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Abstract

Reproductive failure and pregnancy loss in cattle are some of the largest economic burdens to cattle
producers and one of most perplexing factors influencing management decisions. Pregnancy loss may
occur at any point during gestation with the largest percentage of loss occurring in the first 30 days and,
subsequently, decreasing as the pregnancy progresses. Losses may be attributed to numerous factors,
predisposed issues or environmental conditions such as nutritional stressors or disease. From a research
perspective, determining the exact causes of pregnancy loss or embryonic mortality in cattle have been
difficult, due to limitations of accurately determining early gestation pregnancy status. Until methods that
precisely determine embryo success early in gestation are available, our understanding of in vivo
pregnancy loss will lack clarity necessary to develop management strategies to decrease such loss. In this
review, we will briefly discuss the pivotal periods of pregnancy loss affecting beef and dairy cattle, methods
and technologies to determine pregnancy status and embryo viability and potential opportunities to
decrease reproductive failure.
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Introduction

Embryonic mortality and pregnancy loss remain major issues in domestic livestock
production. In beef and dairy cattle, reproductive inefficiency has been reported to cost global
producers over $1 billion dollars annually (USDA, 2009, 2010). While research and our
understanding have drastically increased around the area of reproductive failure, embryonic
mortality, and pregnancy loss, we have been limited by the inability to accurately determine
timing and viability of embryos/fetuses in vivo, specifically during early gestation. In the last 4
years, two systematic reviews have been conducted in beef and dairy summarizing critical
periods of pregnancy loss identified by currently available technology to determine
embryonic/fetal presence (Wiltbank et al., 2016; Reese et al., 2020); summarized in Figure 1.
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Targeting reproductive failure
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Figure 1. Summary of reproductive success during first two months of gestation in lactating dairy cows
(111) and beef cows (112). Losses between day of breeding (Day 0) and day 7 includes fertilization failure
as well as early embryonic development failure. Values are represented as estimated mean (bar) and
variance encountered in studies (error bar lines).

Timing of embryonic and fetal mortality in cattle can vary substantially based on production
status, genetic composition, environment and management conditions. Both dairy and beef
cattle have relatively high fertilization rates, with a majority of embryos still viable 7 days after
insemination. At day 7, 70-75% of beef females and ~ 65-70% of dairy females that are
artificially inseminated (Al) after estrus expression or bred by fixed timed Al will have a
developing blastocyst (Wiltbank et al., 2016; Reese et al., 2020). Despite these relatively high
percentages, fertilization rates are negatively affected often by poor quality gametes, especially
low-quality semen due to sire infertility or improper semen handling. Animals that fail to
establish pregnancy during this initial period are difficult to detect as they appear to cycle
normally. Unfortunately, harvesting the reproductive tract is one of the only accurate ways to
determine embryonic presence during this time period which is constrained by cost, need for
animal sacrifice and unknown success of the embryo through later stages of development.

The next 3 weeks of development are pivotal for successful establishment of pregnancy.
Uterine environment is critical as the embryo transcends from the oviduct to the site of
implantation. Asynchrony between the uterus and the embryo can be problematic as the
uterine environment will not “wait” for an embryo, although an embryo can accelerate or
decelerate its development to some degree (Pope, 1988). Historically, maternal recognition of
pregnancy failure was believed to account for a significant percentage of pregnancy loss (Diskin
and Sreenan, 1980; Roche et al., 1981). Research indicates that high producing dairy cattle are
especially susceptible to pregnancy loss during this period (Lucy, 2001; Wiltbank et al., 2016).
Without maintenance of the corpus luteum (CL) and sustained levels of progesterone (P4) as a
result of interferon-tau (IFNT) secretion, luteolysis occurs and pregnancy cannot continue
(Mann and Lamming, 1999). Pregnancy during this time period can be indirectly determined
by the presence of Interferon-stimulated genes (ISG), which unfortunately have high levels of
false positives (Green et al., 2010; Melo et al., 2020a). In dairy cattle, pregnancy loss between
day 19 and 27 is reported as approximately 20% (Wiltbank et al., 2016) while in beef about 15%
between day 16 and 32 (Reese et al., 2020). Detection of the embryonic heartbeat between day
28 and 32 of gestation implies the end of the early embryonic period and transition into late
embryonic development. During the first month of gestation, embryonic mortality or
pregnancy loss affects 44 to 50% of pregnancies in both beef and dairy cattle (Wiltbank et al.,
2016; Reese et al., 2020). Interestingly, in beef cattle, cows with Bos indicus influence (at least
3/8 Bos indicus influence) seem to have increased reproductive failure during this
developmental period (Reese et al., 2020).

Late embryonic and early fetal mortality make up a small percentage of overall pregnancy
losses; however, due to management practices, many go undetected and result in greater
economic defects. It is estimated that late embryonic mortality affects 5 to 8% of beef cattle
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pregnancies while upwards of 15% of dairy pregnancies may be terminated during this period
(Wiltbank et al., 2016; Reese etal., 2020). Causes of late embryonic mortality are less
understood as research has focused primarily on examining the contributing factors to early
embryonic loss. During late embryonic development, hallmark placentome formation and
exponential placental expansion occur (Assis et al., 2010). Deficiencies in placental growth or
function can have severe consequences and may be an overlooked factor of pregnancy loss.

Simply knowing when pregnancy loss or embryonic mortality occurs is only part of the story.
From a scientific perspective, the ability to understand and determine the causes of loss are
critical to develop technology to overcome and prevent such losses. Therefore, a critical need
exists to develop an ideal pregnancy test or series of tests to determine the presence of an
embryo and its potential viability. From a production point of view, an ideal pregnancy test
should have high sensitivity (i.e., correctly identify pregnant animals), high specificity (i.e.,
correctly identify non pregnant animals), and be simple and inexpensive to conduct under field
conditions. For scientific purposes, tests that measure embryonic or fetal viability are
important to further research in this area. Currently, there are three categories of embryonic
or pregnancy detection tests: manual, chemical pregnancy specific and chemical non-
pregnancy specific. Manual methods use physical palpation or visualization to identify
pregnant animals. Pregnancy specific or embryonic specific tests use markers that are directly
produced by the conceptus or developing pregnancy while non-pregnancy specific tests rely
on indirect measurements. In addition, it is important to evaluate the parental (maternal and
paternal) contributions to likelihood of pregnancy loss throughout embryonic development.
The purpose of this review is to highlight different methods to target or reduce reproductive
failure in cattle; summarized in Figure 2.

Day of

Gestation 0 _ 20 30
L e Early embryonic development Late embryonic development
Sire fertility — ‘
_ ‘ Progesterone monitoring
J
‘ miRNA ‘ ‘ Transrectal U/S
Estrus

[ Doppleruis | PaG || PaG >
ISG

Figure 2. Advancements in detecting and managing pregnancy loss through early gestation. Established
methods for detection of pregnancy loss are indicated in BOLD; methods that are currently the focus of
research are indicated in italics.

Manual detection methods

Rectal palpation and ultrasonography

As the conceptus develops during early gestation, fluid accumulates within the allantoic and
amniotic cavities making rectal palpation a common method of pregnancy diagnosis in cattle.
Experienced technicians can detect pregnancy as early as day 30 to 35 of gestation by palpation
of the amniotic vesicle (Roberts, 1956; Momont, 1990); however, this method of pregnancy
diagnosis is more accurately utilized 40 to 60 days after insemination when there is greater
fluid accumulation and to avoid puncturing the amniotic vesicle and terminating the pregnancy
(Ball and Carroll, 1963). While rectal palpation is reliable and a widely accepted industry method
for pregnancy diagnosis, it is difficult to assess embryonic viability and/or detect pregnancy
loss with this technique. Transrectal ultrasonography (US) allows for earlier detection of
pregnancy, as early as day 26 to 29 of gestation, and for morphological assessment of the
uterus, ovaries, and real time embryonic/fetal viability (via heartbeat detection) in cattle
(Pierson and Ginther, 1984; Curran et al., 1986; Kastelic et al., 1988; Beal et al., 1992). Due to
the ability to visualize the pregnancy, US is considered the gold standard of pregnancy
diagnosis with accuracy nearing 100% when conducted by experienced technicians
(Romano et al., 2006). Regarding pregnancy loss detection, spontaneous embryonic mortality
occurring between day 24 to 40 of gestation can be diagnosed via US by the absence of a
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heartbeat, placental detachment, or reduced placental fluid volume (Pierson and Ginther,
1984; Curran et al., 1986; Kastelic et al., 1988).

Three-dimensional/four-dimensional (3D/4D) US has been widely used in human medicine
to visualize pregnancy and assess the viability of the developing fetus (Hata et al., 1997).
Currently, adoption of this technology for use in large animals is limited due to high costs of
the necessary equipment and operational difficulties. During early embryonic development,
the bovine embryo lacks definition to properly capture a 3D/4D image. By day 45 of gestation,
development of anatomical structures (e.g. head, body, legs; Kdhn, 1989) is sufficient to capture
a 3D/4D image (Figure 3); however, the fetus must be properly oriented within the uterus and,
thus, requires advanced technical skills. Given that fetal mortality (> day 45 of gestation)
accounts for a low percentage of the overall pregnancy loss in cattle (Santos et al., 2004;
Reese et al., 2020), use of 3D/4D US may not provide sufficient or beneficial information for
determining pregnancy status or pregnancy loss when compared to other available methods.
Over the next few years, however, further research can determine the potential of using such
technology.

(A) (B)

Figure 3. Day 32 (A) and 60 (B) bovine embryo/fetus imaged with 3D/4D technology on a Samsung HS60
ultrasound (Pohler lab).

Doppler ultrasonography

The establishment and maintenance of pregnancy requires the presence of a functional CL
and adequate P4 concentrations (Mann and Lamming, 1999; Parr et al., 2012). In non-pregnant
females, between days 15 to 18 of the estrous cycle, P4 concentrations decrease in response
to prostaglandin F2a (PGF2a) released by the uterus (Niswender et al., 2000), inducing the CL
to regress (Ginther et al.,, 2010). Doppler US allows identification of structural luteolysis by
visualization of decreasing CL blood perfusion during its regression, which can allow for the
diagnosis of non-pregnant females earlier than traditional US methods (Herzog et al., 2010;
Pugliesi et al., 2014; Scully etal.,, 2015). This method is efficient in ruminants because
decreasing blood perfusion during CL regression correlates with decreasing P4 concentrations
(Herzog et al., 2010; Balaro et al., 2017).

Doppler US has been used primarily in beef herds for pregnancy diagnosis between days
20 and 22 of gestation with accuracy exceeding 90% (Pugliesi et al., 2014, 2018; Motta et al.,
2020). One of the main advantages of the early pregnancy diagnosis by Doppler US is its high
sensitivity, close to 100%, which results in few false-negative diagnoses (Pugliesi et al., 2014;
Melo et al., 2020a). This method, however, results in 15 to 20% false-positive diagnoses
(Siqueira et al., 2013; Pugliesi et al., 2018; Melo et al., 2020a) that may be attributed to delayed
ovulation in response to the synchronization protocol, extended estrous cycles (> 22 days) or
early embryonic mortality before secondary diagnosis (Pugliesi et al., 2018). This may be
exacerbated in dairy herds that have high incidence of early embryonic mortality between days
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24 and 30 of gestation (Pohler et al., 2016a; Reese et al., 2018). Despite being a good predictor
of pregnancy, Doppler US by itself is not efficient in monitoring the viability of the fetus or
predicting pregnancy losses, since a reduction in circulating P4 concentrations occurs
simultaneously or after embryonic/fetal death (Pohler etal., 2013, 2016a). When used in
conjunction with other markers (see below), such as ISG or pregnancy associated glycoproteins
(PAG), there is a 5 to 10% decrease in the false-positive diagnoses, which could contribute to
identification of potential pregnancy losses (Melo et al., 2020a).

Chemical-based methods: pregnancy specific

Pregnancy associated glycoproteins

Pregnancy associated glycoproteins (PAG) are placental products produced by giant
trophoblast cells (TGCs) of the trophectoderm. Around day 19 to 21 of gestation, TGCs migrate
across the microvillar junction, fuse with the uterine epithelium and deliver products including
placental lactogen and PAG into the uterine stroma that enter the maternal circulation
(Wooding and Wathes, 1980; Wooding, 1982; Pohler et al., 2015). The first significant increase
of PAG in maternal circulation can be identified between day 22 and 24 of gestation
(Arnold et al., 2012; Pohler et al., 2013); however, physiological roles of PAG remain unclear. It
has been hypothesized that PAG may help process growth factors at the placental-uterine
interface, play a role in adhesion between the uterus and placenta, or act as a factor controlling
maternal immune modulation (Austin et al., 1999; Hoeben et al., 1999; Wallace et al., 2015).
Several factors have been shown to influence circulating PAG concentration, including parity,
days post-partum, estrus response, sire and embryonic viability (Pohleretal.,, 2016b;
Franco et al., 2018).

Over 20 separate PAG genes have been identified in the bovine genome, all pregnancy
specific, which has contributed to the development of multiple commercialized pregnancy
diagnostic tests for ruminants (Butler et al., 1982; Sousa et al., 2006). In addition to accurate
pregnancy diagnosis, current research aims to understand the correlation between circulating
PAG concentration and embryonic mortality. Several research groups have reported that
circulating concentration of PAG can be used as a biomarker of pregnancy and embryonic
viability (Silva et al., 2007; Romano and Larson, 2010; Pohler et al., 20163, b). Across all classes
of cattle, females that experience late embryonic loss have decreased circulating
concentrations of PAG around day 30 of gestation compared to cows that maintain pregnancy
until term (Pohler et al., 2013, 2016a, b). Pohler et al. (2016a) established a cutoff for PAG
concentrations in serum samples on day 31 of gestation in dairy cows submitted to fixed-timed
artificial insemination (FTAI) and timed embryo transfer, achieving 95% accuracy in predicting
late embryonic mortality. Similar accuracy was achieved predicting embryo mortality in Nelore
beef cows subjected to FTAI, where concentrations <0.72 ng/mL on day 28 of gestation resulted
in pregnancy loss (Pohler et al., 2016b). Similar to Al pregnancies, Breukelman et al. (2012)
reported cows that experienced pregnancy loss between days 26 and 100 after embryo
transfer had decreased circulating concentrations of PAG. Overall, higher circulating PAG
concentrations is directly correlated to a decreased incidence of embryonic loss (Szenci et al.,
2000; Thompson et al., 2010). Surprisingly, there is no significant correlation between embryo
size and circulating PAG concentrations on different days of gestation (Pohler et al., 2014;
Pohler lab Unpublished data) suggesting that these pregnancy losses are not a consequence of
delayed or underdeveloped embryo growth alone. Using a serial embryo transfer model
comparing high and subfertility heifers, PAG concentrations were shown to be embryonically
driven and not repetitive across multiple pregnancies in a single female (Reese et al., 2019).
Even though subfertile heifers experienced greater pregnancy losses, circulating PAG
concentrations associated with successful pregnancies did not differ between high and
subfertile heifers. Similar to previous studies, incidences of late embryonic mortality were
associated with decreased circulating PAG concentrations in both high and subfertility heifers
(Reese et al., 2019). Despite the consistent observation of decreased PAG in pregnancies that
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undergo late embryonic mortality, cutoff prediction values are often lower than a majority of
PAG concentrations in animals undergoing pregnancy loss. Breukelman et al. (2012) identified
4 unique PAG-1 profiles in cows undergoing pregnancy loss which may reflect the different
causes of individual cases of pregnancy loss or timing of PAG expression and profiles in
individual animals, thus increasing the challenge associated with predicting pregnancy loss. In
addition, Gatea et al. (2018) reported significant antibody dependence in predicting pregnancy
loss and showed differences across reproductive management techniques.

With the established usability of PAG at day 28 to 30 of gestation, PAG concentrations as
early as day 22 have been evaluated as both a pregnancy diagnostic and embryo viability test.
Compared to non-pregnant cows, pregnant cows and heifers have an increased circulating
concentration of PAG by day 24 and 22 of gestation, respectively (Arnold etal., 2012;
Martins et al., 2018; Reese et al., 2018; Middleton and Pursley, 2019; Oliveira et al., 2020),
suggesting that PAG has the potential to be used as a biomarker for early pregnancy diagnosis
in cattle. If applied properly, this advancement could identify non-pregnant animals and reduce
the interbreeding/calving intervals by allowing earlier resynchronization and rebreeding.
Although the detection of PAG is possible as early as day 24 of gestation, the benefits as a
pregnancy diagnosis tool at this stage may be mitigated by the high incidence of embryonic
mortality that occurs after day 24, increasing the number of false-positive diagnoses; however,
this approach might allow investigation of a window of pregnancy loss previously unexplored.
Embryonic mortality between days 24 and 30 may be overlooked because of the challenges
historically associated with its identification; however, reports indicate that between 5 and 10%
of pregnancies are lost during this period (Reese et al., 2018, 2020; Oliveira et al., 2020). In
addition to the high rate of false positives, false negative diagnosis can be an issue as
circulating PAG concentrations increase at different rates in individual cows. Reese et al. (2018)
reported up to a 55% false negative rate using a 90% confidence cutoff value; whereas,
Middleton and Pursley (2019), using a different antibody-assay combination, observed a 6%
false negative rate indicating that antibody selection towards early secreted PAGs is critical.
One challenge is day 24 PAG concentrations exhibit increased variability compared to day 30
samples, making it more difficult to establish cutoff values for pregnancy success or embryonic
mortality predictions. Some studies show no difference in day 24 PAG concentrations between
dairy females that undergo pregnancy loss and maintain pregnancy (Reese et al., 2018) while
others identify differences in lactating dairy and beef cows (Middleton and Pursley, 2019;
Oliveira et al., 2020). Discrepancies in these early PAG results may be partially attributed to the
large family of PAG genes, differing in timing of PAG expression by the developing conceptus
or antibody reactivity (Wallace etal., 2015; Gateaetal.,, 2018). Both in-house antibody
combinations and commercially available diagnostic tests have been utilized in research
adding to the confusion in these data. When circulating concentration of PAG at day 22 to 24
was analyzed to predict pregnancy success, different results were observed (Reese et al., 2018;
Middleton and Pursley, 2019; Oliveira et al., 2020), indicating that assay refinement and studies
with larger sample sizes are needed to improve the predictive value to an acceptable point for
use in applied reproductive management.

Chemical-based methods: non-pregnancy specific

Progesterone

Detection of P4 is a non-pregnancy specific diagnosis method and is most commonly used
in the dairy industry to assess CL regression and potential return to estrus following
insemination (Nebel, 1988). The differences in P4 levels in either serum or milk between a
pregnant and non-pregnant cow can be used as a biomarker for early pregnancy detection.
Cows with low P4 levels (< 1 ng/mL) 18 to 24 days after insemination would be classified as
non-pregnant, having undergone luteolysis, and cows with high P4 levels (= 1 ng/mL) during
this period would be classified as potentially pregnant (Sasser and Ruder, 1987; Nebel, 1988;
Niswender et al., 2000). This method can diagnose non-pregnant cows with an accuracy
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between 81 to 100%; however, the efficiency of positively diagnosing pregnancy varies between
60 and 100% (Nebel et al., 1987). False positive pregnancy diagnoses likely reflect cows with
longer luteal phases (three vs. two follicular waves), a persistent CL, luteal or luteinized cysts,
or cows that will undergo early embryonic mortality (Pohler et al., 2015). Therefore, non-
specificity and consequential high prevalence of false positives has limited the use of this
method as a marker of pregnancy or embryonic viability. More recent data using an on farm
lateral flow immunochromatographic assay has reported promising results in identifying non-
pregnant cows without a functional CL; however, had low specificity in diagnosing pregnancy
(Omontese et al., 2020). Elevated concentrations of circulating P4 immediately post-
insemination has been associated with conceptus elongation (Garrett et al., 1988; Carter et al.,
2008) and increased pregnancy rates (Mann and Lamming, 1999; Stronge et al., 2005) in cattle.
Regarding pregnancy loss detection, some discrepancies exist in the literature between the
relationship of P4 and cows undergoing embryonic mortality. Starbuck etal. (2004)
demonstrated that cows with < 3.76 ng/mL plasma P4 at week 5 of gestation were more likely
to experience embryonic mortality than cows with a greater concentration of P4; however, a
majority of cows (77%) in the low P4 group did not experience pregnancy loss. A later study
demonstrated that serum P4 levels between day 28 and 30 in pregnancy cows was not
predictive of pregnancy loss (Pohler et al., 2013).Therefore, elevated P4 levels between day 18
to 24 is most useful for determining pregnancy establishment and using relatively low P4 levels
as a predictor for pregnancy loss is less reliable compared to other chemical-based methods
discussed in this review.

Interferon-tau stimulated genes

Maternal recognition of pregnancy in cattle occurs during the period of embryo elongation
when IFNT is secreted by trophectoderm cells of the developing conceptus (Bazer et al., 1997;
Gray et al., 2002) to prevent the release of PGF,, by the endometrium, thus maintaining the CL
function and P4 production (Bazer et al., 2015). In addition to its role in the process of maternal
recognition of pregnancy, IFNT is also able to induce the expression of several ISG by the
endometrium (Mirando et al., 1991) and reaches the peripheral circulation through the uterine
vein (Oliveira et al., 2008; Bott et al., 2010), leading to the expression of ISG in extra-uterine
sites such as the CL (Oliveira et al., 2008), liver (Ruhmann et al., 2017) vaginal and cervical
mucosa (Kunii et al., 2018) and peripheral blood leukocytes (Yankey et al., 2001; Han et al.,
2006; Kizaki et al., 2013).

While still in the developmental stages with no currently available on farm platform, many
research groups aim to increase the application potential of these biomarkers. To date, no
assay has been sensitive enough to differentiate peripheral IFNT concentrations between
pregnant and non-pregnant females. Several authors, however, have proposed expression of
ISG in peripheral blood leukocytes as a possible tool for early pregnancy diagnosis in ruminants
(Green et al., 2010; Pugliesi et al., 2014). This technique has been validated in total leukocytes
(Han et al., 2006; Stevenson et al., 2007; Green etal., 2010), peripheral blood mononuclear
cells (Gifford et al., 2007; Pugliesi etal., 2014; Melo etal., 2020b) and peripheral blood
polymorphonuclear cells (Kizaki et al., 2013; Yoshino et al., 2018; Melo et al., 2020a). In general,
significant differences between pregnant and non-pregnant females were found between days
18 and 20 of gestation, with accuracy of positive pregnancy diagnosis ranging from 70 to 90%
in beef (Pugliesi et al., 2014; Melo et al., 2020a) and dairy herds (Yoshino et al., 2018). Although
ISG have been heavily researched as a pregnancy diagnostic tool, high proportions of false-
positive and false-negative results significantly reduces this technique’s accuracy. These
outcomes could be related to ISG response to other type | interferons, including IFNa and IFN[3,
especially in response to viral infections (Schoggins, 2014; Shaw et al., 2017; Shirozu et al.,
2017).

In addition to their function as predictors of pregnancy, ISG expression could reflect
embryonic viability since there is a positive correlation between the concentrations of IFNT
released by the conceptus and the abundance of ISG (Matsuyama et al., 2012). Some studies
(Matsuyama et al., 2012; Sheikh et al., 2018) reported different ISG expression patterns
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between females who maintained pregnancy and females who experienced a pregnancy loss,
suggesting that these differences could be explored in the prediction of embryonic or fetal
mortality, while others found no differences (Shirasunaetal., 2015; Melo et al., 2020a).
Because the events leading to embryonic or fetal mortality are not always related to the
development and expansion of the trophectoderm, ISG expression patterns may detect some
but not all cases of pregnancy loss. In general, ISG are a valuable tool for pregnancy diagnosis
as an indirect stimulus from the conceptus; however, adjustments in techniques are necessary
to improve the sensitivity and specificity for potential use in monitoring pregnancy viability.

Circulating microRNAs

One of the most promising candidates in the search for an easily accessible biomarker for
pregnancy diagnosis is circulating microRNAs (miRNA); however, it is currently limited to
research use due to the laboratory techniques needed to isolate and measure them. Between
18 to 22 nucleotides in length, miRNAs play important roles in regulation of gene expression
and have been found in biological fluids ranging from serum and amniotic fluid to urine and
milk (Reid et al., 2011; Pohler et al., 2015). There are many other noncoding RNAs that possess
the potential for biomarker discovery in the future; however, miRNAs are currently the best
characterized and have been strongly correlated with disease progression and detection
(Etheridge et al., 2011; Russo etal.,, 2016). Furthermore, miRNAs have a well-developed
database (miRBase) that includes miRNAs from humans, animals, plants, and viruses (Griffiths-
Jones et al.,, 2008). MicroRNAs have been proposed as optimal biomarkers because they
possess key features including stability, non-invasiveness, tissue specificity, and accuracy and
rapidity regarding detection methods (Turchinovich et al., 2011; Velu et al., 2012). They have
been identified to exist in different forms; miRNAs associated with Argonaute 2 containing
protein complexes (Arroyo et al., 2011), lipoproteins (Tabet et al., 2014), or nucleophosmin 1
(Wang et al., 2010), and those located within apoptotic bodies (Zernecke et al., 2009) or
extracellular vesicles (Valadi et al., 2007). Extracellular-derived miRNAs are of particular
interest as this form of miRNAs remains the most extensively verified, and have been
documented to be released by presumably every cell type as a method of cell to cell
communication to elicit various biological effects (Turchinovich et al., 2012; Liang et al., 2017).
Previous bovine pregnancy-associated miRNA research has resulted in several candidates that
were isolated from milk, plasma, serum, or whole blood (loannidis and Donadeu, 2016;
Bem et al.,, 2017; loannidis and Donadeu, 2017; Pohler et al., 2017; Schanzenbach et al., 2017;
Gebremedhn et al., 2018; Markkandan et al., 2018). Studies have also identified miRNAs
produced by pregnant animals in horses, sheep and swine (Cameron et al., 2011; Burns et al.,
2014; Reliszko et al., 2017). A recent study by Fiandanese et al. (2016) identified a potential
mMiRNA, bta-mir 140, as an early biomarker for pregnancy detection. At day 13, bta-mir 140 was
increased in abundance in circulation of pregnant, non-lactating cows and at day 19 it was
upregulated in both lactating and non-lactating pregnant cows. In recent studies from our lab,
data suggests miRNA may provide additional insight to embryo viability. Cows that experience
embryo mortality have a significantly increased abundance of specific miRNAs at days 17 and
24 of gestation compared to cows that have a successful pregnancy (Pohler et al., 2017). Future
studies will be needed to assess the repeatability of these findings and to determine precise
miRNA most applicable for embryo viability analysis. Additionally, a significant limitation in this
area of research is that there is no standardized approach regarding extraction and isolation
techniques, which lead to differing results regarding abundance of diverse miRNAs.

Maternal vs paternal contribution to pregnancy loss

Female contribution and selection

Regardless of the numerous methods available to identify reproductive failure, selection
of females with the innate capacity to carry a pregnancy and produce live offspring is likely
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the most paramount factor to increase reproductive efficiency. Selection of replacement
heifers is often determined by genetics and phenotype; however, certain physiologic
characteristics, including assessment of the reproductive tract will increase the likelihood of
pregnancy success. Reproductive tract scoring (RTS) has been used to assess the pubertal
status of heifers by assessing uterine size and ovarian structures and has been correlated
with lifetime productivity of the heifer, especially when evaluated by US (Andersen et al,,
1991; Holm et al., 2009). Compared with other single factor pre-breeding variables including
age and body weight, RTS was found to have the greatest predictive ability for positive
reproductive outcomes including Al pregnancy rate and reduced days to calving (Holm et al.,
2009). More recently, antral follicle count has been used in combination with RTS, as high
antral follicle count is associated with fewer services per conception (Mossa et al., 2012),
increased P4 and estradiol production (Ireland et al., 2009; Jimenez-Krassel et al., 2009),
increased uterine protein secretion (McNeel et al.,, 2017) and greater embryo production
(Majumder et al., 2010) contributing to overall improved fertility (Moraes et al., 2019). Within
pubertal heifers, however, other physiological differences resulting in sub- and infertility are
less apparent. Using a serial ET model to classify beef heifers as high, sub- or infertile,
Geary et al. (2016) identified significant alterations in endometrial gene expression between
fertility classifications at day 14 of gestation despite similar P4 concentrations and embryo
recovery rates, suggesting that significant pregnancy loss occurs between days 14 and 28 in
sub- or infertile heifers. These findings were further supported by decreased conceptus
length at day 17 of gestation and alterations in endometrial and conceptus transcriptome
profiles indicating dysregulation of conceptus-endometrial interactions in sub-fertile heifers
compared to high fertility heifers (Moraes etal., 2018). Despite the improvements in
replacement heifer selection afforded by ultrasound assessment, not all factors affecting
fertility can be as easily identified.

Understanding reproductive failure in cows which have previously been reproductively
competent can be specifically challenging. Large reproductive tract size has been
associated with decreased fertility in both primiparous and multiparous lactating dairy
cows and may be due to sperm transport challenges or increased failure of correct
maternal recognition of pregnancy (Baez et al., 2016; Young et al., 2017). The unknown
physiological ramifications of increased reproductive tract sizes may persist beyond
pregnancy establishment as Madureira et al. (2017) reported increased ovulation failure,
decreased circulating concentration of PAGs and increased pregnancy loss between day 30
and 120 in cows with the largest reproductive tracts compared to those with decreased
tract sizes.

Another consideration of cow selection, especially when utilizing reproductive
technologies, is estrus expression at or prior to insemination. Estrus expression is positively
correlated with increased pregnancy rates and decreased embryonic mortality in almost
every female classification (parity, subspecies, dairy and beef) undergoing either Al or
embryo transfer (Pursley et al., 1998; Richardson et al., 2014; Pereira et al., 2016; B6 and
Cedefio, 2018). Numerous aids, including estrus detection patches and activity monitors,
have increased the accuracy and effectiveness of estrus detection compared to visual
methods which can be subjective and labor intensive. Activity monitors, often mounted on
collars or pedometers and relayed to computer software for analysis, have positive predictive
values for estrus greater than 85% and daily error rates of less than 2% (Levendahl and
Chagunda, 2010; Madureira etal.,, 2015). Estrus detection patches, like the Estrotect
Breeding Indicator, are single use aids that become activated as animals are repeatedly
mounted and require lower input for more extensive management systems (Pohler et al.,
2016b). Greater estrus activity, indicated by both patch and activity monitor activation,
results in increased day 30 pregnancy rates, greater circulating PAG concentrations and
decreased late embryo mortality compared to animals who did not exhibit estrus or only
weakly exhibited signs of estrus even when ovulation occurred (Madureira et al., 2015;
Pereira et al., 2016; Pohler et al., 2016b). These factors can aid in selection of females with
the greatest likelihood for establishing and maintaining pregnancy, although many
differences in fertility cannot be yet identified.
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Sire contribution and selection

Reproductive physiologists often focus on the female’s role in reproductive processes, and
much less attention has been given to male derived factors associated with fertility or causes
of embryonic mortality originating from the sire post fertilization and initial embryonic
development (Figure 4). In many species, paternal genetics may contribute significantly to
placenta formation and subsequent pregnancy maintenance throughout gestation. Using a
uniparental embryo model in mice, it was shown that the formation of the embryo is primarily
reliant on the maternal genome, while the paternal genome greatly contributes to trophoblast
development and, therefore, the placenta (Barton et al., 1985; Surani et al., 1987). In cattle,
morphological changes of the placenta associated with placentome formation and
interdigitation in intercaruncular spaces begin during the third week of gestation
(Schlafer et al., 2000). Adequate placentation is required for proper exchange of nutrients at
the fetal-maternal interface and disruption of these physiological processes may lead to
pregnancy failure. Research from our lab has characterized the association between sire
fertility and pregnancy loss in cattle, as well as began to investigate the physiological
mechanisms that paternal genetics control in pregnancy maintenance. In Bos indicus beef cows,
no difference in pregnancy rate at day 30 was observed among service sires used for Al, but
pregnancy loss during the second month of gestation was highly variable (1.4 to 11.1%) among
sires (Franco et al., 2018). Similarly, Bos Taurus beef cows had a large variance in pregnancy
loss between days 24 and 31 of gestation (1.8 to 11.7%) and between days 31 and 60 of
gestation (2.3 to 12.6%) among service sires used for Al (Franco et al., 2020). Similarly, same
variance was observed among sires used for Al and ET in dairy cattle. Pregnancy loss during
the second month of gestation ranged from 5 to 35-40% among sires used in both Al and ET,
and no correlation (P = 0.8) was observed with their respective sire conception rate (SCR) index
(Pohler lab; Unpublished data). Interestingly, high SCR sires produce higher quality pre
implantation embryos in both in vivo and in vitro studies, but only discrete differences were
observed in embryonic development and pregnancy success in dairy heifers (Ortega et al.,
2018).

Figure 4. Both female and male contributions are necessary to formation of a successful conceptus but
due to the uterine contributions of gestation, the maternal environment is the focus of more research as
gestation progresses.

These sire phenotype characterization studies suggest that current methods to evaluate
sire fertility may be limited in assessing overall reproductive success and incidence of late
gestation pregnancy loss should be considered when evaluating sire fertility, as it can
significantly affect final pregnancy rate. To investigate the physiological mechanism of paternal
genetics in pregnancy maintenance during the second month of gestation, parthenogenetic
embryos, consisting of only a maternal genome, were transferred into recipient cows at
blastocyst stage (day 7) and pregnancy development was monitored by ultrasonography and
blood based placental secretions. In all 19 cows that established a pregnancy, circulating
concentration of placental products (PAG and ISG) throughout gestation were lesser compared

Anim Reprod. 2020;17(3):e20200057 10/19



Targeting reproductive failure

to cows carrying control embryos (Pohler Lab; Unpublished data). Preliminary results
demonstrate that even though these embryos can survive up to day 40-45 of gestation, no
active site of implantation and attachment to endometrium is observed, suggesting that
trophoblast tissues are not properly formed in the absence of paternal genes. These findings
strongly suggest that paternal genetics contribute significantly to placenta formation in cattle,
which could explain most of the sire variance observed in pregnancy loss during the period of
active placentation. The development of markers to identify sires of high or low pregnancy loss
would improve sire fertility evaluations and increase beef and dairy reproductive efficiency.

Summary

Reproductive failure, embryonic mortality and pregnancy loss are major challenges facing
domestic livestock producers worldwide. In science, we must develop technologies and
management strategies to decrease these losses. These include managerial and nutritional
tools that promote embryonic and fetal development, resulting in a successful pregnancy
(Cooke, 2019). However, in order to do this, technologies and techniques for predicting,
forecasting and determining pregnancy success and failure must continue to be developed.
Many current technologies (Figure 2) are useful, but there is still a demand to increase our
detection systems, specifically early in gestation.
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