), and adp-
ribosylation factor-like 8B (ARL8B); whereas 38
transcripts levels including RING1 and YY1 binding
protein (RYBP), ring finger protein 34 (RNF34),
karyopherin alpha 4 (KPNA4), and WD repeat domain
13 (WDR13) were increased in the biopsies of the no
pregnancy-derived embryos indicating that the embryos
are molecularly distinguishable (Salilew-Wondim et al.,

Anim. Reprod., v.16, n.3, p.423-439, Jul./Sept. 2019



ab Marsico et al. Embryo competence and cryosurvival.

2010). The biopsy transcriptiona profiles from
cryopreserved blastocysts that resulted in calf delivery,
no pregnancy, and pregnancy loss are till lacking.

Our group have recently evaluated the
transcriptional profiles of 1VP bovine embryos with high
and low pogt-cryopreservation survival. Blastocysts with
high cryosurvival were enriched in 27 genes associated
with the following top five biological processes. Q)
predicted to be activated: organismal survival, cell death
and survival, cellular growth and proliferation; and b)
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predicted to be inhibited: cellular movement and cell-to-
cell signalling (data not published).

A favourable transcriptional profile for
pregnancy establishment and maintenance, therefore,
could be used as a marker of embryo competence. In
addition, each gene and/or genes involved pathway
should be studied in order to design strategies applied to
the in vitro embryo production system to improve
embryo quality, cryosurvival and embryo-derived

pregnancy.
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Figure 1. Total number, in vivo derived (IVD) and in vitro produced (IVP) bovine embryos in the world over the last
20 years (A). Number of cryopreserved 1VD and VP bovine embryos in the world in the last 20 years (B). Source:
Data retrieval committee, International embryo technology society — IETS (https://www.iets.org/comm_data.asp?
autotry=true& UL notkn=true, accessed June 2019; and Perry, 2017).

Deter minant effects of embryo competence and
cryosurvival

Early embryo development period is complex,
conserved, and well-orchestrated process involving
dynamic molecular and structures changes. Embryos
must undergo important events, such as fertilization,
cleavage, epigenetic reprogramming, compaction,
differentiation, and blastulation, for proper development
and pregnancy establishment (Sudano et al., 2016a;
Jiang et al., 2014).
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Several factors can disrupt competence during
this period and result in variations of the embryo
phenotypes, including genotype and environmental
effects. Because of this reason, a rigorous quality
control should be used to perform al the steps involved
in the IVPE in order to mimic as much as possible the in
vivo environment conditions and reduce possible
genotype effect. A putative model addressing cellular
and molecular events required for acquisition of
embryonic developmental competence and cryosurvival
ispresented at Figure 2.
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Figure 2. Cellular and molecular events required for embryonic developmental

competence acquisition and its

impact on cryosurvival. Interconnected steps (blue dashed arrows, from the left to the right) to in vitro produce an
embryo of superior quality and improved embryo cryosurvival success. Overall environmental and genetic effects
on embryo competence acquisition (Black Box). Determinant variables associated with the in vitro production of
superior embryo quality (Gold Box, in detail fresh IVP blastocysts with great quality). Successful resumption of
development after cryopreservation and cryopreservation technique effects (Green Box, in detail re-expanded IVP
blastocysts after warming). All Box events (Black, Gold and Green) impact embryo cryosurvival.

Genotype effect

It is well documented in the literature the great
variation in the developmental competence of VP
bovine embryos according to the sire (Brackett and
Zuelke, 1993; Galli and Lazzari, 1996). Variables like
cleavage and blastocyst production rates of a specific
bull and/or semen batch (with unknow IVF results) are
generally previously evaluated in vitro before the vastly
use of this semen in the IVPE routine. Nevertheless,
there are considerable variations of pregnancy rates
observed after the embryo transfer according to the sire
used for both fresh and cryopreserved embryos.

Our group recently evaluated the sire effect in
the pregnancy rates following the transfer of fresh (N =
40,200) or cryopreserved (N = 9,858) IVP embryos.
Pregnancy rates varying among 28.3 to 52.5 % (for
fresh) and 7.7 to 61.6 % (for cryopreserved) were
recorded after transfer IVP embryos derived from
different bulls. We aso have observed a variation
according the cow, breeding, subspecies, and breed on
pregnancy rates (Sudano et al., 2019). However, despite
great amount of the variation was attributed to the
genotype effect in this evaluation, it is also important to
considerate the environmental effect in the
determination of the reason of variation.

Variations in the membrane lipid profiles of
phosphatidylcholine and sphingomyelin between Bos
taurus indicus (Nellore) and Bos taurus taurus
(Simmental) embryos and its impact on the embryo’s
cryosurvival have aready been reported (Sudano et al.,
2012; 2013a). After vitrification the evaluation of the
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percentage of structures hatching revealed results
superior to B. taurus taurus (34.6%) compared to B.
taurus indicus (20.2%) embryos (Sudano et al., 2013a).
Arreseigor et al. (1998) adso showed this difference
between subspecies in the pregnancy rate. It seems that
factors including the phospholipid cell membrane
composition are associated with the determination of the
physicochemical  properties such as fluidity,
permeability and thermal phase behavior, which are
determinants for cryotolerance (Van Meer et al., 2008).

Oocyte quality and the follicular environment effects

The production of competent oocytes is
dependent on complete nuclear and cytoplasmic
maturation. The oocyte during its devel opment undergoes
rearrangements that make it capable of supporting
fertilization and early embryonic development. During
the nuclear maturation process, oocyte chromosomes go
through diplotene of prophase | to metaphase Il of
meiosis. Among the main changes in cytoplasmic
maturation are carbohydrate and lipid metabolism,
mitochondrial function and location, reduction of oxygen
radicals, epigenetic reprogramming,  bidirectional
communication between the cumulus-oocyte complexes
(COC) and its secretion of growth factors (Brevini
Gandolfi and Gandolfi, 2001). All this events are crucial
for a proper oocyte competence acquisition.

In the commercia IVPE programs, the
ultrasound-guided follicular aspiration (OPU) is
routinely used for oocyte recovery, this biotechnology
allows access a large number of female gametes in
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mono-ovulatory species favoring the multiplication of
animals with exponentially genetic merit (Nagai et al.,
2015; Nagano, 2019). Investigations on the influence of
the follicle microenvironment and size in the
establishment of competent embryos have been
conducted (Annes et al., 2018; Labrecque et al., 2016;
Lonergan et al., 2016).

There is considerable effect of follicle
conditions in the oocyte and embryo competence.
Oocyte origin is the main factor affecting blastocyst
yield (Rizos et al., 2002). Any type of stress conditions
that oocytes face can potentially disrupts embryo
development. Differences in the morphology (Nagai et
al., 2015; Nagano, 2019), lipid composition,
transcriptome, and embryo development (Labrecque et
al., 2016; Annes et al., 2018) had already been
described in the oocytes recovery from different follicle
sizes. The bovine oocytes used for IVPE are recovered
from follicles with 2 to 8 mm of diameter, before
follicle divergence. Generally, oocytes recovered from
large follicles (> 6mm) present a greater potential of
reaching blastocysts compared to oocytes recovered
from follicles of 2 to 6 mm (Rizos et al., 2002; Fair,
2003; Labrecque et al., 2016; Annes et al, 2018).

Despite embryo culture conditionsis crucial for
embryo quality and cryosurvival determination (Rizos et
al., 2002), blastocysts that originate from oocytes
matured in vitro result in lower rates of gestation
compared to their in vivo counterparts (Peterson and Lee,
2003). Additionally, we recently identified a relationship
between the cytoplasmic lipid content of oocytes and the
lipid deposit of expanded blastocysts (Annes et al., 2018),
i.e., oocytes derived from large follicles and containing
greater amount of lipid droplets, originated day 7
expanded blastocysts, after IVPE, with increased lipid
deposit. An experiment evaluating the cryosurvival of
these blastocysts is still lacking, however, it is fair to
speculate that this increased lipid deposit negatively
impact embryo cryosurvival (Abe et al., 2002).

This results collaborate in the selection of
follicles/oocytes of greater potential, since key events
for embryonic development are dependent of oocyte
status (Fair, 2010). A properly embryo developmental
competence, therefore, could be increased in an oocyte
focused manner.

In vitro production conditions effects

It is commonly accepted that VP embryos
have a reduced competence compared with the in vivo
counterparts. In vitro production of embryosis a three-
step procedure involving oocyte maturation,
fertilization, and in vitro culture of embryos. The in
vitro environment directly influences the embryonic
phenotypes and results. It is very important, therefore,
to mimic the conditions found in vivo in order to allow
al events inherent to the early embryonic devel opment
occur (for review, see Sudano et al., 2012; 2013g;
2013Db).
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Since the first notice of a calf delivery from a
completely IVP embryo (in vitro maturation,
fertilization and culture; Lu et al., 1987) the in vitro
production systems <till have challenging outcomes.
Despite 80 to 90% of oocytes submitted to in vitro
maturation have the germinal vesicle breaks down from
prophase | to metaphase Il, and 80% cleave after
fertilization, only 20 to 40% of the oocytes develop to
the blastocyst stage, and 50% of transferred IVP
blastocysts establish pregnancy, i.e., just only 10 to 20
% of the recovered oocytes submitted to in vitro
production will result in pregnancy (Lonergan et al.,
2016, 2006; Rizos et al., 2008, Wrenzycki and
Stinshoff, 2013; Sudano et al., 2019).

In vivo, oocyte maturation occurs during
follicle development, a period that oocytes produce and
storage mRNAs and protein molecules necessary to
supply the first embryonic activities (Brevini Gandolfi
and Gandolfi, 2001). In vitro, the maturation medium
and in vitro process are responsible to provide
conditions to the oocytes undergo nuclear (reach
metaphase Il of meiosis), cytoplasmic (re-distribution of
organelles such as the mitochondria and the cortical
granules) and molecular (accumulation of specific
molecules, largely unidentified, which prepare the
oocyte for post-fertilization events) maturation (Sirard
et al.,, 2006). However, the in vitro maturation
conditions are still not so much efficient. It was reported
that blastocyst production from oocytes matured in vitro
is lower than in vivo (39.2% vs. 58.2%, respectively;
Rizos et al., 2002). Even if different supplements like
grown factors and hormones were supplemented during
IVM, the blastocyst development rate was not higher
compared with the serum-supplemented medium
highlighting the importance of the initial status of the
oocyte (Ward et al., 2002; Hoelker et al., 2014).

In this context, there are some investigative
approach studies describing a greater gene expression
pattern correspondent to cytoplasmic maturation
involved genes in oocytes with higher blastocyst
production (Réty et al., 2011) and also a greater
expression for apoptosis activating related genes to non-
competent structures (Warzych et al., 2007). This kind
of works and a better understanding of in vivo oocyte
maturation could improve the development of the
maturation medium that produces viable embryos
(Wrenzycki and Stinshoff, 2013).

In the literature, there is a consensus that
improvements in oocyte quality is crucial for the
proportion of oocytes developing to blastocysts stage,
whereas the post-fertilization environment period is the
major aspect determining the blastocyst quality and
competence, including post-cryopreservation survival
(Rizos et al., 2002; Lonergan et al., 2003; Hoelker et
al., 2014).

In vivo, fertilization and early embryonic
development take place at the oviduct due to the ability
of this microenvironment to support embryogenesis,
providing nutrients, growth factors, antioxidants, sex
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hormones, proteases, and other regulatory molecules of
gametes and embryos. Furthermore, the cellular
structure of this reproductive organ allows the transport
of embryos to the uterus (Li and Winuthayanon, 2017;
Rizos et al., 2008, 2002). Mimic in vivo environment is
very difficult and somehow we generaly failed in this
task. Unbalanced in vitro culture conditions itself
impacts directly embryo competence, since it has a
significant effect on the cellular metabolism (D’ Souza et
al., 2018; Khurana and Niemann, 2000; Rizos et al.,
2002) quality and quantity of lipids (Sudano et al.,
20164), gene expression patterns (Lonergan et al., 2006),
and on modifications in epigenetic markers, which can
continue after birth (Ramos-lbeas et al., 2019).

However, despite the great diversity of culture
media and systems available and used for IVPE with
research purpose and commercialy, they generally are
associated with a relative good developmental potential
which sheds light to the embryo plasticity, i.e., the
capacity to fetch survival and adapt to adverse
conditions even in an environment that do not supply or
exacerbate their physiologica needs (Khurana and
Niemann, 2000; Lonergan et al., 2006). For example,
the capacity of switching energy consumption source
according nutrient availability. In mice, this plasticity
was represented by the significant increase of the
consumption of pyruvate, due to lack of glucose in the
used medium (Gardner and Leese, 1988).

At molecular level, the great plasticity and
tolerance to distinct culture conditions/systems
including temperature, gas atmosphere, medium
composition, embryo density per drop, and many other
situations, are associated with an exacerbate gene
expression pattern on 1VP embryos compared with the
in vivo counterparts (Corcoran et al., 2006; Coté et al.,
2011; Sudano et al., 2013a).

However, this embryo plasticity can cause
some severe damage to its competence and offspring;
e.g. the large offspring syndrome in cattle (McEvoy et
al., 2000; Rizos et al., 2008) and the overweighting
newborns in humans (Li and Winuthayanon, 2017). In
bovines, this anomaly is associated with a protein
source used in the culture media, the fetal calf serum
(FCS), characterized by abnormal fetal and placental
size, increased myogenesis, dystocia, abnormal neonatal
lung activity, and increased post-neonatal mortality
(McEvoy et al., 2000; Walker et al., 1996). In addition,
as previoudy cited in this review, the FCS
supplementation was also associated with increased
cytoplasmic lipid deposit and reduced cryosurvival of
the embryos (Abe et al., 2002; Sudano., 2011). In a
previous work of our group, the cytoplasmic lipid
droplets fluctuation observed on IVP embryos was
closed related with FCS concentration supplemented to
the culture media (Sudano et al., 2011) and with the
mMRNA levels for ACSL3 (Sudano et al. 2016a).

Taking all these studies together, culture
conditions dramatically affect embryo developmental
potential, quality, and further ability to survive after
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cryopreservation, and establish and maintain pregnancy.
Despite many knowledge of the in vitro production
systems have been produced over the past decades,
efficiency improvements in the biotechnology process
of the bovine IVPE is till needed in order to increase
blastocyst yield of an exceptional quality.

Lipids and other determining molecules for embryo
competence

The morphological transitions performed by
embryos during the early development until
implantation are accompanied by changes in the
substrate requirements due to the embryo metabolism
demand during this period. In vivo, at the reproductive
tract, where embryo development takes place, sources
of amino acids, proteins, lactate, pyruvate, glucose,
antioxidants, ions, growth factors, hormones, and lipids
are dynamically available with variations in
concentration according to species, estrous cycle period
and location (Di Paolo and De Camilli, 2006).

The measurement of embryonic metabolism
can be used as an important tool in the analysis of
molecular and cellular competence (Thompson et al.,
2016). Hamatani et al. (2004) described two different
physiological profiles of blastocysts (dormancy and
activation) according to the global expression of genes
involved in cell cycle control, cell signaling, and energy
metabolism. In a total of 18 genes associated with
metabolism, 13 were expressed in blastocysts on
activation and 5 in blastocysts on dormancy. These
metabolism variations contributed to the further
hypothesis of “quiet embryos’, which describes the
metabolic efficiency of competent embryos with the
lower need of substrate for development as a result of a
lower percentage of cell damage based in the
comparison of IVD and IVP embryos (Leese et al.,
2008, 2007).

When analyzing the energy metabolism during
early embryonic development, energy consumption is
relatively low until pre-compaction stage and the main
source of ATP is derived from pyruvate through
oxidative phosphorylation, whereas with blastocyst
formation and cavitation process a significant increase
on energy demand and consumption of glucose,
pyruvate and oxygen are expected. Additionally, after
formation of the blastocyst, other sources of energy are
required in greater proportion, including: glucose,
amino acids and lipids (D’ Souza et al., 2018; Hu and
Yu, 2017).

Because of the various formul ations of medium
used by IVF laboratories, the understanding of
metabolic spent during IVPE helps in directing
compositions that structure viable embryos to the
establishment of pregnancy (Thompson et al., 2016).
Recent studies showed a higher energetic requirement
of pyruvate and lactate, during culture, for non-
competent embryos (D’Souza et al.,, 2018). The
influence of the culture medium on the embryonic
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development and the production of healthy animals is
aready well established, so research that identifies the
potential of energy supplements used in the bovine
IVPE prevents the multiplication of inappropriate
phenotypes (De Souzaet al., 2015).

Additionally, lipids are an important source of
ATP for cell development and actively participates in
embryonic metabolic pathways (Hu and Yu, 2017).
Lipids are responsible for the cross-talk between
embryo, oviduct and uterus. This event is necessary in
the synchronization of molecular and cellular events
during the pregnancy establishment.

Studies demonstrated the lipid importance in
signaling and coordination of biological events by
mediating lipids such as phosphatidylinositols,
sphingolipids, and eicosanoids (Di Paolo and De
Camilli, 2006; Wang and Dey, 2005). Lipids are
essential cellular biomolecules for plasma membrane
and membranes of several organelles (Di Paolo and De
Camilli, 2006). In bovine embryos, a stage-specific
dynamic lipid fluctuation was observed during early
embryo development (Sudano et al., 2016a). In
addition, our group identified an increase in the mRNA
levels for ELOVL5 and ELOVLG6 (two transcripts of the
ELOVLs family, responsible for fatty acids elongation)
at the morula stage preceding an increase in membrane
phospholipids  containing  elongated  saturated,
monosaturated and polysaturated fatty acids (16, 18 and
20 carbons) at the blastocyst stage (Sudano et al.,
20164).

Cells can synthesize simple fatty acids due to
their biological functions. In this sense, lipid elongation
facilitates the formation of complex biomolecules for
specific activities (Guillou et al., 2010). We have
recently observed the involvement of the ELOVL5 in
the lipid metabolism of 1VP embryos by regulating the
cytoplasmic lipid deposit and the abundance of
phosphatidylcholines, phosphatidylethanolamines and
triacylglycerol (data not published).

All these findings demonstrate the importance
of understanding the mechanisms involved in energy
metabolism and embryo lipids composition in order to
optimize in vitro culture conditions to alow the
production of embryos with superior quality and greater
cryosurvival.

Embryo cryopreservation

Embryo cryopreservation is a nitrogen (Ny)
based conservation biotechnology that aims to maintain
the cellsin quiescent state, prolong the viability for long
periods of time and enable their use in atimely manner
(Fig. 3 3). In the area of assisted reproduction,
primordial germ cells, gametes and embryos can be
cryopreserved. It is considered a strategy to overcome
logistical problems associated with the transfer of a
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large number of fresh embryos and mainly for the
expansion of the commercialization of embryos between
countries (Sudano et al., 2013b). Among the advantages
are the optimization of reproductive biotechnologies
such as IVPE and transfer of embryos in order to
preserve surplus embryos, conservation of the genetic
material of endangered species, prevention of problems
arising from the transport of live animas and
adaptations of the calving season.

The first success report on the survival of
embryos (mice) subjected to freezing/thawing was
recorded by Whittingham et al. (1972). In the following
years, the technique was also applied successfully in
different species and embryo cryopreservation started to
be applied commercialy. In Brazil, the mgority of the
IVP embryos are dill transferred fresh, but the
percentage of frozen (33.7%) follows a growth trend,
and among the embryos produced in vivo, the slow
freezing is the preferred option (62.1% of the total)
(Viana, 2018). The principle of cryopreservation
consists of maximum removal of water from the interior
of the cells before freezing, avoiding the formation of
large ice crystals that cause cell damage, which allows
the resumption of cellular metabolism after storage at
low temperatures. For this reason, cryopreservation
strategies are based on two main factors:
cooling/warming rates and choice of suitable
cryoprotectants (CPA) (Vajtaand Kuwayama, 2006).

According to Mazur (1980) there is a
correlation between the cooling rate and the appearance
of cell lesions, i.e. as the freezing rate increases, the
survival after thawing aso increases, until an idea
maximum index is reached from which the higher
freezing speed also leads to greater damage and lower
embryo survival. In addition to the freezing rate curve,
the use of CPA is essentia to provide cellular protection
against temperature drop. Although CPA are absolutely
necessary and widely wused in cryopreservation
protocols, the mechanisms that confer protection of the
biological material as well as the toxicity and cellular
metabolism of these agents are not fully elucidated and
addressed in the literature (Castro et al., 2011). For
review all cryobiology principles involved on embryo
cryopreservation, please see Sudano et al. (2016b).

It is known, at least partialy, that the CPA
protective effect comes from the reduction of the
solidification point of the solutions and the ability on
intermediating intracellular water removal/restauration.
According to their ability to penetrate cell membranes,
CPA are divided into two groups. permeable (eg.
glycerol, ethylene glycol and propylene glycol) and
impermeable (e.g. sucrose, galactose, polyethylene
glycol and polyvinylpyrrolidone). In addition, there are
two major cryopreservation methodology currently
applied for bovine embryos, dow freezing and
vitrification.
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Figure 3. Vitrified in vitro produced bovine embryos immediately after warming (A), and following 6 h (B) and 12 h
(re-expanded and hatched blastocysts, respectively for C and D) of re-culture.

Cryopreservation techniques

Slow or classic freezing is one of the most
widespread embryo cryopreservation techniques 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 till
alows the formation of ice crystals that could lead to
cellular damage. After a period of previous CPA
exposure, the embryos are loaded in straws together
with the CPA solution, which will be allocated in
programmable freezing devices for cooling. The
temperature drop is controlled by keeping a constant
curve until the temperature reaches -32°C, when the
straws containing the embryos are immersed in the
liquid nitrogen. After thawing, the embryos must be
placed in petri dishes where the CPA solution will be
diluted by successive washes in dilution solutions.
Alternatively, Leibo (1983) developed the One-Step
method where dilution of the CPA still occurs in the
straw after thawing, letting the transfer to recipients be
without previous microscopic evaluation.

Although slow freezing is the most widely used
method for the cryopreservation of VD embryos,
vitrification has emerged as an dternative to IVP
embryos. When comparing the cryosurvival and
pregnancy results of both procedures considering the
production method, IVD embryos present similar
results, for both slow freezing and vitrification, whereas
IVP embryos present more satisfactory results with
vitrification (Tab. 1 and 2). However, slow-freezing also
can be a good option to cryopreserve IVP embryos,
Sanches et al. (2016) reported similar pregnancy rates
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on Day 60 after the transfer of IVP embryo
cryopreserved by slow-freezing (34.7%, n = 311) or
vitrification (31.2%, n = 234).

Vitrification eradicates the damage caused by
the formation of ice crystals during the cooling process.
The cryopreservation medium undergoes a direct
passage from the liguid state to a vitrified and
amorphous state without the crystalization of the
medium occurring, which it is possible due to the high
viscosity of the cryopreservation medium and the high
freezing rate (>20.000°C/min) by direct immersion in
N,, from room temperature (Fahy et al., 1984). The
technique is extremely fast and does not require the use
of freezing devices, however, it requires more training
and technical skills from the technician. Among the
disadvantages are the difficulty of direct transfer and the
need to use high concentrations of CPA that can cause
cellular toxicity. As aresult, several combinations with
different CPA, concentrations and period of exposure
have already been proposed. In order to ensure a rapid
cooling rate, the use of the minimum volume of solution
per sample is adopted in order to provide immediate
contact with the N,. For this purpose, specific tools have
been developed for packaging the embryos into
microdrops, such as Open Pulled Straw (OPS) (Vajta et
al., 1998), Cryoloop (Lane et al., 1999) and Cryotop
(Kuwayama, 2007). More recently, a new automated
vitrification methodology has been proposed (Arav et
al., 2018), which may facilitate and optimize the
standardization of the technique.

Despite great results were achieved with
enhancements of the cryopreservation methodology
over the last decades;, an embryo-focused approach to
improve cryosurvival has been recommended.
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Table 1. Post-cryopreservation survival of in vitro produced bovine embryos following dow-freezing and

vitrification.
Slow-freezing (%) Vitrification (%)

Reference Re-expansion Hatching Re-expansion Hatching P-value
Dinnyés et al., 1996 62.0°(n=63) 81.0" (n=63) 81.0°(n=64) 70.0" (n=64) <or>0.05
O'Kearney-Flynn et al., 1998 58%(n =73) - 86° (n = 64) - <0.05
Nedambale et al., 2004 40.0*(n=297) 22.0°(n=297)  64°(n=297) 54.0° (n=297) <0.05
Mucci et al., 2006 16.7%(n=275) 19.6°(n=275) 52.1°(n=265) 51.3° (n=265) <0.05
Barcel 6-Fimbres and Seidel, 2007 80.4 (n=360) 19.1(n=360) 77.7 (n=360) 16.0(n=360) >0.05
Yuetal., 2010 46.9°(n=155) 24.7"(n=155) 58°(n=153) 36.2° (n=153) <0.05
Inabaet al., 2011 88.6 (N=44) 75.0"(n=44) 100 (n=44) 93.2° (n=44) <0.05

Re-expansion rate was evaluated 24h after thawing/warming and hatching/hatched rate was evaluate with 48 or 72 h
after thawing/warming according the study methodology. Values without a common lowercase (comparisons

between re-expansion rates) or uppercase (comparisons between hatching rates) letters differ (P < 0.05).

Table 2. Post-cryopreservation survival of in vivo produced bovine embryos following slow-freezing and

vitrification.
Pregnancy rate (%) g

Reference Slow-freezing Vitrification P-value
Massip et al., 1987 51.8 (n=27) 39.1(n=23) >0.05
van Wagtendonk-de Leeuw et al., 1995 59 (n = 40) 43 (n=34) 0.10
van Wagtendonk-de Leeuw et al., 1997 45.1 (n=335) 44.5 (n=393) 0.79

19.5 (n=79) 17.8 (n=73) >0.05
Mattoset al., 2010 208(n=102)  36.6(n=100) >0.05
Inabaet al., 2011 45.2 (n = 62) 46.7 (n = 30) >0.05

An embryo-focused approach to improve cryosurvival

The effect of cryopreservation on mammalian
embryos reduces survival rates, leading to considerable
morphological and functional damage. However, the
extent of cryoinjury is highly variable and dependent on
the species, stage of development and origin of the
embryo (produced in vivo or in vitro) at the time of
cryopreservation (Dalcin and Lucci, 2010).

There is a consensus in the literature that 1VP
embryos present lesser cryoresistance compared with

characteristics such as increased lipid content, reduced
intercellular junctions, fewer mitochondria and microvilli,
larger perivitelline space and more cel debris are
generally associated with the reduced cryosurviva of IVP
embryos (Fair et al., 2001; Abe et al., 2002, Rizos et al.
2002). Additiona variables associated with embryo
cryosurvival are presented on Table 3. Thus, some
strategies can be used to increase the cryotolerance of
IVP embryos, such as culture under a low oxygen
amosphere system to minimize oxidative stress, addition
of antioxidants to the culture medium, and the use of

IVD embryos. Ultrastructural and biochemica  apoptosisinhibitors (Lin et al., 2018; Pero et al., 2018).
Table 3. Features positively or negatively associated with cryosurvival evaluated so far by our group.
Variables Associated Cryosurvival
Sire Positively or Negatively
Genotype (Bos Taurus taurus vs. Bos Taurusindicus) Positively or Negatively
Metabolic regulators and lipolytic molecule Positively, Negatively or none
Embryo origin (IVP vs. IVD) Positively or Negatively
Increased embryo quality Positively
Increased fresh apoptosis rate Negatively
Increased cytoplasmic lipid content Negatively or positively
Membrane phospholipids profiles Negatively or positively
Increased serum concentration Negatively

As dready mentioned, excessive lipid droplets
accumulation of IVP embryos during development,
especially of embryos cultured in serum-supplemented
medium, is commonly associated with reduced
cryosurvival and lower pregnancy rate (Rizos et al.,
2008; Sudano et al., 2011). The exact mechanism for this
increased lipid content on IVP embryos remains
unknown. It seems that serum lipids could be absorbed by
embryonic cells (Sata et al., 1999), atering the function
of mitochondrial B-oxidation (Abe et al., 2002) and
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promoting the incorporation of saturated fatty acids and
cholegteral in the cell membranes, which make them less
permeable (Barcel6-Fimbres and Seidel Jr, 2007). All
these factors together also could explain the greater
susceptibility of the VP embryos to cryopreservation.
Infact, it is possible to produce embryos with a
greater cryosurvival through manipulations of the
culture medium. We have already demonstrated that
only the reduction of the serum concentration in the
developmental medium was capable of decrease the
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lipid content and increase embryo survival after
cryopreservation (Sudano et al., 2011). Recently, our
group participate in the development of a serum-free
culture medium of VP embryos that reach similar results
of embryo quality and pregnancy rate compared with a
serum-supplemented medium (data not published).

Alternatively, chemical substances that act as a
delipidant or lipolytic agents, such as Forskolin
(Sanches et al., 2013; Paschod et al., 2014), L-carnitine
(Held-Hoelker et al., 2017), and 10t,12c-CLA (Pereira
et al., 2007) have been commonly adopted in the
attempt to reduce the embryonic lipid content and
improve cryosurvival. In addition, embryo delipidation
after centrifugation and subseguent micromanipulation
has aready been proposed (Ushijima et al., 1999),
however, considering this is an invasive and time-
consuming technique, this approach had become
impracticable for large scale application and was limited
for scientific purpose.

An additional strategy to improve cryosurvival
of IVP embryos is the preincubation with grow-
stimulating factors before cryopreservation. Beneficial
effects of insulin-like growth factor 1 and leukaemia
inhibitory factor were observed in the post-
cryopreservation survival of bovine blastocysts
(Kocyigit and Cevik, 2015).

Final considerations

Embryo developmental competence and quality
are crucid for cryosurvival and pregnancy success. Many
variables can impair embryo competence and
cryosurvival such as genotype, oocyte quality and
follicular microenvironment, in vitro production
conditions, and lipids and other determining molecules. A
great quality control of &l steps of IPVE and the use of
exceptional quality embryos are recommended to
improve and achieve homogenous results. A promising
scenario for the next few years is expected for the use of
the VP embryos in the reproductive management of beef
and dairy cattle. However, it is essentid that further
research efforts focus on improvements of the efficiency
of producing a greater amount of embryos of superior
quality, per oocytes recovered and round of in vitro
fertilization, to be cryopreserved following transferred in
order to reduce cogts and justify the activity economicaly.
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Abstract

Much of what we know about the involvement
of the immune system in periovulatory follicle
differentiation, ovulation and subsequent formation of
the corpus luteum in cattle is drawn from the findings of
studies in severa mammalian livestock species. By
integrating published histological data from cattle,
sheep and pigs and referring back to the more
comprehensive knowledge bank that exists for mouse
and humans we can sketch out the key cells of the
immune system and the cytokines and growth factors
that they produce that are involved in follicle
differentiation and luteinization, ovulation and early
follicle development. These contributions are reviewed
and the key findings, discussed.

K eywords: bovine, ovulation, corpus luteum.
Introduction

Optimum fertility underlies al livestock
production systems and by it's nature reflects the
metabolic and immunological health status of the
animal. Exposure to environmental insults such as heat
stress, undernutrition and drought, metabolic and
pathogenic disease have well-documented negative
consequences for female fertility (Fair, 2010). In dairy
cattle the period from 3 weeks pre-calving to 3 weeks
post-calving, known as the transition period, has been
the subject of much focus and there is substantial
scientific evidence that it exerts a profound effect on the
animal’s metabolic, immune and endocrine systems.
Transition dairy cows become immunosuppressed due
to lower dry matter intake, increased exposure to
bacteria, and increased non-esterified fatty acid, beta-
hydroxybutarate, concentrations and therefore more
susceptible to increased incidence of endometritis and
metritis, generally associated with reduced productivity
and poor fertility in the rebreeding period (Sheldon et
al., 2009; Thatcher et al., 2010; Giuliodori et al., 2013).
Oocyte quality is considered a major contributor to the
low fertility of these animals (Fair, 2010; Leroy et al.,
2015), but so too is corpus luteum (CL) function
(Niswender et al.,, 1994) and the endometrial
environment. If we consider the ontogeny of the CL and
it's primary function when formed, it is obvious that
these key contributory factors are intricately related.
Moreover, numerous studies have outlined an integral
role for immune cells in follicular development
(Fukumatsu et al., 1992), steroidogenesis (Petrovska et
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al., 1996), ovulation (Brannstrém and Enskog, 2002)
and CL formation and regression (Pate et al., 2010).
Thus it is likely that as the immune and endocrine
systems coordinate the norma development and
functioning of these tissues (Hansen et al., 2010), their
susceptibility to modulation by adverse metabolic and
environmental environments will act as the primary
conduit by which oocyte quality and CL function will
be compromised. Taking this statement as our
hypothesis, the aim of this manuscript is to review the
molecular and cellular involvement of the cow's
immune system in follicle differentiation, ovulation and
corpus luteum formation.

Follicle differentiation and luteinization

Differentiation of the dominant follicle is
associated with granulosa cell proliferation, increased
intrafollicular concentration of estradiol (E2) and a
switch from follicle stimulating hormone (FSH) to
luteinizing hormone (LH)- responsiveness as they
develop. Following the preovulatory gonadotropin
surge, these estrogen-active follicles lose their capacity
to produce E2, for detailed information see the excellent
review by Ireland et al., (Ireland et al., 2000). The
subsequent switch from E2 dominance to progesterone
(P4) dominance in the follicular fluid of preovulatory
follicles in the period between the LH surge and
ovulation signals the onset of follicle luteinization
(Didleman et al., 1983). Pre-ovulatory follicle
differentiation and luteinization appear to be
characterized by an immune-cell specific tempora
influx of leukocytes likely initiated in response to the
high E2 concentration and various other chemoattractant
cues produced by the developing follicle (Townson and
Liptak, 2003). Histological analysis of dominant
follicles from cattle, revealed that the first influx of cells
is congtituted by granular leukocytes, primarily mast
cells, which infiltrate the theca layer of the follicle.
Based on findings from sheep and pigs, it has been
proposed that the mast cells in the theca layer become
activated, likely in response to the LH surge and release
the contents of their granules. Mast cell granules contain
many factors, of which it is likely that tumour necrosis
factor-apha (TNF-o), recruits additional granular
leukocytes such as eosinophils and neutrophils
(Murdoch and Steadman, 1991; Standaert, et al., 1991).
Following the peak in oestradiol concentration in the
differentiated dominant follicle, the final phase of
leukocyte infiltration, an influx of phagocytic
monocytes occurs more or lessin parallel with ovulation
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(Murdoch and Steadman, 1991; Standaert, et al., 1991).

At the molecular level, several reports have
detailed the transcriptomic profile of ovarian follicle
development in cattle: (Li et al., 2009; Gilbert et al.,
2011; Walsh et al., 2012a; Christenson et al., 2013;
Hatzirodos et al., 2014). Deep sequencing analysis of
bovine follicular theca and granulosa tissue during pre-
ovulatory follicle development, have revealed dynamic
expression of many genes within immune-related
pathways according to the stage of follicle development.
Pathways associated with cell proliferation, tissue
vascularization and angiogenesis were overpopulated
during follicle differentiation (Walsh et al., 2012a),
these processes are understood to be carried out by
macrophages in the theca layer of the differentiating
follicle (Fraser, 2006; Turner et al., 2011). Following
the surge in the pituitary gonadotrophin LH, pre-
ovulatory follicle development is directed away from
differentiation and towards luteinization, initiating the
earliest stages of CL development (Richards et al.,
2008). In particular, the LH surge sharply increases the
local production of the 2 angiogenic factors, basic
fibroblast growth factor (FGF) 2 (Berisha et al., 2006)
and vascular endothelial growth factor (VEGF) A
(Schams et al., 2001), as the integrity of the basement
membrane between the theca and granulosa-cell layers
breaks down (Dieleman et al., 1983), the movement of
leukocytes from the theca layer into the granulosa tissue
is permitted and angiogenesis, required for CL
formation isinitiated.

Ovulation

The biochemical events of mammalian
ovulation have been likened to an acute inflammatory
response, owing to the participation of leucocytes,
classical inflammatory mediators as well as proteolytic
enzymes (Richards et al., 2008). Based on data from
studies in mice it is accepted that the initiation of the
ovulatory process occurs primarily in granulosa cells
(Richards et al., 2002; 2008). Indeed, the gene
expression profile of bovine peri-ovulatory granulosa-
cells is enriched with factors involved in acute
inflammation and immunosurveillance (Walsh et al.,
2012b). The expression of these factors by the granulosa
cells may activate the ovarian innate immune system
(Spanel-Borowski, 2011), as evidenced by the detection
of acute phase proteins, defensins, interleukins and
prostaglandins (PGs) in the pre-ovulatory follicular
tissue and fluid (Takeda, 2004; Angelucci et al., 2006;
Poulsen et al., 2019). Based on findings in rats, it is
proposed that PGs and leukotrienes stimulate the
synthesis and activity of collagenases which act to
promote the degradation of the follicle matrix (Murdoch
and Gottsch, 2003). While some of these factors may be
expressed or secreted by the immune cells immigrating
from the theca layer, it is likely that the damaged
granulosa cells actively or passively release tissue
damage signals initiating a pre-ovulatory inflammatory
cascade. Typically an inflammatory cascade involves
the activation of endothelial cells and local leucocytes,
leading to the recruitment and accumulation of
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additional leucocytes, vascular endothelial cells and
plasma proteins. Within the peri-ovulatory follicle, the
cytokines TNF-a and interleukin-1 (IL-1) promote
inflammatory associated processes, such as an increase
in intrafollicular pressure, the activation of proteolytic
pathways, collagenases and initiation of angiogenesis
and tissue destruction and repair. These processes lead
to the reorganization of the follicular stroma, extensive
remodelling of the extracellular matrix and loss of the
follicle’s surface epithelium, which result in a
weakening in the follicle so that finally the follicle
ruptures, expelling the cumulus enclosed mature oocyte
and the follicle is transformed into a wound-like
structure, the corpus hemorrhagica.

Oocyte maturation

Ovulation is initiated by the LH surge which acts
directly on the theca and mural granulosa cells of the
follicle. However, the preovulatory oocyte does not
express the LH receptor, and expression in the
surrounding cumulus cellsis very low (Lawrence et al.,
1980), therefore the propagation of the LH stimulus
throughout the follicle to the oocyte is mediated by
secondary molecules, which initiate oocyte maturation.
Oocyte  maturation  comprises expansion and
proliferation of the cumulus cell layers, oocyte nuclear
maturation, i.e. dissolution of the nuclear membrane and
the resumption of meiosis, reorganization of the oocyte
cytoplasmic organelles and a dramatic increase in
protein synthesis and activation of molecular pathways
(Fair, 2003; 2010). The propagators of the LH signal in
the preovulatory follicle have been identified as three
members of the epidermal growth factor (EGF)-family,
the EGF-like peptides amphiregullin (AREG),
epiregulin (EREG) and beta-cellulin (BTC) (Park et al.,
2004). The ovulatory LH surge induces an acute
upregulation of the EGF signalling network in mural
granulosa cells, which is transmitted to the cumulus
cells. This leads to initiation of mural granulosa cell
luteinisation, production of an extensive extracellular
matrix by cumulus cells and the closure of gap
junctional communication between the oocyte and the
cumulus cells. At the same time, the meiotic inhibitory
signaling network mediated by C-type natriuretic
peptide (CNP) and cyclic guanosine monophosphate
(cGMP) in mura granulosa and cumulus cells is
downregulated, leading to oocyte meiotic maturation
(see Richani and Gilchrist for review) (Richani and
Gilchrist, 2018). It is noteworthy that the amplification
and propagation of the EGF signal from the mural to
cumulus cells is dependent on the LH-induced
production of PGE, in mural granulosa cells (Shimada
et al., 2006). Furthermore, oocytes are not directly
responsive to EGF-like peptides (Conti et al., 2006;
Park et al., 2004), therefore, the LH/EGF-peptide
ovulatory signal is transmitted to the oocyte via the EGF
receptor on cumulus cells. It has been hypothesized the
acquisition of EGF signalling capabilities by the mural
granulosa and cumulus cells is important and likely to
represent a milestone in oocyte development and
acquisition of competence (Ritter et al., 2015).
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Corpus L uteum Formation

The corpus hemorrhagica arises from the
collapsed post-ovulatory follicle. Morphologically it
resembles a fresh wound, but it is actually
heterogeneous in nature, composed of multiple,
digtinctive cell types including steroidogenic cells, large
and small luteal cells, which originate from the
granulosa and thecal cells of the follicle ruptured at
ovulation, as well as resident and migrating vascular
endothelial cells, fibroblasts and immune cells (Lobel
and Levy, 1968; Lei, et al., 1991; Spanel-Borowski et
al., 1997; Penny et al., 1999; Bauer, et al., 2001; Davis
and Pate, 2007).

Immune system in the developing CL

Immediately after ovulation, in parallel with
the onset of the differentiation of the follicular
steroidogenic cells into luteal cells, resolution of the
inflammation and consequential tissue damage must
occur. Thisisinitiated by immune cells recruited during
ovulation (Murdoch and McCormick, 1993; Oakley et
al., 2010; Watanabe et al., 1997; Gaytan et al., 1998).
Chemoattractant cytokines (e.g., chemokines I1L-8 and
C-C motif ligand 5 and 2), produced by the endothelial,
fibroblast and immune -cells, establish concentration
gradients within the CL, which recruit and direct
immune cell migration, primarily granulocytes,
neutrophils and eosinophils that have originated in the
spleen (Penny et al., 1999; Lobel and Levy, 1968;
Spanel-Borowski et al., 1997; Jiemtaweeboon et al.,
2011; Shirasuna et al., 2012). Immune cell migration is
also enabled by the expression of ligands on immune
cells, which interact with adhesion molecules on
endothelial cells. Eosinophils are recognized as actorsin
the innate immune response to parasitic infections,
asthma, and alergic conditions. Therefore, it is
interesting to note that there is a rapid influx of
eosinophils into the CL shortly after ovulation in cattle
(Reibiger and Spanel-Borowski, 2000). The expression
of P-selectin on endothelial cells appears to recruit
eosinophils into the developing CL (Aust et al., 2000;
Rohm et al., 2002). The arrival of these first responders,
appears to be an important, but not essential, stimulus
for angiogenesis during the early stages of CL
development, as dexamethasone- induced eosinopenia
resulted in lowered plasma P4 concentrations and
reduced CL VEGFA protein production in cattle (Kliem
et al., 2013). Moreover, the role of eosinophils appears
to be restricted to the repair of the site of follicle rupture
and early CL development as they are barely detectable
later in the oestrous cycle when the CL is waell
established, or at the end of the cycle during CL
regression (Reibiger and Spanel-Borowski, 2000; Rohm
et al., 2002; Jiemtaweeboon et al., 2011).

Similar to eosinophils, neutrophils are
important in the primary, nonspecific stages of acute
inflammatory reactions and were also observed in large
numbers, along with a high level of IL-8 (a potent
neutrophilic chemoattractant), during the early luteal
phase (d 1-4 of the estrous cycle) in the CL of cows
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(Jiemtaweeboon et al., 2011). They too appear to be
integral to the resestablishment of the local
microvasculature and the promotion of the acute
inflammatory cascade, as both PMN and IL-8 were
reported to induce angiogenesis in vivo (Koch et al.,
1992; Komatsu et al., 2003) and in vitro (Schruefer et
al., 2005). These findings were verified in bovine CL
tissue in a series of in vitro experiments, where
Jiemtaweeboon et al. (2011) demonstrated that
supernatant from cultures of early CL tissue could
induce PMN migration in vitro and increase PMN IL-8
production. Moreover, IL-8 stimulated endothelia cells
of the CL to form capillary-like structures, indicating
that 1L-8 acts as a mgjor PMN chemoattractant and a
strong stimulator of angiogenesis in the early CL
(Jiemtaweeboon et al., 2011). The concept of functional
polarization of neutrophils (classic proinflammatory
versus novel anti-inflammatory) has been proposed to
explain their action in angiogenesis (Fridlender et al.,
2009). Concomitant with vascular angiogenesis,
macrophages and endothelial cells infiltrate the
developing CL. The number of macrophages and
monocytesin the CL increases during the early stages of
development in cows, but they are substantially fewer in
number compared to during CL regression (Penny et al.,
1999; Lawler et al., 1999; Townson et al., 2002). In
response to local cytokines and other signals,
macrophages differentiate to acquire a functional
phenotype that is specific to the requirements of the
tissue. Within the developing CL, these cells produce
and secrete various cytokines, such as TNF-a, interferon
gamma, interleukins, PGs and angiogenic growth
factors (Sakumoto et al., 2000; Townson and Liptak,
2003). The cytokine, TNF, is a potent stimulator of
lutea PGs including PGF2a, PGE2 and PGI2 (Benyo
and Pate, 1992; Sakumoto et al., 2000). Thus, TNF-a
and TNF-induced PGE2 have been proposed as key
regulators of CL vascularization (Okuda and Sakumoto,
2003; Korzekwa et al., 2008). A defined role for
macrophages in promoting the vascularization of the
developing CL is further substantiated by the findings of
conditional macrophage ablation studies in mice, where
it was shown that the ablation of macrophages in the
early CL disrupted the ovarian vasculature and CL
integrity (Turner et al., 2011).

There is very little evidence to suggest an
essential involvement of T lymphocytes in the repair of
the ovulatory site or the formation of the new CL. In
fact, reports from several species, including bovine
(Penny et al., 1999), buffalo (Ramadan et al., 2001),
human (Best et al., 1996), pigs (Standaert et al., 1991)
and sheep (Cavender and Murdoch, 1988), are
equivacol in their descriptions of low numbers of
CD4*and CD8" T lymphocytes in early to late luteal
phase CL tissue and infiltration of larger populations
during CL regression.

While, the immediate response to follicle
differentiation, E2 production, the LH surge and
subsequent ovulation is characterized by large numbers
of PMN and macrophages, a substantial influx of
endothelial cells also occurs. Moreover, these
endothelial cells form the greatest cohort of

Anim. Reprod., v.16, n.3, p.440-448, Jul ./Sept. 2019



DY

Abdulrahman and Fair. Role of the immune system in follicle ovulation.

proliferating cellsin the early CL (Townson and Liptak,
2003; Reynolds and Redmer, 1999). Microvascular
growth and development occur at an extremely rapid
pace in female reproductive tissues and these tissues are
highly vascular when mature. For example, most (~50—
85%) of luteal cell proliferation occurs in the
microvascular compartment (Reynolds et al., 1992;
Reynolds et al, 1998). As a result, in the mature CL,
microvascular pericytes and endothelial cells comprise
50-70% of the total cell population (Farin et al., 1986;
Le etal., 1991)

Angiogenesisin the CL

In the ovary, the re-establishment of the luteal
tissue microvasculature from pre-existing capillariesis a
complex process that is necessary for the delivery of
adequate levels of hormones and lipoprotein bound
cholesteral into and out of the CL and ovary (Cherry et
al., 2008) and is regulated by a number of growth
factors. In cattle, peak expression of VEGF, its receptor
VEGFR-2, FGF2, insulin-like growth factor (IGF),
angiopoietin  (ANPT) and hypoxia-inducible factor
(HIF) family members has been reported from Day O - 4
of the oestrous cycle (Berisha et al., 2016; 2017,
Castilno et al., 2019). The upregulation of these
particular factors implies their particular importance for
angiogenesis and maintenance of capillary structures
during final follicle maturation and early CL
development (Berisha et al., 2016). Luteal expression of
VEGF occurs primarily in steroidogenic cells
(granulose-lutein cells) and is regulated primarily by
oxygen (Tropea et al., 2006). Hypoxia strongly induces
angiogenesis, most likely through the HIF1-VEGF
signalling pathway. Nitric oxide (NO) is produced by
endothelial cells of luteal arterioles and capillaries; it is
a potent vasodilator and stimulates endothelial cell
proliferation, VEGF production and angiogenesis
(Reynolds et al., 2000; Reynolds and Redmer, 1999).
The purpose of lutea arteriole and capillary
vasodilation is to facilitate increased blood flow and
consequently delivery of peripheral immune cellsto this
site of tissue repair, regeneration and proliferation in the
ovary. It is suggested that both FGF2 and VEGF play
complementary roles in luteal angiogenesis (Robinson
et al., 2009) as, FGF2 has also been shown to promote
endothelial cell proliferation and appears to be critical to
the initiation of the formation of the endothelial network
in the bovine CL (Woad et al., 2009; Robinson et al.,
2009). Furthermore, the suppression of VEGFA or
FGF2 expression during the early luteal phase in cattle
reportedly inhibited endothelial cell proliferation and
reduced plasma P4 concentration (Kuhnert et al., 2008;
Yamashita et al., 2008). A body of evidence also exists
for a role for prostaglandins, including the luteolytic
prostaglandin  (PG) F2a in promoting CL
vascularization and supporting CL growth. Indeed
PGF2a has been shown to positively affect VEGF,
FGF2, and P4 secretion in the bovine CL (Zalman et al.,
2012; Miyamoto et al., 2010).
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Maintenance of the corpusluteum

The LH surge is the main trigger of ovulation
and luteinization. Progesterone regulates the length of
the estrus cycle by influencing the timing of the
luteolytic PGF2a signal from the endometrium see
review (Mishra and Palai, 2014). Furthermore, there is
evidence to suggest that P4 may affect the secretory
function of the bovine CL in a stage-dependent fashion,
in an autocrine and paracrine manner that may be
dependent on cell-to-cell contact and cellular makeup
(Skarzynski and Okuda, 1999). For example, P4 affects
the function of the early and mid CL in cattle
(Skarzynski and Okuda, 1999; Duras et al., 2005),
stimulating P4, oxytocin and prostaglandin secretion in
the early CL, but later this is reversed as P4 inhibits
PGF2a secretion in the mature CL. Recent studies have
demonstrated that intra-luteal P4 is one of the most
important factors supporting maintenance of the CL,
acting to suppress apoptosis in bovine lutea cells
through the inhibition of Fas and caspase-3 mMRNA
expression and inhibition of caspase-3 activation (Rueda
et al., 2000; Okuda et al., 2004). Progesterone may also
act to keep ovarian immune cells in check, by
supressing T lymphocyte proliferation (Cannon et al.,
2003).

Corpus Luteum Regression

In the absence of an embryo(s) in the uterus,
the process of CL regression begins on day 16 of the
oestrous cycle in cattle (McCracken et al. 1999).
Apoptosis of luteal cells and CL vascular regression are
regulated by many different factors, however, in most
species, uterine prostaglandin alpha (PGF2q) acts as the
principal trigger for luteolysis. Although, it should be
pointed out that there has been some debate about its
direct action within the CL (Skarzynski and Okuda, 1999;
Pate, 2003; Arosh et al., 2016). Nevertheless, PGF2a has
been proven to acutely decrease P4 secretion by
inhibiting 3[-Hydroxysteroid dehydrogenase (3RHSD)
and steroid acute regulatory protein (StAR) mMmRNA
expression and other rate-limiting steroidogenic enzymes
in vivo (Tsai and Wiltbank, 1998; Atli et al., 2012), The
process of luteolysis are understood to proceed with
PGF20 induced angiolysis and vasoconstriction which
limits the oxygen and nutrient supply to the tissue during
Iuteolysis. Corpus luteum expression of members of the
endothelin-1 (EDN1) system (EDN1, EDN converting
enzymes, and EDNA and EDNB receptors) is up-
regulated by PGF2 o. (Mamluk et al., 1999; Klipper et al.,
2010) during lutea regression (Klipper et al. 2004,
Choudhary et al., 2005; Rosiansky-Sultan et al., 2006).
Meanwhile mediators of PGF2 o Iuteolyss, i.e,
vasoactive peptides, i.e. angiotensin Il and atria
natriuretic peptide, trigger the luteolytic cascade,
decrease blood flow and consequently inhibit P4
secretion (Shirasuna et al., 2004). Endothelin 1 is
believed to participate in luteal regression, by promoting
leucocyte migration and stimulating macrophages to
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release cytokines, e.g. TNF-a and interferon-gamma
(IFN-y) (Girsh, et al., 1996); for review see also Smith
and Meidan, 2014. Reportedly, TNF, TNF death
receptors (TNF-RI), Fas and IFNy mRNA expression is
significantly increased during luteolysis in bovine CL
(Korzekwa et al., 2008). Because of the ability of these
cytokines to induce apoptosis in CL endothelia cells,
they have been proposed as key regulators of bovine
luteolysis (Okuda et al., 1999; Hojo et al., 2010).
Additionally, cytokine membrane receptors, second
messengers, including calcium ions and regulatory
proteins are involved in apoptosis of steroidogenic and
endothelial CL cells (Petroff, and Pate, 2001).

Immune cellsin CL regression

Luteal regression has been likened to an acute
inflammatory process because of the short duration of
luteolysis, the characteristic immune cell infiltration
(neutrophils, macrophages, and T |lymphocytes) and
the dramatic change in vascular diameter and blood
flow (Shirasuna et al., 2012). Many reports from
several species describe an increase in lymphocytes or
macrophages in the CL during luteolysis. Endothelial
cell secretion of Monocyte chemoattractant protein 1
(also known as chemokine ligand 2 or CCL2), in direct
response to TNF and IFN-y stimulation, has been
implicated in the recruitment of immune cells into the
CL during luteal regression (Townson et al., 2002). In
particular, macrophages and T Iymphocytes, are
proposed to play a central role in structural and
functional CL regression (Best et al., 1996; Penny et
al., 1999; Bauer et al., 2001; Townson, et al., 2002;
Pate et al., 2010). The phenotypes of T lymphocytes
resident in the bovine CL were previously quantified
before and after the induction of luteal regression.
Prior to regression, and in contrast to their ratio in
peripheral blood, the proportion of CD8"-resident T
cells was greater than CD4-resident T cells, however
there was no difference in the proportion of y&+
lymphocytes in the CL compared to peripheral blood,
nor was the proportion altered during luteal regression
(Poole and Pate, 2012). The proportion of CD4"
Foxp3® cells (i.e., T regulatory cells) was greater in a
functional CL, compared to a CL induced to regress.
This lead the Authors, to propose that Foxp3® cells
may control the actions of activated resident T
lymphocytes to prevent premature luteal regression, but
once luteal regression is initiated, a decline in the
proportion the Foxp3® cells weakens the inhibitory
action on T lymphocytes, permitting their release of
cytokines that may induce luteal cell death. In addition,
the arrival of large numbers of monocytes,
macrophages, and other cell types that create an
inflammatory environment may augment the activity of
theresident T lymphocytes.

It is truly remarkable that the activity of
immune cells during luteolysisis confined to the CL and
does not spread to the whole ovary, such tight control of
inflammation ensures that CL tissue degradation
remains localized with no effects on the surrounding
tissue.

Conclusion

It is well recognized that cattle require an
appropriately functioning immune system for a swift
and healthy recovery from parturition. The extent to
which the maternal immune system is involved in
bovine fertility is somewhat overlooked, yet it's
significant role in creating an  appropriate
microenvironment for final oocyte maturation, gamete
transport and early embryo development reminds us that
the immune system isintricately integrated in to the first
stages of establishing pregnancy. Therefore, when
seeking to optimize cow fertility, we should think first
of the animal’s immune system and try to maintain its
integrity, particularly in husbandry situations that
expose the animal to significant metabolic and
physiological stress.
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Abstract

IVF success depends on hundreds of factors
and details but the oocyte quality remains the most
important and problematic issue. All antral follicles
contain oocytes and all of them have that have reached
their full size, can be aspirated, can mature and can be
fertilized in vitro. But only a few will make it to
embryo unless harvested at a very specific time/status.
The conditions impacting the oocyte competence are
essentially dependant on the follicular status. Growing
follicles contains oocytes that have not completed their
preparation, as they are still writing information
(RNA), later, dominant follicles or follicles at the
plateau phase, stop transcription and become
candidates for development. Once in transcriptional
arrest, the oocytes, if not ovulated in a short amount of
time, do not always make good embryos. This window
is affected by time and follicle size and looks like a
bell curve. The following review further explain the
physiological and molecular evidences that we have to
illustrate the competence window and provides clues
on how to optimize ovarian stimulation to maximise
oocyte quality.

Keywords: follicle stimulation, oocyte quality, in vitro
maturation.

Introduction

The issue of oocyte quality in large mammals
has been a major research focus since the beginning of
IVF in the early eighties. The first observation of a
variable quality came when oocyte obtained after
ovarian stimulation using laparoscopy (Sirard and
Lambert, 1985) were compared to oocyte obtained from
non-stimulated cows at the slaughterhouse (Sirard and
First, 1988). Already at the end of that decade,
fertilization rates and culture conditions were
sufficiently good that we knew that the blastocyst rate
was directly dependent on oocyte origin. Although it
was believed that this quality could be enhanced by in
vitro culture following artificial meiotic arrest (Sirard
and First, 1988), we rapidly realised that it was more
complicated than just allowing more time in vitro.
Thirty years later there is still an incomplete
understanding of the all changes that occurs in the
follicles leading to the modification of oocyte capacity
to develop to the blastocyst stage but we are getting
closer. One reason it took so long comes from the fact
that oocytes do not contain enough material for most
biochemical analytic methods and possesses a distinct
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physiology from most somatic cells. Protein
characterization to compare oocyte with known
developmental competence lead to very limited
indicators of where to start the quest for a mechanism of
oocyte competence (Sirard et al., 2003). Even new
powerful protein profiling methods require ug of
proteins and a complete known proteome which is only
available for somatic cells of model species or human.
To add to the problem, it is quite difficult to obtain very
competent oocytes to compare them to incompetent as a
basis for mechanistic analysis. Indeed, the most
competent oocyte available are the ones just about to be
ovulated in a natural cycle of an unprimed cow and this
count as 1 where we need hundreds to make any serious
analysis even with the power of genomics. Surely, we
can do individual cell RNAseq but the coverage will be
incomplete and the RNA level of any gene in oocyte is a
poor indicator of the associated function since it may be
in the “stored” format. In somatic cells, the RNA as a
half-life of a few minutes/hours while in oocyte an
important fraction of RNAs are de-adenylated and
stored (Tremblay et al., 2005; Gohin et al., 2014)
Therefore, when a complete RNA analysis
(transcriptome) is done (Robert et al., 2011) the results
are completely masked by the ignorance of the timing of
translation of RNAs into proteins (Gilbert et al., 2010)
notwithstanding the fact that many proteins need a post
translational modification to be active and such
transformation needs hundreds of oocytes to be
observed at a chemical level. In oocytes, as somatic
cells, we easily observe 12000-15000 different
transcripts coding for different proteins and without the
capacity to distinguish their dynamics, the complexity
of the analysis becomes overwhelming (Labrecque et
al., 2013, 2016; Labrecque and Sirard, 2014). Studies
to identify the translated RNAs has been done on very
specific stages (GV and MII) using large amount of
slaughterhouse oocytes (Gohin et al., 2014) but not on
highly competent compared to less competent ones.
Unfortunately, the oocyte competence is not a
single instantaneously event but a progressive
transformation that occurs in a matter of days in the last
part of the follicular wave (Sirard, 2016). The use of
ovarian stimulation has been instrumental to learn more
about oocyte quality and to obtain more material to
study these cells. The initial dissection of the late
folliculogenesis effect on oocyte quality was done
initially by giving a few days of FSH and then
slaughtering the animals to recover the ovaries to dissect
the follicles and obtain oocyte from specific conditions
(Blondin et al., 1996; 1997a). The first big surprise was
the fact that actively growing follicles from 5 to 15 mm
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contains oocyte of poor developmental competence
when compared to slaughterhouse oocyte from ovaries
obtained at random and using follicles from 2-6mm
(Blondin and Sirard, 1995). This observation was key to
launch the next series of investigations to explore how
the time post FSH arrest is important to drive the
differentiation program in the follicles and induce
oocyte competence. The analysis of follicles according
to their level of atresia also reveal a quite astonishing
reality: healthy growing follicles (2-6mm) contains
oocyte of lower quality than early atretic follicles, as
measured by the blastocyst rates (Blondin et al., 1997b)
Not only follicle size is not in a linear relation with
oocyte competence but the less actively growing follicle
are better that the more actively growing at about any
size. Another observation that was instrumental to build
the following protocols is the fact that oocyte aspirated
from ovaries obtained immediately after death contains
oocyte with less competence than if a period of 4 hours
is used to hold the ovaries at body temperature before
harvesting the oocytes (Blondin et al., 1997c). What
may be happening post-mortem that improves oocyte
quality? It remained a mystery for 20 years but recently
we discovered that the cumulus cells would release
important information in the form of specific RNAs that
would be loaded into the transzonal projections during
the post-mortem time (Macaulay et al., 2016) and then
release into the oocyte by an exosome-like system of
communication (Macaulay et al., 2014). As explained in
a classic review paper (Sirard 2006), the oocyte
competence can be divided in 3 different parts; the
capacity to resume meiosis which is acquired by the early
antral stage; the cytoplasmic maturation which is
triggered by removing the oocyte from the follicle or by
the LH surge in vivo and ; the molecular maturation
which encompass the accumulation of specific
information in the form of gene transcripts (RNA) for the
management of the several days that the oocyte-early
embryo will have to do before the activation of the
embryonic genome at the eight cell stage (Vigneault et
al., 2004).

The understanding of the nature of
cytoplasmic/molecular maturation has progressively
changed the methods to control ovarian stimulation to
take advantage of the effect of time (Blondin et al., 2002;
Sirard et al., 2006). The success rate has continued to
improve and we can now observe quite remarkable
embryo rates following OPU, IVF and in vitro culture
from cows or heifers (Landry et al., 2016a; Morin-Doré
et al., 2017). Such improvement in the quality of embryo
generated comes from a better understanding of the
follicular dynamics and the basic physiological events
taken place during the last few days of folliculogenesis.
The following text will summarize the journey taken to
improve egg quality in dairy cows.

Results and discussion
The concept of follicular coasting

In a natural oestrous cycle, the rise of FSH at
the beginning of each follicular wave is followed by the
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recruitment of a dominant follicle and within a few
days, the dominant follicle will increase the negative
feedback through rising inhibin and estradiol levels will
cause an acute decrease in circulating FSH. The
dominant follicle will survive this decrease in FSH level
by developing sensitive LH receptors that will maintain
the growth and prevent atresia, compared to the
subordinate follicles that will stop and progressively
enter the atresia process within 1-2 days. This period of
time during folliculogenesis seems important to prepare
the granulosa cells for the major change that will occur
at ovulation, the modification from an epithelial cell
type into a mesenchymal cell type within the future
corpus luteum (Khan et al., 2016a). If the basal LH is
removed by using GnRH antagonist, a different gene
expression condition will emerge (Sirard, 2016) and
oocyte quality will decrease rapidly as in atretic follicles
(Nivet et al., 2017). Other experiment testing the quality
of oocyte have also confirmed the importance of
follicular size to generate blastocysts post fertilization
although the effect of early atresia or plateau phase
seems more important than size for preparing the oocyte
to develop post fertilization (Blondin and Sirard, 1995;
Blondin et al., 2002; Nivet et al., 2012). The
combination of these 2 sources of information: the
different follicular condition under basal LH growth and
the beneficial effect of the plateau phase in antral
follicles, was instrumental in understanding the
importance of reducing FSH for a define period before
harvesting the oocytes. It seems that as long as FSH is
driving the growth of the follicle, the oocyte does not
reduce its transcriptional activity (see below) and does
not begin the final preparation leading to ovulation. It is
only when FSH decrease that the oocyte will either be
programmed by a dominant follicle under basal LH or
will start a pseudo-chromatin compaction leading to cell
death (atresia) and resorption of the follicle which
happens in most cases in large mammals ovulating only
one follicle per cycle. We now have molecular evidence
that there is a synchrony between the 3 inner follicle
components, the oocyte, the cumulus and the granulosa
cells during that basal LH period resulting in the
activation of the 5 principal components of the
differentiation: estradiol dependant genes, TGFB1,
TP53, retinoic acid dependant genes and HNF4 which
are instrumental to promote the changes leading to the
epithelial-mesenchymal transition (Khan et al., 2016b).
The value of these last few days of differentiation are
demonstrated by a paper where follicles were
maintained in the growth phase with FSH and not
allowed to go through this low FSH period (Blondin et
al., 1996) and showing a markedly reduced blastocyst
rate. Finally, in the early years of this century, our
laboratory has designed a FSH withdrawal period to
improve oocyte quality after OPU-IVF (Blondin et al.,
2002). After several years or playing with the concept,
the optimization of the low FSH period was set at 48-62
hours in adult animals and the average rate of blastocyst
obtained reached 75% with some animal producing 100
% blastocysts with a complete cohort of follicles (Nivet
et al., 2012). Since then, thousands of calves have been
produced by this approach which now allows the full
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potential of ART to be developed in cows (Landry et
al., 2016b).

The phenomenon of chromatin preparation and
condensation

This second part of the puzzle comes from the
group of Alberto Luciano who made the observation
that oocytes at the immature stage (GV) would show
different configurations for their chromatin. In very
small follicles, the chromatin is diffused and associated
with an active transcription as the oocyte still
accumulate transcripts to support the transcriptional
arrest of 7 days from pre-ovulatory follicle to the 8 cells
stage in the bovine (Sirard, 2010). As the follicle
continues its growth, the chromatin starts to change and
becomes more compact as GV-1, in clusters in GV-2
and as a very dense structure in GV3 oocytes (Dieci et
al., 2016a). These changes are associated with the
decrease in transcription but also involves several
changes in the histones themselves (replacement with
some H3.3) (Labrecque et al., 2016) and their post
translational modifications (Lodde et al., 2017). This
transformation is similar but somewhat different than
the change from the non-surrounded nucleolus (NSN)
pattern to the more compact form (surrounded nucleolus
SN) as the mouse acquires development competence
once it reaches its full size and the SN configuration
while in large mammals the process is multi-step and
terminates with the pre-ovulatory period where the
oocytes have a GV-2 configuration and are ready to
complete meiosis rapidly. The other main difference
with the mouse seems to be the fact that follicle size
does not predict the GV status of the oocyte. Indeed, the
distribution of GV-1-2-3 is equilibrated in the different
categories of follicle size and corresponds to the
growing, plateau and atretic phase of follicle
development (Dieci et al., 2016b).

The progressive change in the chromatin
configuration is not essential for meiotic resumption as
GV-1 stage are fully capable of reaching the metaphase
Il in culture, but the developmental competence
acquisition (Sirard, 2001) is not yet completed
indicating that other changes must occurs in the
chromatin, or in the same period as the chromatin
changes. The transcriptome analysis of the oocyte
according to the GV status has been done and revealed
numerous histone variants changes (Labrecque et al.,
2016) as well as hundreds of other modifications in the
RNA content associated with genes that are stored or
the ones that are translated during the maturation period
(Gohin et al., 2014). The difficulty with RNA analysis
in oocytes is that they store numerous transcripts
through de-adenylation (leaving around 25 As) and the
amplification systems that are used in molecular biology
normally prime on the poly A tail and does not
differentiate the short (stored) vs the long polyA tails
(>100 As) that are rapidly translated creating a doubt if
the transcript is used during the transition between GV
stages or stored for maturation or post fertilization
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events (Gohin et al., 2014). Clearly the process is
dynamic and the oocyte content is modified as the
ovulation get closer. Surprisingly the changes leading to
atresia and ovulation are partly similar both in the gene
expression profiles and in the microscopic observation
of the chromatin compactness during these 2 events
(Labrecque et al., 2016).

The concept of oocyte capacitation and limited lifespan

In a natural cycle, the period between the drop
in FSH and ovulation varies between 4-5 days (Fig. 1).
During this period, as mentioned above, basal LH
maintain the growth of the follicle but also induces a
different type of growth (more volume and less cell
division) compared to the FSH response. The
comparative analysis of gene expression from the FSH
growth phase indicates that cell multiplication is
reduced during the plateau (Nivet et al., 2013; Douville
and Sirard, 2014; Girard et al., 2015) to permit
progressive differentiation leading to cell secretion (ex:
estradiol) and accumulation of follicular fluid to
generate volume faster than tissue growth.

In bovine, the dominant follicle will regress if
the progesterone remains high creating waves of
follicular emergence (2 or 3 per cycle). The reason why
there is a limited follicular lifespan is not completely
clear as other species like human, in which the dominant
normally goes to ovulation at each cycle as there is no
high progesterone level to repress LH rise in response to
estradiol. Nevertheless, using hormonal stimulation and
antagonist blockers, the more advanced follicles in
human also show a reduced oocyte quality (Nivet et al.,
2016). The possible explanation for the reduced lifespan
is the oocyte transcriptional arrest that occurs when the
chromatin compaction is completed as describe above.
The ability of the oocyte to maintain homeostasis is
necessarily limited with a marked reduction of the
capacity to make new proteins from new RNAs. This
short duration of quality may be matched by the
duration of the estradiol response (high in pre-
ovulatory) of the uterus which may not be sustained if
no ovulation occurs. The role of estradiol in mating
behavior is also important and the synchrony between
follicular final growth and mating must be organized to
insure the presence of sperm at or around ovulation.

Follicles changesin natural cycles

To illustrate the progression of chromatin
condensation as the follicles go through recruitment,
selection, dominance and  pre-ovulatory, the
hypothetical configuration of early follicular wave is
shown in figure 2. If oocytes are obtained at random at
the slaughterhouse, we may expect to see a distribution
where about one third of oocytes will be in the plateau
phase and in the GV2 status (Dieci et al., 2016b). This
distribution is strikingly similar if we look at the
blastocyst rate of 25 -35 % for oocytes from such tissues
origins.
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Figure 1. The rise and drop of FSH 4 days before ovulation
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Figure 2. The progression of chromatin condensation in relation to follicle size and competence

Follicles changesin stimulated cycles

This phenomenon of chromatin compaction
and limited lifespan of the oocyte is not often
considered in superstimulation treatments. When cows
are stimulated for embryo flushing at day 7, FSH is used
to increase the number of growing follicles and although
the removal of any dominant follicle 2 days before the
beginning of FSH treatment results in better synchrony
of growth and the follicular distribution remains large.
If we follow the same kinetics as for the natural cycle,
the exogenous FSH stimulated growth will bring many
follicles to the dominance status while maintaining the
GV status as GV1 (Fig. 2). In such stimulated cycles,
when prostaglandins are used to trigger existing corpus
luteum decay and ovulation, a large range of follicular
sizes remains and rarely all the oocyte are ovulated
(small growing follicles do not respond to LH) and such
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situation results in fewer day 7 embryos than follicle
counted at ovulation and even fewer embryos than CL
count at day 7 casting doubts on oocyte quality in this
context of follicular heterogeneity.

Although the time between FSH arrest and
ovulation is shorter (2-3 days) than the natural ovulation
cycle, it seems sufficient for most follicles to go through
the transformation leading to a mature oocyte and the
formation of a corpus luteum. Therefore, when
stimulation is used with exogenous FSH prior to OPU to
obtain immature oocytes without CL removal, the
process of creating a plateau phase where basal LH
induces the required changes in follicle and oocyte
differentiation becomes important otherwise the oocytes
are incompetent (Blondin et al., 1996; Nivet et al.,
2017b). In the stimulation context where all the follicles
of the wave become dominant (acquire LH receptors),
the mimicking of the low FSH basal LH becomes
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important to increase the oocyte quality. Timeline
studies comparing each animal to itself while using 1-2-
3-or 4 days of coasting under inhibitory level of
progesterone has shown and increase followed by a
decrease of oocyte quality as measured by the blastocyst
rate. The optimal coasting time was set at 44-72 hours
for most adult animals indicating a limited window (28
hours) of opportunity to achieve the best results (Nivet
et al., 2012). This period can be compared to a natural
cycle when another 24 hoursis added for the response
to an LH surge and a little more to include the rapid
pulsing of LH before the surge preparing the follicle for
the final transformation. The use of this coasting
protocol has increased in dairy cows where the cost
procedure is justified by the embryos value and where
sexing the semen makes a real economic advantage
(Landry et al., 2016b). Now if we continue to mimic the
timeline of follicular growth and differentiation we can
observed that with the coasting of al dominant follicles,
the magjority of them are at the GV 2 stage (unpublished)
at the time of collection and accordingly their blastocyst
rateis close to 75%.

Conclusion

From all these years of experimentation, it
becomes clearer that the ovarian follicle is waiting for
specific  phases  (recruitment-selection-dominance-
preovulatory or atresia) to program the oocyte for
transcriptional arrest and ovulation or resorption. The
understanding of this process may be used to improve
ovarian stimulation protocols and obtain high blastocyst
rates after immature oocyte aspiration and 1V P.
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Abstract

Stress affects the productivity and fertility of
cattle. Stress causes strain and individual animals
experience different amounts of strain in response to the
same amount of stress. The amount of strain determines
the impact of stress on fertility. Typical stresses
experienced by cattle include environmental, disease,
production, nutritional, and psychological. The effect of
stress on the reproductive system is mediated by body
temperature (heat stress), energy metabolites and
metabolic hormones (production and nutritional stresses),
the functionality of the hypothalamus-pituitary-gonadal
(HPG) axis and (or) the activation of the hypothalamus-
pituitary-adrenal (HPA) axis. The strain that occurs in
response to stress affects uterine health, oocyte quality,
ovarian function, and the developmental capacity of the
conceptus. Cows that have less strain in response to a
given stress will be more fertile. The goal for future
management and genetic selection in farm animals is to
reduce production stress, manage the remaining strain,
and genetically select cattle with minimal strain in
response to stress.

Key words: stress, strain, pregnancy, cattle.
Introduction

The correct definition of stress is important in
any discussion of reproduction and pregnancy in cattle.

Production stress

A stress or stressor is a force external to a system that
acts to displace the system. A stress condition can be
quantified and applied equally across animals. A strain
is the animal’s response to stress (the magnitude of the
displacement). The strain often represents a cost to the
individual animal. As depicted in Figure 1, the level of
strain in response to an equivalent stress can vary from
animal to animal. There is production stress, for
example, that places strain on the animal (Fig. 1). The
strain in response to greater stress is minimally
increased in cow A, moderately increased in cow B, and
greatly increased in cow C (Fig. 1). The goal for future
management and genetic selection in farm animals is to
reduce production stress, manage the remaining strain
and genetically select cattle with minimal strain in
response to production stress (Cow A).

Stressors assume a variety of forms (Fig. 2).
The stresses create strain that can affect many aspects of
animal production including embryonic development
and pregnancy outcome. Cows that have less strain in
response to a stress will be more fertile (cow A). Less
strain may be explained by lesser biological response to
stress or a greater capacity to function (cope) in the
presence of stress. Stresses, their mediators, and strains
that affect pregnancy in cattle are reviewed in this
paper. The stresses are described first, followed by the
mediators of stress, the strains, and finally the outcome
(effect on embryonic development and pregnancy
outcome).

Cow A

_ CowB

o

\ 4

Strain

Figure 1. Graph depicting the relationship between production stress and associated strain. For cow A, an increase in
production stress leads to the smallest increase in strain. Cows B and C have progressively greater production strain
in response to production stress. The most desirable cow is A because there is the least strain in response to

production stress.
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MEDIATORS OF STRESS

STRESSES ON THE WHOLE ANIMAL STRAIN OUTCOME
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Figure 2. Diagram depicting stresses that affect cattle, the mediators of stress in the whole animal, and the associated
strain that ultimately affects pregnancy outcome. HPG = hypothalamic-pituitary-gonadal; HPA = hypothalamic-

pituitary-adrenal.
Stressesthat affect pregnancy outcomein cattle
There are many well-known stresses that

affect the productive and pregnancy outcome of
cattle. The reader is referred to several recent review

articles on stressors and the mechanisms through
which stress can affect production and pregnhancy
outcome (Tab. 1). This review will attempt to integrate
some of the difference stressors and their effects on
pregnancy.

Table 1. Table 1. Sources of stress and recent review papers written on the topic.

Sources of stress Review paper

Infectious disease of the reproductive
tract
Injury

Heat

Gilbert, 2019.

Bromfield et al., 2015; Eckel and Ametaj, 2016; Sheldon et al., 2018;

Funnell and Hilton, 2016; Jewell et al., 2019; Kammel et al., 2019.
Gwazdauskas, 1985; Hansen, 2007, 2009; Collier et al., 2017; Polsky

and von Keyserlingk, 2017; Roth, 2017, 2018a.

Metabolic imbalance postpartum
2019.
Social/psychological

Lucy et al., 2014; Baumgard et al., 2017; Overton et al., 2017; Lucy,

Dobson and Smith, 2000; Karsch et al., 2002; Breen and Karsch, 2006;

Ralph et al., 2016; von Keyserlingk and Weary, 2017.

Nutritional

Transportation

Butler, 1998; Wilde, 2006; D’Occhio et al., 2019.
Hong et al., 2019.

Heat and humidity

Environmental stress caused by heat and
humidity (heat stress) is common in both beef and dairy
cattle but the strain (elevated body temperature)
associated with heat stress is greater in dairy cows
(Collier et al., 2017; Polsky and von Keyserlingk,
2017). Lactating dairy cows are particularly sensitive to
heat stress because there is metabolic heat production
associated with high milk production. In a study of
Florida dairy cows, for example, summer infertility was
greatest in high milk producing dairy cows (al-Katanani
et al., 1999). There is an additive negative effect,
therefore, of heat stress and greater milk production on
pregnancy outcome in dairy cows. The effects of
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environmental stress on lactating cows is explained
partially by reduced feed intake but there are aspects of
the metabolic response that are entirely unique to heat
stress (Baumgard and Rhoads, 2013). Many breeds of
European cattle are not adapted to production in hot and
humid environments. Crossing European breeds with
local indigenous breeds will yield lactating cattle that
are resistant to heat stress and function well in local
environments (Canaza-Cayo et al., 2015).

Infectious disease and injury
Injury and disease are stresses that create strain

that can affect production and pregnancy outcome.
Routine vaccination programs control many of the
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infectious diseases that negatively impact production
and pregnancy (Newcomer and Givens, 2016). There
are pathogens that affect postpartum reproduction that
cannot be effectively controlled by vaccination (Gilbert,
2019). Infectious disease stress, therefore, is common in
postpartum cows. Common diseases that affect
postpartum dairy cows include metabolic diseases
(ketosis and fatty liver) (Overton et al., 2017),
periparturient disorders (dystocia and retained placenta)
(Funnell and Hilton, 2016), uterine diseases (metritis
and endometritis) (Gilbert, 2019) and mastitis (Sordillo,
2018). Dystocia predisposes cattle to retained placenta
and uterine infection (metritis) both of which are painful
and are associated with reduced feed intake (Esposito et
al., 2014; Collier et al., 2017; Shock et al., 2018).
Decreased feed intake can lead to metabolic and
hormonal changes and associated weight loss (strain)
that can affect pregnancy outcome. Likewise, cattle can
become injured because of poor facility design on farm
(for example, hock lesions and other abrasions in free
stall barns) (Jewell et al., 2019). Correct barn and stall
design (including flooring) can reduce injury (a stress)
and associated strain in lactating dairy cows (Cook,
2019; Kammel et al., 2019).

High milk production

Genetic selection within the dairy industry has
successfully increased milk production per cow (Miglior
et al., 2017; Lucy, 2019). For the purpose of this
review, high milk production will be defined as a stress.
There is a change in circulating hormones and
metabolites associated with high milk production and
this creates a strain within the animal (Lucy et al.,
2014). The strain affects the normal function of the
hypothatlamic-pituitary-gonadal (HPG) axis (abnormal
gonadotropin  secretion) that leads to ovarian
dysfunction (Butler, 2000, 2014). Physiological stress
caused by high milk production also affects the immune
systems to create immune dysfunction (a strain) and
disease (LeBlanc, 2012; Lucy et al., 2014; Gilbert,
2019).

Undernutrition

Under-feeding may arise from short or long-
term feed shortages. Cows that are under-fed are
stressed and undergo metabolic adaptation to the stress
[lipid mobilization and non-esterified fatty acid (NEFA)
release etc.] (D’Occhio et al., 2019). There are
similarities with respect to the hormonal and metabolic
changes that occur in high milk-producing cows and
underfed cows but there are differences as well. One
important biological difference is that cows that are
under-fed are mobilizing nutrients from tissue for
survival. High producing cows that are fully-fed,
however, are undergoing a genetically programmed
homeorhetic process to support high milk production.
Other nutritional stresses that include over-feeding
protein (Butler, 1998) or under-feeding minerals (Wilde,
2006) can affect pregnancy outcome but will not be
discussed further in this review.
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Psychological

Psychological stress may occur on farms
(Dobson and Smith, 2000; von Keyserlingk and Weary,
2017). The common forms of psychological stress
include social interactions with other farm animals and
people (Lima et al., 2018). Cattle are social animals that
live in groups with a dominance hierarchy. Mixing
groups of cattle creates stress. Productivity is decreased
when the hypothalamic-pituitary- adrenal (HPA) axis is
activated (Hong et al., 2019) and feed intake is reduced
(O’Driscoll et al., 2006). Cows also spend time and
energy to re-establish the dominance structure within
the group (Val-Laillet et al., 2008) and displace one
another at the feed bunk (Huzzey et al., 2006).
Displacement will affect feeding behavior in
subordinate cows. Cows that have recently calved and
younger cows may benefit from being housed in smaller
groups with less competition (Jensen and Proudfoot,
2017). In addition to other animals, cattle may
experience stress from interaction with humans
depending on how animals are handled and the specific
individuals involved (Lima et al., 2018).

M ediator s of stressin the whole animal

As stated in the introduction, a stress can be
applied equally across animals. The strain is the
response of the individual to the stress (Fig. 1). The
amount of strain may be explained by the magnitude of
the specific response (for example, how much NEFA is
released postpartum) or the strain may be explained by
the sensitivity of the animal to the specific response (for
example, some cows have less strain because they are
better able to metabolize NEFA). This section will
describe some the mediators that link the stress to the
strains that affect pregnancy outcome (Fig. 2).

Elevated body temperature, systemic toxicity with fever,
and chronic pain

Many of the effects of heat stress on pregnancy
outcome can be explained by the increase in body
temperature in heat-stressed cows. Small increases in
maternal body temperature will decrease pregnancy
rates in cattle (Ulberg and Burfening, 1967). The
increase in body temperature affects the reproductive
tract and the early embryo. One possible mechanism
involves the direct effect of elevated temperature on the
embryo (Hansen, 2009). A second mechanism involves
the effect of heat stress on the gut (leaky gut syndrome)
that causes loss of intestinal barrier function and the
release of endotoxin into the circulation and may affect
animal productivity and pregnancy outcome (Baumgard
and Rhoads, 2013; Abuajamieh et al., 2018).

Fever presents a change in hypothalamic body
temperature set point in response to disease (Collier et
al., 2017). Disease with fever and injury with chronic
pain will affect a cow’s motivation to eat or the capacity
of the cow to reach the feed bunk (Aditya et al., 2017).
Poor intake causes a shift in hormones and metabolites
toward a catabolic state (similar to that described in the
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previous section). Disease releases endotoxins into the
systemic circulation that can have direct effects on
reproductive tissues themselves (Eckel and Ametaj,
2016) and also increase body temperature. For example,
mastitis infection can cause endotoxin release, immune
system activation, cytokine production, and body
temperature elevation. The cumulative effects on the
whole animal can damage the developing embryo and
(or) cause regression of the corpus luteum and early
embryonic loss (Hansen et al., 2004; Kumar et al.,
2017).

Metabolic and hormonal
inadequate nutrient intake

imbalance caused by

A high production cow in early lactation will
produce over 50 kg of milk per day. The milk
production represents a type of stress. In response to the
stress, the cow undergoes homeorhesis; a term that was
originally defined as “the orchestrated or coordinated
control in metabolism of body tissues necessary to
support a physiological state” (Bauman and Currie,
1980). There is an increase in circulating growth
hormone (GH) postpartum that stimulates hepatic
gluconeogenesis and increases glucose supply (Lucy,
2004; Baumgard et al., 2017). Growth hormone also
antagonizes insulin action and creates an insulin
resistant state (preventing the utilization of glucose by
liver, muscle or adipose tissue). The increase in GH
stimulates lipolysis that mobilizes fatty acids (NEFA)
from adipose tissue. The large mass of glucose created
through gluconeogenesis and fatty acids created though
lipolysis are used for milk synthesis.

The strain associated with production stress is
explained by changes in circulating hormone and
metabolites. Some cows experience a larger hormonal
and metabolic change that can lead to disease (for
example, ketosis) (White, 2015). Low blood glucose
concentrations postpartum are associated with low
blood insulin concentrations. Low blood insulin is
associated with low liver GH receptor expression and
low circulating IGF1 concentrations (Lucy, 2004).
Inadequate glucose supply contributes to the incomplete
oxidation of fatty acids (NEFA) which creates elevated
beta-hydroxybutyrate (BHB) postpartum (ketosis). The
metabolic and endocrine state of early lactation (high
GH, low IGF1, low insulin, low glucose, high NEFA
and high BHB) affects the ability of the cow to become
pregnant.

Cows that eat poorly because of disease or
under-feeding undergo many of the same metabolic
changes. There is an uncoupling of the somatotropic
axis when animals are not eating (Radcliff et al., 2003).
Uncoupling of the axis leads to less IGF1 and elevated
GH concentrations. The increase in GH drives lipid
mobilization to increase NEFA in the circulation.
Ketosis may occur if there is insufficient glucose supply
and incomplete oxidation of fatty acids. There is also
reduced circulating insulin associated with depressed
circulating glucose and insulin resistance associated
with elevated GH.
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HPG Axis function

Luteinizing hormone (LH) is a critical pituitary
hormone for the resumption of normal estrous cycles in
postpartum cows (Canfield and Butler, 1990, 1991).
Greater frequency of LH pulses leads to maturation of
preovulatory follicles and the initiation of cyclicity.
Preovulatory follicles secrete estradiol that causes the
hypothalamus to release a surge of GnRH to cause the
LH surge for ovulation and formation of the corpus
luteum. Stress can cause a strain on reproduction by
slowing the pulsatile release of LH, decreasing follicular
estradiol, and (or) blocking the LH surge (Karsch et al.,
2002; Breen and Karsch, 2006).

A variety of metabolites and metabolic signals
can act at the level of the hypothalamus to affect GnRH
and LH pulsatility. Glucose controls insulin secretion in
the whole animal and ultimately controls hepatic IGF1
secretion via insulin release (Butler et al., 2003).
Circulating glucose and the insulin/IGF1 systems,
therefore, are functionally linked in the whole animal
(Lucy, 2004; Kawashima et al., 2012). One study
concluded that glucose and insulin were the most-likely
molecules to exert a positive effect on hypothalamic
GnRH and LH secretion in the postpartum dairy cow
(Leroy et al., 2008). The most important actions of
insulin and IGF1 are observed when the hormone acts
synergistically with the gonadotropins [stimulating
hormone (FSH) or LH] (Lucy, 2011). There is a positive
correlation between circulating concentrations of insulin
and IGF1 and the interval to first postpartum ovulation
(Velazquez et al., 2008; Kawashima et al., 2012). In a
variety of species (including farm animals, humans, and
laboratory animals) greater concentrations of blood
IGF1 are found in young, well nourished, fertile, and
healthy individuals (Thissen et al., 1994). Animals that
are old, diseased, infertile, or malnourished have low
blood IGF1 concentrations.

HPA/HPG Interactions

The hypothalamic-pituitary-adrenal (HPA) axis
is activated in response to stress (Minton, 1994). The
reproductive system can be affected by the HPA axis
through interactions with the HPG axis (Collier et al.,
2017). Neurons within the hypothalamus secrete
corticotropin releasing hormone (CRH) into the median
eminence. The CRH travels through the hypothalamic-
pituitary portal system and causes the release of ACTH
from pituitary corticotroph cells. Adrenocorticotrophic
hormone causes the adrenal gland to synthesize and
secrete glucocorticoid (cortisol). The stressors that
cause activation of the HPA axis may cause infertility
by inhibiting LH secretion (Breen and Karsch, 2006).
Some CRH neurons within the hypothalamus terminate
on the cell bodies of GnRH neurons (Wade and Jones,
2004). When CRH neurons are stimulated and release
CRH, GnRH release from GnRH neurons may be
blocked. There are inhibitory effects of glucocorticoids
on GnRH and LH release but these effects are not
directly mediated by glucocorticoids because GnRH
neurons do not possess the type Il glucocorticoid
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receptor. The KNDy cells within the hypothalamus that
express kisspeptin, neurokinin B, and dynorphin do
possess glucocorticoid receptor and may transmit the
glucocorticoid signal to the GnRH neurons (Ralph et al.,
2016; Scott et al., 2019) .

M echanisms through which stress and strain affect
pregnancy outcome

Stress and strain affect pregnancy outcome. In
some cases, the stress can act directly on the pregnancy
itself. For example when elevated body temperature
from heat stress affects ovarian function, developmental
capacity of the oocyte, or early pregnancy
development. There are other examples where a strain
affects pregnancy outcome. An example would be
when hormonal and metabolic imbalance postpartum
causes immune dysfunction that leads to uterine
disease and infertility. Mechanisms through which
stress and strain affect pregnancy outcome are discussed
in this section.

Elevated body temperature (heat stress)

Many investigators have reported reduced
estrogenic capacity of the ovarian follicle in response to
heat stress (Gwazdauskas, 1985; Wolfenson et al., 1997;
Wilson et al., 1998). The somatic cells within the
follicle (theca and granulosa cells), therefore, can be
damaged when cows have elevated body temperature
caused by heat stress. Whether or not heat stress affects
the corpus luteum is less clear (Hansen and Aréchiga,
1999). The cells of the corpus luteum differentiate from
the cells of the follicle. If heat stress decreases blood
progesterone then the decrease could arise from the
effects of heat stress on the follicle which ultimately
forms the corpus luteum.

There are large and consistent effects of heat
stress on the oocyte and developing embryo (Putney et
al., 1989; Ealy et al., 1993; Hansen, 2009; Roth, 2018a,
b). The period of greatest susceptibility of the
oocyte/embryo is immediately after the onset of estrus
and early during the post-breeding period (Sakatani,
2017). Embryonic development was impaired in heifers
subjected to heat stress for 10 hours after the onset of
estrus (Putney et al., 1989). Heat stress on day 1 after
breeding also decreased subsequent embryonic
development. Heat stress on days 3, 5, or 7 after
breeding, however, did not affect embryonic development
(Ealy et al., 1993). The period of embryonic sensitivity to
heat stress, therefore, begins early during the
development of the follicle and continues until about 1
day after breeding. By 3 days after breeding, embryos
have apparently developed resistance to the effects of
heat stress. Several investigators have demonstrated that
embryo transfer nearly doubled conception rates when
compared with dairy cows inseminated artificially at
estrus (Hansen, 2007). It is possible, therefore, to by-
pass early embryonic stages and improve conception
rates during heat stress.
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Metabolic imbalance postpartum

The  associations  between  postpartum
hormones and metabolites and subsequent reproduction
are found early postpartum when the most-extreme
homeorhetic states are known to occur. The early
postpartum metabolic profile, therefore, may have the
capacity to imprint ovarian tissue either through
permanent effects on the genome (epigenetic
mechanisms) or by changing the chemical composition
of the cells themselves. The oocyte rests in a quiescent
state within the ovary until approximately 2 months
before ovulation. At that time, it initiates growth along
with the surrounding granulosa cells. The metabolic
environment within which the oocyte develops can
affect its capacity for fertilization and further
development (Leroy et al., 2008, 2011; Berlinguer et
al., 2012). One theory is that the long development
program of the oocyte before ovulation enables an
irreversible imprinting of the metabolome on the oocyte
itself. If this imprint is negative then this may explain
why cows with metabolic disease early postpartum have
infertility several months later.

Glucose is an important energy source for ATP
production through mitochondrial oxidative
phosphorylation. In the uterus and placenta, however,
the bulk of the glucose is used to supply carbons for the
synthesis of cellular components (nucleotides, amino
acids, lipids, etc.). This latter phenomenon is known as
the “Warburg effect” and typifies proliferating cells
(Vander Heiden et al., 2009). In a study designed to test
the effects of glucose on the pregnancy, cows were
either milked normally or dried off (not milked)
immediately after calving (Green et al., 2012). Milking
or not milking postpartum created treatment groups with
either low or high circulating glucose concentrations,
respectively. The fetus and placenta from the milked
(lactating) cows were smaller (weighed less) than the
fetus and placenta from nonlactating cows. There was
less glucose reaching the fetus in lactating compared
with nonlactating cows (Lucy et al., 2012). The
reduction in glucose reaching the pregnancy could
potentially affect how the pregnancy develops because
the pregnancy depends on glucose as a substrate for
tissue synthesis and metabolic energy (Battaglia and
Meschia, 1978). In the horse, delayed development of
the embryonic vesicle generally leads to embryonic loss
(Carnevale et al., 2000). Several recent studies in the
bovine have demonstrated that pregnant cows that
undergo  pregnancy loss have lesser  blood
concentrations of pregnancy associated glycoproteins
(PAG) leading up to the time that the pregnancy is
aborted (Pohler et al., 2016). The lesser blood PAG
concentration may indicate that the cow is pregnant with
a small embryo or fetus. Low concentrations of glucose
in postpartum cows, therefore, may predispose the cow
to pregnancy loss if the placenta does not have adequate
substrate for the creation of new cells and the pregnancy
grows too slowly (Lucy et al., 2014).
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Immune dysfunction

The strain of an abnormal metabolic and
hormonal environment postpartum creates dysfunction
within the innate immune system through its effects on
polymorphonuclear neutrophils (PMN) (Lucy, 2004;
Graugnard et al., 2012; LeBlanc, 2012). For example,
glucose is the primary metabolic fuel that PMN use to
generate the oxidative burst that leads to killing activity.
Glycogen concentrations in PMN within the postpartum
cow decrease in a manner that is similar to the decrease
in blood glucose postpartum (Galvdo et al., 2010).
Galvéo et al. (2010) concluded that the lesser glycogen
reserve reduced the capacity for oxidative burst in PMN
and predisposed the cow to uterine disease.

Epidemiological evidence indicates that an
abnormal metabolic profile during the periparturient
period predisposes the cow to uterine disease during the
early postpartum period and infertility later postpartum
(Chapinal et al., 2012; Wathes, 2012; Gilbert, 2019).
Cows that had uterine infection early postpartum have
more inflammation in the pregnant uterus (Lucy et al.,
2016). Inflammation and the presence of lymphocytic
foci within the pregnant uterus were associated with a
smaller placenta and embryonic loss (Lucy et al., 2016).

Ovarian dysfunction

Stressors that affect ovarian function in dairy
cattle commonly do so by interfering with LH release.
For example, negative energy balance in dairy cattle (a
stress) will cause a decrease in the frequency of LH
pulses (a strain) (Canfield and Butler, 1990, 1991). The
exact mechanisms through which undernutrition slows
the frequency of LH pulses are poorly understood but a
variety of mechanisms are probably involved.

Follicular growth and steroidogenesis in
postpartum cattle depends on the combined effects of
gonadotropins (LH and FSH), systemic hormones
(insulin and IGF1) and metabolites (glucose) whose
concentrations are highly correlated (Lucy, 2004). The
magnitude and duration of the decrease in circulating
insulin and IGF1 depends on the depth of negative
energy balance postpartum (Beam and Butler, 1999).
Cattle in poor body condition or cows failing to increase
body condition during lactation have an extended period
of low blood insulin and IGF1 and elevated blood GH.
There is a positive correlation between blood insulin
and IGFl concentrations and ovarian function in
postpartum cows (Wathes et al., 2007). Greater LH
pulsatility leads to increased follicular growth that
decreases the interval to first ovulation. Both insulin and
IGF1 may control the activity of the GnRH neurons in
the hypothalamus and (or) the LH release from
gonadotrophs (Veldhuis et al., 2006).

Patterns of estrous cyclicity for lactating cows
are less regular when compared with estrous cycle of
nulliparous heifers (Lucy, 2019). The same hormones
that control when the cow begins to cycle (insulin,
IGF1, and LH) also have an effect on cyclicity which
relates to the functionality of the follicle and corpus
luteum. The hormonal environment created by lactation
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(in this example low blood glucose, insulin and IGF1
concentrations) may potentially affect the capacity for
ovarian cells to respond to gonadotropins. In the cycling
cow, this could potentially affect estradiol production by
the follicle as well as progesterone production by the
corpus luteum. Low blood glucose could potentially
compromise a variety of essential metabolic processes
in ovarian cells including the oocyte that depends on
glucose for energy (Berlinguer et al., 2012). There is
also the potential for greater steroid metabolism in
lactating compared with nonlactating cows that can be
explained by greater dry matter intake in cows that are
lactating (Wiltbank et al., 2011). Lesser circulating
estradiol from the preovulatory follicle can lead to
abnormal patterns of follicular growth, anovulatory
conditions, multiple ovulation and also reduced estrous
expression (Lucy, 2019).

Several authors have recently reviewed the
mechanisms  assoicated  with  subnormal luteal
development and early embryonic loss (Spencer €t al.,
2016; Forde and Lonergan, 2017). Low progesterone
during the first weeks after insemination may be caused
by the stress of high milk production (Lonergan, 2011;
Wiltbank et al., 2011). Progesterone stimulates uterine
histotroph secretion and lesser uterine histotroph
secretion (caused by low progresteorne) may lead to
slower embyronic development. The slowly developing
embryos may fail to reach adequate size to generate an
adequate interferon-tau (IFNT) signal to the mother
(Hansen et al., 2017). The pregnancy is lost because the
mother fails to recognize the pregnancy and undergoes
luteal regression as if she is not pregnant.

Immune dysfunction postpartum may be
associated with a high incidence of mastitis in early
postpartum cows (Sordillo, 2018). Mastitis may not
directly affect reproductive tissues but secondary
responses of the cow to the disease can disrupt estrous
cycles and cause embryonic loss. Several authors have
found that a mastitis event during breeding was
associated with lower fertility (Fuenzalida et al., 2015).
Cytokines and other hormones released by the inflamed
mammary tissue can circulate throughout the cow and
block ovulation or cause premature regression of the
corpus luteum (Sheldon, 2015).

Psychological stress

Cows interact with other cows in the herd and
also the people that care for them. The mechanisms
linking changes in social status within the herd to
reproductive efficiency are not clear but may involve
activation of the HPA axis and subsequent inhibition of
the HPG axis in animals that are subjected to aggression
from other cows. A recent study of dairy cows showed
that dairy cows losing social status during the breeding
period had a longer interval from calving to conception
and required more inseminations per conception
(Dobson and Smith, 2000). The activation of the HPA
axis that occurs in response to social stress can inhibit
the pituitary release of LH (Karsch et al., 2002).
Furthermore, cortisol may decrease responsiveness of
ovarian follicles to LH.
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Dairy cattle can recognize individual people
and have better performance when handled by gentle
people compared with aggressive people (Munksgaard
et al., 1997; Lindahl et al., 2016). Conception rate was
positively correlated with positive human-animal
interactions in one study of 66 commercial farms
(Hemsworth et al., 2000). It is possible that some of the
variation in inseminator conception rate could be
explained by handling of the animals before and during
insemination. Aggressive handling may activate the
HPA axis and disrupt normal processes that precede
ovulation and affect fertility.

Conclusions

Stress and associated strain are important
topics because they affect the ability of farm animals to
become pregnant. Stresses arise from a variety of
sources that reside outside or within the individual
animal. Outside sources of stress include the physical
environment (ambient temperature and humidity),
physical surroundings (facilities), other cows (social
interactions), people (human-cattle interactions) and
microbial (disease). To some extent, the strain from
outside sources can be mitigated by reducing the stress
itself. For example, the physical environment can be
improved by cooling, facilities can be improved by
replacement or renovation, cows can be housed in
smaller groups of similar-sized cattle, aggressive cow
handlers can be re-trained so that they use appropriate
techniques, and disease can be reduced through
vaccination, cleanliness, and antibiotic treatment. Stress
can also come from within the animal (abnormal
thermal, hormonal or metabolic profile that creates
immunological and ovarian dysfunction, uterine disease,
poor oocyte quality and embryonic loss). The strain
from the internal stress response can be managed
through programs such as timed Al that control ovarian
function and the time of breeding (Carvalho et al., 2018)
or embryo transfer that circumvents periods of embryo
sensitivity (Hansen, 2007). Genetic selection of animals
that are resistant to stress and have less strain is an
additional method to improve productivity. The goal for
future of management and genetic selection programs in
farm animals should be to reduce production stress,
manage the remaining strain using technologies like
timed Al and embryo transfer and also genetically select
cattle with minimal strain in response to stress.
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Abstract

The first crucial step in the developmental
program occurs during pre-implantation, the time after
the oocyte has been fertilized and before the embryo
implants in the uterus. This period represents a
vulnerable window as the epigenome undergoes
dynamic changes in DNA methylation profiles.
Alterations in the early embryonic reprogramming wave
can impair DNA methylation patterns and induce
permanent changes to the developmental program,
leading to the onset of adverse health outcomes in
offspring. Although there is an increasing body of
evidence indicating that harmful exposures during pre-
implantation embryo development can trigger lasting
epigenetic alterations in offspring, the mechanisms are
still not fully understood. Since physiological or
pathological changes in DNA methylation can occur as
a response to environmental cues, proper environmental
milieu plays a critical role in the success of embryonic
development. In this review, we depict the mechanisms
behind the embryonic epigenetic reprogramming of
DNA methylation and highlight how maternal
environmental stressors (e.g., alcohol, heat stress,
nutrient availability) during pre-implantation and
assisted reproductive technology procedures affect
development and DNA methylation marks.
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Introduction

The rapidly emerging field of epigenetics
studies genome modifications that regulate gene
expression without altering the content of the genetic
sequence. DNA and histones —the structural proteins
of the chromatin— can possess a layer of reversible
epigenetic modifications that contribute to how genes
are expressed and how they interact within a cell.
Epigenetic modifications are chemical tags, such as
phosphate, methyl and acetyl groups, affixed to the
histone proteins and DNA by a highly dynamic and
synergic network of nuclear enzymes that modulate
chromatin  availability  thereby regulating gene
expression (Jenuwein and Allis, 2001; Gibney and
Nolan, 2010). The epigenome is of utmost importance
and comprehensively susceptible to environmental
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factors, (Marsit, 2015; Legault et al., 2018;
Norouzitallab et al., 2019) particularly during the early
stages of embryo development as its epigenetic
regulation is concomitant with proper cell fate
determination (Morey et al.,, 2015; Ohbo and
Tomizawa, 2015; Vougiouklakis et al., 2017). The most
notable epigenetic mechanism during mammalian pre-
implantation is the epigenetic reprogramming of DNA
methylation that triggers embryonic genome activation,
a pivotal step for proper embryo development. While
these processes are similar between species, they differ
in regards to the rate and timing of events and sex-
specific variations. Although many studies have shown
the highly significant physiological roles of the
epigenome in mammalian development, it is still
considerably misunderstood and insufficiently studied
during pre-implantation, partially due to technological
limitations as a consequence of the very small number
of cells and the short duration of this stage of
development. This review will depict the mechanisms
behind the embryonic epigenetic reprogramming of
DNA methylation and will assess the epigenetic
consequences of various assisted reproductive
technology (ART) procedures as well as how
environmental stressors during pre-implantation will
affect short-term and long-term development, focussing
specifically on the maternal environment.

DNA Methylation

DNA methylation is the most widely
understood epigenetic modification as a mechanism for
gene expression mediation and is involved in many key
physiological processes such as genomic imprinting,
transposable  elements  silencing, X-chromosome
inactivation and aging (Bird, 2002; Smith and Meissner,
2013). In mammals, DNA methylation occurs mainly on
the cytosines of cytosine-guanine dinucleotides known as
CpG sites (CpGs) (Razin and Cedar, 1991; Weber and
Schubeler, 2007), though non-CpG (i.e. CpA, CpT, CpC)
methylation can also be found at specific stages of
cellular development, primarily in stem cells and brain
tissues (Lister et al., 2013; Patil et al., 2014). The
enzymes directly responsible for the methylation of DNA
are DNA methyltransferases (DNMTs). DNMT3A and
DNMT3B add de novo methylation thus they have been
identified to be involved in the establishment of
methylation  patterns required for cell lineage
determination during development (Okano et al., 1999;
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Li, 2002). For optimal activityy, DNMT3A and
DNMT3B require the accessory protein DNMT3L
(DNA methyltransferase-like), a protein similar to
DNMTs but lacking methyltransferase activity (Suetake
et al.,, 2004). In contrast, DNMT1 carries out heritable
DNA methylation pattern maintenance during cellular
division due to its preference for substrates with hemi-
methylated CpGs, i.e. only one methylated DNA strand,
which would naturally occur during semi-conservative
DNA replication (Leonhardt et al., 1992; Lei et al., 1996;
Pradhan et al., 1999). Although DNA methylation
patterns are heritable from cell to cell, it remains
strikingly dynamic in nature. Physiological or
pathological changes in DNA methylation can occur as a
response to environmental cues, therefore demethylation
is conjointly a greatly relevant process. Contrary to
enzyme-mediated methylation, demethylation can occur
passively or actively (Kishikawa et al., 2003). Passive
genome demethylation is replication-dependant, caused
by DNMT1 reduced activity resulting in an unspecific
progressive dilution of DNA methylation over multiple
consecutive cell divisions (Kagiwada et al., 2013; Wu
and Zhang, 2014). Conversely, active demethylation is
specific and is catalytically directed by ten-eleven
translocation enzymes (TET1, TET2, TET3) (Tahiliani et
al., 2009; Ito et al., 2010). The addition and erasure of
DNA methylation and other epigenetic marks are the
driving forces behind embryo development, as they
dictate how, when and at what level genes are expressed.

CpGs are present all across the mammalian
genome but their methylation will bear different
consequences depending upon their location (e.g.
promoter regions, gene bodies, enhancers) and upon
their level of enrichment. CpG methylation located in
gene bodies has been shown to promote high levels of
gene expression whereas when located in promoter
regions, it is associated with transcriptional silencing,
which coordinates cellular differentiation (Goll and
Bestor, 2005; Jones, 2012). In mammalian genomes,
promoters comprised of highly CpG dense sequences,
known as CpG islands (CGIs), control approximately
60-80% of genes depending on the species (Antequera
and Bird, 1993; Saxonov et al., 2006). Methylation of
CGls of a promoter accompanied with repressive
histone modifications (H3K9me3, H3K27me3) induces
nucleosome compaction and prevents transcription
factor (TF) binding, causing the repression of gene
transcription. On the other hand, the promoter regions of
transcribed genes have CGIs devoid of methylation
along with active histone modifications (H3K4me2/3,
H3K9ac) (Barski et al., 2007; Koch et al., 2007;
Henikoff and Shilatifard, 2011; Severin et al., 2011),
thus ensuring the open chromatin configuration that
allows for TF binding and gene activation. However,
recent studies have started to refute this general rule
suggesting that, in some cases, the loss of methylation
can be a consequence of TF binding as opposed to the
cause of action, leading some to believe that gene
activation may not always be methylation driven (Zhu et
al., 2016a; Pacis et al., 2019).

A particularly important role of DNA
methylation in mammalian development is genomic

466

imprinting. A small cohort of genes called imprinted
genes possesses germline differentially methylated
regions (JDMRs). gDMRs acquire monoallelic genomic
methylation in a parent-of-origin manner causing only
one allele to be expressed (Reik et al., 2001; Ferguson-
Smith, 2011). A more specific type of gDMR is
imprinting control regions (ICRs) that are directly
implicated in the binding of TFs and regulate the
expression of multiple imprinted genes at a time (e.g.,
H19 and Igf2; Insulin-Like Growth Factor 2)
(Thorvaldsen et al., 1998; Fitzpatrick et al., 2002;
Ideraabdullah et al., 2008). These genomic imprints are
determined prior to fertilization in growing diplotene
oocytes and in perinatal prospermatogonia and must be
maintained throughout the entire lifespan of the new
generation (Stoger et al., 1993; Kono et al., 1996; Davis
et al., 2000; Ueda et al., 2000).

Embryonic Epigenetic Reprogramming

In early embryogenesis, the embryo undergoes
a reprogramming wave of DNA methylation during
which the global methylation profiles, with the
exception of gDMRs, are remodeled. Shortly after
fertilization, the zygotic genome remains separated into
two distinct paternal and maternal pronuclei which must
sustain extensive global demethylation to erase the germ
cell-specific methylation profiles and implement
totipotency prior to implantation of the embryo
(Seisenberger et al., 2013). The demethylation
mechanisms are known to be distinct for both pronuclei,
but have not been fully characterized thus far. Another
perplexing part of the reprogramming process is the
maintenance of gDMR methylation patterns as it is a
major requirement for normal mammalian development.
In fact, the loss of genomic imprints during embryo
development causes permanent damage to cellular
functions since the embryo is unable to restore them
(Howell et al., 1998; Howell et al., 2001; McGraw et
al., 2013; McGraw et al., 2015). Since only one allele is
inherently active, imprinted gene expression is
hypersensitive to changes in regulation, which can cause
dramatic effects on development as many imprinted
genes have growth regulatory functions (Plasschaert and
Bartolomei, 2014). Many studies in mice have
demonstrated the prevalent involvement of DNMT1
variants (DNMT1lo; DNMT1-oocyte, DNMTIs;
somatic) in the maintenance of genomic imprints
throughout embryonic epigenetic reprograming (Bostick
et al., 2007; Arita et al., 2008; Avvakumov et al., 2008).
How DNMT1 specifically recognizes and maintains
gDMRs but does not maintain global methylation
remains mostly unclear. However, Dnmt1” mice are
embryonic lethal as the absence of Dnmtl causes the
exhaustive loss of genomic imprints and does not allow
for de novo methylation to be properly maintained
during remethylation (Li et al., 1992). Moreover, we
observed that the loss of Dnmtlo caused sex-specific
placental defects in female embryos as well as perturbed
imprinted X-inactivation (McGraw et al., 2013). These
data highlight how a brief perturbation in the DNA
methylation maintenance process of early stage embryos
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can influence development, and further emphasize the
importance of studying the impact of the maternal
environment and sex-specific alterations during this
critical period.

The loss of global DNA methylation during
reprogramming initiates the embryonic genome
activation, vital for proper development. The thoroughly
timed expression of genes in embryonic genome
activation is controlled by chromatin structural changes.
A schematic representation of the mouse embryonic
epigenetic reprogramming of DNA methylation is
depicted in Figure 1, showing the dynamics of DNA
methylation from the fertilization of the zygote to the
maturation of embryonic and placental tissues. After
global demethylation, the inner cell mass and the

L High

GLOBAL DNA METHYLATION

IMPRINTED gDMRs
DNMT1 METHYLATION MAINTENANCE

trophoblast gain de novo methylation catalyzed by
DNMT3A and DNMT3B to implement the epigenetic
patterns for the development of the embryo and the
placenta (Red-Horse et al., 2004; Marikawa and
Alarcon, 2009). Studies conducted in mice have
indicated separate specific phenotypes in Dnmt3a™
versus Dnmt3b™. Dnmt3a’™ mice make it to term, albeit
severely runted and die shortly thereafter, whereas
Dnmt3b”" are embryonic lethal (Niakan et al., 2012).
The altered expression of these key enzymes is
unmistakably symptomatic of epigenetic developmental
disturbances, but it is becoming more and more evident
that the regulation of the epigenome is also staggeringly
sensitive  to embryonic environment, particularly
throughout the pre-implantation period.

DNMT3A
DNMT3B

>

DEVELOPMENTAL STAGES

Figure 1. Global DNA demethylation and remethylation during the epigenetic reprogramming of early
embryogenesis in mice. Soon after fertilization, the zygotic paternal and maternal pronuclei undergo global
demethylation during the pre-implantation stages, except for gDMRs which are maintained via DNMT1 activity.
The paternal genome (blue) is initially actively demethylated by the TET3 enzyme followed by passive
demethylation, whereas the maternal genome (red) demethylation is solely passive due to DNMT1 inactivity, hence
the sharper demethylation slope for the paternal curve. After implantation, the blastocyst acquires de novo
methylation patterns catalyzed by DNMT3A and DNMT3B to establish the embryonic and placental programs

imperative for development initiation.

Early embryonic environment and impact on
epigenetic reprogramming events

A considerable amount of evidence has begun
to show how epigenetic programming is susceptible to
early embryonic environment, such as nutrient
availability and toxin exposures, prior to implantation of
the blastocyst. The dynamics of the embryonic wave of
DNA methylation — proper erasure and de novo
methylation or methylation maintenance — that is crucial
to trigger the developmental program can become
disturbed in response to these environmental cues
leading to changes in gene expression and growth
defects. Many have investigated the effects of the
environment on embryo development using mainly in
vitro models. However, the direct epigenetic impacts of
the embryonic environment and the lasting effects on
long-term development have been poorly studied, due to
technological barriers and limited number of cells
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during pre-implantation stages. When studying early
embryonic development exposures, one must be
cautious when comparing in utero and in vitro models
being that in vitro culture technologies have yet to
accurately reproduce the maternal tract conditions. We
have thus divided the following section describing the
effects of environmental factors during early embryonic
development in two parts: firstly, the influence of in
vitro reproductive technologies of mammalian embryos,
and secondly, the intrauterine exposures during
pregnancy.

Assisted Reproductive Technology (ART)

ART is an umbrella term used to describe the
assortment of medical procedures and approaches (e.g.,
superovulation, in  vitro fertilization  (IVF),
intracytoplasmic sperm injection (ICSI), embryo in vitro
culture (IVC)) that can be performed to achieve
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pregnhancy. Such procedures are now an integral part of
human infertility treatment, as the number of children
born by ART is estimated at more than 8 million
worldwide (Weinerman, 2018). ART also plays a major
role in animal reproduction to increase reproductive
efficiency and genetic improvement in livestock, as well
as to conserve endangered species. The outcomes of
human pregnancies produced by ART have undergone
intense scrutiny and while most children conceived
using ART are healthy, these procedures have been
associated with an increased risk of preeclampsia,
intrauterine growth restriction, birth defects (Qin et al.,
2016; Zhu et al., 2016b; Choux et al., 2018; Choufani et
al., 2019) and imprinting disorders (Market-Velker et
al., 2010; White et al., 2015). Although various studies
have shown that ART may lead to epigenetic
perturbations (El Hajj and Haaf, 2013; Urrego et al.,
2014; Duranthon and Chavatte-Palmer, 2018), the
etiology associated with ART and increased risk of
perinatal complications is still poorly understood.
However, the dynamic epigenome reprogramming
during germ cell development and the pre-implantation
period, especially of DNA methylation patterns, are
processes that are prone to being affected by approaches
used in ART and could provide biological plausibility.

ART procedures

Although it is unclear which ART procedure
has the greatest influence, we know that the dramatic
changes in embryo environment can induce long-term
effects on the epigenome. In ovarian superstimulation,
various studies suggest that the acquisition of imprinting
patterns in the oocyte might be perturbed and lead to
abnormal allelic expression in later embryo and placenta
development (reviewed in Anckaert et al., 2013;
McGraw and Trasler, 2013). However, studies show
that superovulation treatments do not alter normal
imprinted methylation acquisition in oocytes, but rather
disrupt maternal-effect gene products that are required
during pre-implantation for imprint maintenance
(Denomme et al., 2011; Uysal et al., 2018). We also
showed that some of these induced errors of imprinted
gene expression (H19, Igf2) present in mid-gestation
mouse placenta are no longer apparent at the end of the
gestation (Fortier et al., 2008; Fortier et al., 2014). This
suggests that even though superovulation produces
abnormal oocytes that initiate altered expression of
imprinted genes in embryos, compensatory mechanisms
regulating imprinted gene networks are able to restore
proper levels of gene expression during development.
Although, as highlighted across the literature, the
alterations in DNA methylation following ART
procedures are not always striking and vary between
studies (reviewed in Berntsen et al., 2019), in part
because of distinctions in treatments used. It was
recently reported that human placenta, but not cord
blood, from IVF/ICSI showed decreased DNA
methylation levels for imprinted loci H19/IGF2 and
KCNQ1OT1, as well as for specific repetitive elements
(Choux et al., 2018), whereas in another recent study,
no obvious overall differences in genome-wide DNA
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methylation differences in placental tissues were
associated with ART (Choufani et al., 2019). Yet, a
subset of ART pregnancies associated with ICSI
showed marked decrease in placental DNA methylation
levels at imprinted loci (GNAS, SGCE, KCNQ10T1 and
NNAT). Not only do these studies reveal that 1CSI
generates distinct DNA methylation alterations in
specific tissues compared to controls as opposed to less
invasive ART procedures, they highlight the importance
of carefully pairing and comparing equivalent ART
procedures when designing epigenetic studies.

Another ART procedure that is routine practice
in commercial and clinical settings is cryopreservation
of oocytes and embryos. Flash-freezing
cryopreservation protocols (i.e., vitrification) have been
linked to epigenetic alterations. Selective loss of DNA
methylation of imprinted loci was observed in
blastocysts subsequent to fertilization of vitrified bovine
and mouse oocytes (Chen, Zhang et al., 2016; Cheng et
al., 2014), whereas others found no effect on DNA
methylation levels at the H19/IGF2 ICR loci at
embryonic day 3 in human ICSI blastocysts following
vitrification (Derakhshan-Horeh et al., 2016). When
vitrification of mouse embryo at E2.5 (8-cell stage) was
paired with IVC, transferred embryos revealed
increased levels of global DNA methylation in both
E9.5 fetus and placenta compared to IVC, but
interestingly were similar to naturally mated derived
samples (Ma et al., 2019). The long-term effect of
vitrification was further observed in the fetus with
increased DNA methylation levels at the imprinted
KvDMR1 loci and significant gene expression increase
of Dnmt1 and Dnmt3b compared to the IVVC and natural
mating groups. Together, the body of work on
vitrification suggests that such exposures could
influence the epigenome and lead to abnormal
expression of imprinted genes. However, it is difficult to
make any definitive conclusions regarding the influence
of vitrification as most of these studies only assessed a
limited number of loci for DNA methylation analyses,
which are mostly restricted to imprinted genes, and did
not investigate the long-term impact on postnatal
development.

ART culture environment

As previously mentioned, although the vast
majority of ART-conceived offspring are healthy, they
have a higher frequency of birth defects suggesting
epigenetic costs. A large body of research now supports
that the in vitro culture environment has both long-
lasting and significant repercussions on DNA
methylation reprogramming events and embryonic
development, but the exact mechanisms remain unclear.
In humans, an increased prevalence of Beckwith-
Wiedemann syndrome has been associated with ART
procedures. This overgrowth disorder has similar
adverse phenotypes and epigenetic profiles (e.g., loss of
imprinting) as the large offspring syndrome in
ruminants, (Chen et al., 2015) for which the incidence
has been linked to the presence of serum in the culture
media. (Young et al., 1998; Chen et al., 2013). As such,
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the ART field has mostly limited the use of serum and
has designed various serum-free and chemically defined
media for livestock, mice, and humans.

Various commercial and custom culture
systems exist but are not as complex and dynamic as the
oviduct fluid. They may present a lack or excess of
different key factors and metabolites when compared to
the maternal reproductive environment (Morbeck et al.,
2014a; Morbeck et al., 2014b; Morbeck et al., 2017). A
number of different studies have investigated the impact
of culture systems on epigenetic profiles in humans and
other animals, but a direct correlation between results is
challenging as additional associated parameters (e.g.,
culture conditions, protocols, ART-procedures) may
introduce a range of confounding and unpredictable
variables. To circumvent these effects, Market-Velker et
al. (2010) undertook a direct side-by-side comparison
between naturally mated mouse embryos cultured from
the 2-cell stage to the blastocyst stage in commercial
systems and in vivo-derived blastocyst. They uncovered
that all commercial media compromised the early
embryo’s  proficiency in  maintaining genomic
imprinting profiles of H19, Peg3, and Srpn to a
variable extent. Although some media systems appeared
to be more suitable for maintaining DNA methylation
levels on these imprinted loci, we cannot know how the
rest of the genome behaves under these conditions
because of the narrow epigenetic analyses that were
performed. Interestingly, a recent study tested the
addition of natural reproductive fluids in the culture
system to safeguard the embryo’s epigenome. They
showed that by using natural reproductive fluids they
could produce IVF-blastocysts with  reduced
morphological, epigenetic and transcriptomic anomalies
when compared to porcine blastocysts produced from
unsupplemented IVF protocols (Canovas et al., 2017).
Furthermore, by using both whole-genome DNA
methylation and RNA-seq approaches of single
blastocysts, they were able to demonstrate that the
addition of oviductal tract fluid compensated for the
lack of specific factors in standard culture medium
required for proper development. Since this strategy has
been successful so far in improving the ART procedures
in mice, humans and other livestock animals, it shows
great potential for rescuing troubled early embryo
development and future negative impacts in offspring.

Maternal and environmental influences

It is now well established that the maternal
environment (e.g., nutrition, stress, toxicants) can create
an adverse in utero milieu that affects the fetal
developmental program and increase  disease
susceptibility in adulthood (aka. Developmental Origins
of Health and Disease; DoHaD hypothesis). Since the
all-or-none phenomenon once presumed that exposure
that occurs on early stage embryos results in either
death or in no adverse outcome, little research on the
impact of harmful maternal environment on pre-
implantation embryos was done in the past. However,
this once pervasive tenet is now being revisited as
several studies demonstrate that the direct contact of
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pre-implantation embryo with the cells of the mother’s
reproductive tract can influence future development via
interference with epigenetic mechanisms (Adam, 2012).
Here, we will underline how adverse in uterine
conditions triggered by the maternal environment
(alcohol, heat stress) can have deleterious effects on the
early embryonic epigenome.

Adverse stressors

Alcohol has teratogenic and neurotoxic effects
on numerous potential mechanisms such as folate
metabolism and DNMTs activity (Garro et al., 1991;
Bielawski et al., 2002; Bonsch et al., 2006; Varela-Rey
et al., 2013). We know that an exposure to alcohol
during pregnancy can lead to abnormal brain
development and cause fetal alcohol spectrum disorders
(FASD), with symptoms ranging from craniofacial
abnormalities to intellectual deficiency, behavioral
difficulties and learning disabilities (Chudley et al.,
2005; Cook et al., 2016; Legault et al., 2018). Although
pioneer work demonstrated that early embryonic alcohol
exposure can negatively influence development (Checiu
and Sandor, 1986; Fazakas-Todea et al., 1986; Wiebold
and Becker, 1987; Padmanabhan and Hameed, 1988),
we still don’t fully understand how alcohol directly
impacts the early embryo, especially its epigenome. A
recent report shows that porcine zygotes exposed to
alcohol in vitro have a lower rate of blastocyst
formation, with  blastocysts having increased
mitochondrial ~ dysfunctions and abnormal gene
expression (Page-Lariviere et al., 2017). Haycock and
Ramsay (2009) did show in a mouse model that alcohol
exposure at E1.5 and E2.5 was associated with loss of
H19 imprinted DNA methylation in the placenta at
E10.5 and growth restriction (Haycock and Ramsay,
2009). In early stage embryos, ethanol exposure seems
to have a lasting impact on Dnmtl by reducing its
expression, whereas Dnmt3a and Dnmt3b expression
levels remained the same (Dasmahapatra and Khan,
2015). Since Dnmtl is required for the maintenance of
DNA methylation profiles, especially imprinted gene
methylation during the early embryonic reprogramming
wave (Hirasawa et al., 2008; McGraw et al., 2013),
alcohol exposure might compromise proper Dnmtl
function and lead to altered epigenetic phenotypes.
Although prenatal cigarette and recreational drugs (e.g.,
cocaine, cannabis) exposure have been linked to lasting
behavioral and neurodevelopmental impairments, low
birth weight, preterm birth, poor intrauterine growth and
even infant death (Wehby et al., 2011), as well as
alterations in DNA methylation and epigenetic profiles
(Novikova et al., 2008; Toro et al., 2008; Breton et al.,
2009; Guerrero-Preston et al., 2010; Suter et al., 2010;
Toledo-Rodriguez et al., 2010; DiNieri et al., 2011),
none of the prenatal expositions were done on pre-
implantation embryos. As such, preclinical animal
models of early embryonic exposure are needed to
determine the deleterious consequence of cigarette
smoking and recreational drugs on development,
epigenome and gene expression. By being aware of the
deleterious effects of cigarette and drug expositions on
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the embryo during the first days of gestation days,

women wanting to conceive might stop their
consumption as preventive measures to protect their
embryo.

Livestock does not have comparable

environmental stressors, however, they are exposed to
changing environmental conditions that affect their
fertility. For example, livestock fertility, especially in
dairy cows, is particularly vulnerable to higher
temperature and humidity. Heat stress disrupts many
metabolism  processes (e.g., microtubules and
microfilaments reorganization, reactive oxygen species
production, DNA fragmentation and apoptosis) in
embryos, leading to disrupted embryo development and
increased embryonic mortality (Zhu et al., 2008;
Koyama et al., 2012; de Barros and Paula-Lopes, 2018).
Heat stress has a greater impact on pre-implantation
embryos since heat resistance mechanisms are not fully
developed at this stage. Embryos at 2-cell or 4-cell stage
will be more affected since the acquisition of these
processes overlaps with zygotic genome activation
(ZGA) and early embryos do not respond to
proapoptotic signals (de Barros and Paula-Lopes, 2018).
One study suggests that the epigenetic changes seem to
predominantly impact paternal imprinting genes, as the
paternal genome is demethylated faster in the first days
of embryo development compared to the maternal
genome (Zhu et al.,, 2008). They reported that
blastocysts resulting from mouse zygotes exposed to a 1
hour 40°C heat shock prior to 1VC, showed loss of
DNA methylation for paternally imprinted genes H19
and Igf-2r, but normal DNA methylation for maternally
imprinted genes Pegl and Peg3. However, since these
embryos were only treated and cultured in vitro, it
would be pertinent to retrieve oocytes, zygotes or
embryos from livestock animals exposed to heat stress
to define how genome-wide DNA methylation profiles
are disturbed.

Conclusion

Epigenetic modifications, specifically DNA
methylation, play a crucial role in embryo development
and are vulnerable to prenatal environmental factors and
exposures occurring during the pre-implantation period.
So far, a handful of in vitro studies have explored the
effects of assisted reproductive technologies as well as
prenatal environmental conditions and exposures, such
as alcohol consumption and heat stress, during pre-
implantation looking at short-term effects of severe
epigenetic disturbances causing early manifestation of
serious developmental phenotypes. Though mild
impacts  during  pre-implantation are  hugely
understudied and may cause latent long-term effects on
postnatal development. Therefore, there is a dire need to
study the impacts of early embryo in vitro exposures
past the blastocyst-stage using embryo transfer
experiments, as well as early embryo in vivo exposure
models, while also taking into consideration the
importance of sex-specific variations and timing of
exposure. Moreover, very few studies have been able to
establish the direct link between DNA methylation
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alterations and observed phenotypes, mainly because of
the limitations in studying the methylome in the early
stages of development. Cutting-edge adaptations of
standard whole-genome and reduced bisulfite genome
sequencing technologies are now rapidly emerging,
permitting  high-resolution  low-input  single-cell
methylation analyses. Thanks to these technological and
intellectual advancements, as well as the integrative
analysis of multi-omics layers, a promising future lies
ahead for the study of pre-implantation epigenetics.
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