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ABSTRACT

Even embryonic spacing and migration, the movement and positioning of embryos in the
uterine horn prior to implantation, has been previously characterized as the even arrangement of
embryos along a single uterine horn. This preimplantation process has been described as a
conserved, tightly regulated phenomenon important for healthy pregnancies in many multiparous
species including swine, sheep, goats, rabbits, mice, and rats. In addition, spacing and migration
is thought to play a significant role in early pregnancy of non-polytocous species, such as
humans and bovine. Abnormalities in spacing and migration can result in growth restriction,
morbidity, mortality, and abortion/reabsorption in many polytocous species. In humans, uneven
spacing and migration of embryos have been suggested to contribute to ectopic pregnancies,
placental previa, sharing of the placenta, and twin-twin transfusion syndrome, which can result in
the increased risk of growth restriction, malformations of the heart, perinatal mortality, and
embryo morbidity. Using a mouse model, illumination of genetic components associated with
uneven spacing provides insight into mechanisms and pathways that drive pre- and peri-
implantation events.

To elucidate genetic mechanisms associated with embryonic spacing and migration,
C57BL/6J, C3HeB/Fel, and C3H/HelJ strains of mice were used (to define the model), in which,
C57BL/6J represented a population of mice with evenly spaced embryos, whereas C3HeB/FeJ
and C3H/Hel represented populations with unevenly spaced embryos. Pedigree analysis
suggested that both maternal and embryonic genetic contributions affect this process with an

emphasis on a maternal effect and dominance gene action. Several other assays were conducted
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in order to determine if any physiological mechanisms contribute to uneven embryo spacing,
including sex of the embryo, parity (primigravida vs. multigravida pregnancies), and timing of
implantation. None of the tested physiological mechanisms explained the uneven spacing
observed in the two C3H strains. Additionally, quantitative trait loci analysis was performed on
data collected from 12 recombinant inbred lines, generated from C57BL/6J and C3H/HelJ. These
data led us to several regions of interest on chromosomes 13 and 9. Additionally, RNAseq, led
to further elucidation of differentially expressed genes from E3.5 embryos. Furthermore, future
research will refine the understanding of the genetic mechanism(s) in embryo spacing and

migration are controlled.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Defining and Characterizing Embryo Spacing

The process of embryo implantation in the uterus of mammalian species and the
formation the decidual reaction have been extensively studied and the underlying molecular
mechanisms have been defined [ Yoshinaga, 2013]. However, the molecular mechanisms leading
to equal spacing of embryos within the uterus of litter-bearing species remain largely unknown.
Migration and spacing play a crucial role in the success of implantation and the embryo’s ability
to thrive. In conjunction with implantation, embryo migration and spacing are known to be
important for the success and health of placental pregnancies of both litter-bearing and single
offspring species. The disruption of these events, both natural and genetically, has been linked to
early pregnancy failures [Carson et al. 2000, Hama 2007].

Embryo spacing was first characterized in the early half of the 20" century predominantly
using rabbit, rat, and mouse models. This event, which is now characterized into two closely
related steps (embryo spacing and embryo migration), is described as the movement of embryos
within the uterine horn or uterine body in order to space them equidistantly prior to implantation.
This event is highly regulated, but the genes and physiological mechanisms have not been
wholly expounded for embryo spacing. However, Boving and his colleagues provided some
enlightening data and compelling hypotheses that offer a foundation for understanding of embryo
spacing and migration [Boving 1956, McLaren 1959, O’Grady 1969].

In addition to the traditional small animal models, the pig model contributed important

information on embryo movement and implantation selection in the late 1970s. This research



gave insight into the conservation of regular spacing and its implications in embryo survival and
health across species. The combined information from rabbit, rat, mice, and pig led to the
discussion and possible extension of conserved regular embryonic migration and spacing to other
species including equine, bovine, and even humans. Little is yet understood about the regulation
and interactions influencing embryonic spacing, and this lack of understanding surrounding
spacing is likely due to its propinquity to implantation and the interwoven and intricate
mechanisms involved.
Conservation of Embryo Spacing

Through research using multiple animal models, the conservation of embryo migration
and spacing across species has been confirmed. Béving, Michie & McLaren, and O’Grady and
Heald characterized regular embryo spacing (through analysis of measurements) in a variety of
species, including rabbit, rat, mouse, and pig [Boving 1956, O'Grady 1969, Anderson 1978,
McLaren et al. 1959]. However, most of the early investigations on embryo spacing utilized the
rabbit and mouse models. During this foundational research period on embryo spacing, mouse
embryos were initially thought to randomly space within the uterine horns, and little regulation
was thought to occur [Boving 1956]. However, per McLaren and Michie, it is now known that
mouse embryos do not simply space randomly, but like rat and rabbit embryos, have regulated
and deliberate embryo spacing, likely to prevent embryo crowding [McLaren et al. 1959].
The similarity among species in embryo spacing was primarily evaluated from the perspective of
embryo migration and the uterine contractions associated with this event. These initial studies
conflated migration and spacing, as these two events were assumed to be a single event.
Although these steps occur in quick succession, the final spacing of embryos is more regulated

and complex than can be attributed to myometrial contractions alone.



Boving, using a rabbit model, showed that the even spacing of embryos occurs
regardless of the number of embryos present within a uterine horn [Boving 1956]. Similar
findings from a rat model, confirmed the conservation of this phenomenon across multiple litter
bearing species [O'Grady 1969]. Using a superovulation and single ovariectomy, McLaren and
Michie reported that even when a single horn contains many embryos, the embryos tend to space
as much as possible from one another. When the number of embryos exceeds a threshold,
“embryo crowding” prevents sufficient spacing between embryos, and placentas of embryos in
close proximity can actually fuse. This fusion typically leads to lower embryonic weights and, in
turn, growth restriction [McLaren et al. 1959]. These discoveries imply the importance of
spacing and migration to maintaining healthy embryos. Based on these previous studies, research
in this dissertation investigated the effect of embryo number on spacing by utilizing a genetic
mouse model system.

While species described above each exhibit embryo implantation within separate uterine
horns, humans and other monotocous (single offspring per pregnancy) species exhibit
implantation occurring within the uterine body [Boving 1956]. Therefore, determining the
conservation and understanding the genetic and physiological mechanisms regulating embryo
spacing and migration would reveal the translational capacity of this work. In species where,
multiple embryos are rare events, migration is at the forefront of importance because spacing is
non-existent in single embryo pregnancies. In these rare multiple-embryo instances, it is
important to know how the uterus, and/or the embryos adjust, possibly by an underlying
physiological or genetic mechanism, in order to preserve the health of the embryos. This is

where embryo spacing, and its mechanisms become important to understand at a genetic level.



This type of translational research could be instrumental in improving reproductive technologies
and understanding preimplantation abnormalities in humans, laboratory animals, and livestock.
Explaining the Events of Embryo Spacing and Migration

When Bo6ving and his colleagues set out to determine whether spacing and migration was
a random event or a controlled process, it was theorized that when the embryos are small and are
not exerting pressure against the uterine lumen, agitated diffusion is occurring [Béving 1956].
This theory later became the accepted description for embryo migration. Simply put, the
myometrium of the uterus contracts randomly and with minimal force, which disperses the
embryos throughout the uterine horn in an arbitrary fashion. This led to the conclusion that the
migration of embryos occurs indiscriminately [O'Grady 1969]. As embryos grow before
implantation they exert increasing pressure on the uterine lumen/endometrium and in turn the
myometrium. This pressure was thought to locally stimulate the uterus so that the myometrium
shifts to a more regulated and deliberate contraction strategy which proceeds to evenly spaced
embryos in relation to one another [Boving 1956, O'Grady 1969]. This evidence led to the
suggestion of a stimulus-effector system being utilized. This system suggested that there was an
endocrine stimulus, like progesterone, that causes the myometrial effect of contractions. Later
research confirmed this system and elucidated, at least partially, the genetic pathways and
mechanism responsible for the myometrial contractions that define embryo migration. However,
the refined event of spacing is still largely not well understood and little is known about the
contributing mechanisms, despite the many hypotheses.

In pigs, the hypothesis is very similar despite the differences in blastocyst morphology.
Pig blastocysts change their shape from spherical to ovoid to tubular, and finally to filamentous.

This change in shape corresponds with changes in migration and spacing of the embryos. It has



been noted that while in the spherical and ovoid forms, migration is slow and most of these
embryos are found near the tubal end of the horn. This clustering can often result in touching of
these embryos. However, between embryonic day 14 to day 18, elongation occurs, and
filamentous blastocysts dominate the uterus environment and become regularly spaced
[Anderson 1978]. With the domination of filamentous embryos during this time point and sudden
regularity to the spacing of these embryos, a hypothesis emerged, that the blastocysts could be
producing immunological or chemotactic factors that are manipulating the spacing of their
embryo [Anderson 1978].

This comparison between mouse, rabbit, rat, and pigs illustrates phenotype conservation
of spacing despite the variation seen in the progression, timing, and shape of the blastocyst and
implantation. It also gives stock to the translational relevance of the findings in each of these
different model organisms and in turn, gives a firm foundation for this dissertation research. The
combination of foundational research, the phenotype conservation, and its translational nature
emphasizes the need for genetic evidence of the mechanisms influencing the events of embryo
spacing, for which little data exist.

Tracking Embryo Migration and Spacing through Early Pregnancy

The movement of embryos, once they have entered the uterine horn, has been broken
down into two steps. The first step, “migration” describes how the embryos are loosely and
randomly shuffled throughout a uterine horn, whereas the second step, “spacing” refers to the
fine-tuned spacing of embryos that immediately follows the completion of migration. Migration,
in comparison to spacing is considered crude with the driving force being hormones like
progesterone and prostaglandin. Spacing is thought to be driven through the endocrine secretions

and cytokines produced by both the embryo and the uterus.



Migration Event

Migration of embryos through the uterine horn is the first step of spacing, and occurs
immediately after the embryos enter the horn, which is approximately embryonic day 3(E3) in
the mouse. Early work in the rabbit and mouse attribute endocrine-driven myometrial
contractions, likely by estrogen and progesterone, as the basis of embryo migration [Boving
1956]. This knowledge had been implicated in the movement of pig blastocysts [Anderson
1978]. Interestingly, these hormones are known to manipulate myometrial behavior, biochemical
environment, and myometrial energetics. These data support the idea of a stimulus-effector
model for migration [Boving 1956].

The stimulus-effector model is centered around progesterone in its role as an essential
regulator, or stimulus. This in turn assigns the myometrial muscles to the role as effector, and
the actual myogenic contractions as the resultant action. This hypothesis, first proposed by Dr.
Boving in 1956, that states progesterone stimulates the myogenic contractions produced by the
myometrium of the uterus, thus propelling the embryos throughout the uterine horns, has since
been confirmed by genetics in 2007, which is explained in greater detail later [Béving 1956,
Hama 2007].

In the rabbit and mouse, multiple types of myogenic myometrial contractions cause the
embryos to migrate prior to regulated spacing. These peristaltic and anti-peristaltic
(recoil)contractions propel the early embryos through the uterine horn. They are thought to occur
randomly, and without the influence of the embryo, leading to the hypothesis that migration is
maternally dependent and progesterone-driven [Boving 1956, Hama 2007]. Progesterone (P)
drives the production of prostaglandin (PG), which then activates the myometrial smooth muscle.

Local contractions recognized as having a role in the even spacing of embryos, which is also



controlled by the P>PG interaction [Boving 1956, Paria et al. 2002, Hama et al. 2007].
Phenotyping and physiological identification of the mechanisms controlling embryo migration
have been elucidated since Boving’s experiments, but until recently (early 2000s) the molecular
mechanisms were not known.
The Spacing Event

During early research on embryo spacing, many researchers hypothesized that “cross
talk” occurred between the uterus and the blastocysts through signaling interactions before
implantation occurred. This “cross talk” was thought to refine the placement of embryos during
the selection of their implantation sites. These researchers predicted that the blastocysts acted as
individual local stimuli to the uterus and, in turn, cause an interaction between neighboring
blastocysts [Boving 1956]. These same scientists suggested that progesterone was the
dominating hormone for regulation during both migration and spacing, immediately before the
initiation of implantation. As mentioned above, local contractions resulting in uterine luminal
closure are ascribed to even spacing and are thought to be the result of this “cross talk” [Paria et
al. 2002]. In rabbits, it was determined that as the blastocysts grew, they distended the uterine
tissue/endometrium. This distention was thought to be a stimulus for those controlled local
contractions. However, aside from progesterone contribution, the mechanism and its regulation
that controls these local contractions, potentially occurring late on day 3, and any additional or
alternative molecular mechanisms have yet to be revealed [Boving 1956, Paria 2002, Hama
2007]. Current research has begun to clarify the molecular mechanisms surrounding myometrial
contractions as well as molecular mechanisms near the time of decidualization, which begins

occurring late on embryonic day 3 [Paria 2002, Hama 2007, Chen 2011].



Mechanisms Related to Pre- and Peri-implantation

Extensive research has focused on implantation; the resulting discoveries while not
complete have constructed a comprehensive representation of the roles of several growth factors,
cytokines, and major pregnancy hormones [Carson 2000]. In contrast, embryo migration and
spacing research has not progressed at the same speed, and much remains to be discovered about
these intricate processes. The majority of the research that has been done on migration and
spacing, has taken place in rabbits, rats, mice, pigs, and sheep. The intrauterine and interuterine
migration experiments conducted in these models have begun to elucidate important genes,
hormones, and other factors contributing to migration and spacing [McMillan et al. 1999,
Nephew et al. 1992, Pope et al. 1982, Rahima et al. 1986, Boving et al. 1956].
Timing

Implantation can differ greatly among species based on their gestation length and embryo
morphology. For rabbits, rats, and mice, implantation occurs relatively quickly once the embryos
enter the uterine horn. For mice this occurs in a single day; initiation of implantation begins at
the end of day 3 to the beginning of day 4 and is complete by the end of day 4 post coitum [Lee
2004]. However, the larger livestock species, like sheep, cattle, and pigs, have a longer and later
implantation process. For example, implantation in the pig is spread out over multiple days and
can range from day 10 through day 18 with most implantation completing between day 14 and
day 18 post coitum [Anderson 1978]. This vast difference in timing of implantation among
species seems to be independent of spacing and migration. This is important when designing
experiments for this research and determination of this hypothesis’s accuracy in the mouse.
Additionally, verified overlap of implantation initiation and the conclusion of regulated spacing

events occurs at the end of embryonic day 3 in the mouse.



Molecular Mechanisms of Myometrial Contractions

A set of genes has been identified that influence and control the myometrial contractions
occurring during embryonic day 3 in the mouse. These include lysophosphatidic acid receptor 3
(Lpar3), cytosolic phospholipase A2 group IVA (Pla2g4 ), and prostaglandin-endoperoxide
synthase 2 (Ptgs2). These contractions are the direct effect of prostaglandin (PG) stimulation
resultant from progesterone activation. This set of genes is known to be stimulated by
progesterone and result in the myometrial stimulation of prostaglandin. The interworkings of
these four genes and their respective roles in regulation of prostaglandin and, in turn, myometrial
contractions have been elucidated via research focused on early implantation, mainly uterine
decidualization [Hama et al. 2007, Dey et al. 2004]. These genes are known to influence and
control various parts of the PG production pipeline, with Lpar3 and Pla2g4 « being the two most
upstream effectors in this group. One of these genes, Pla2g4a , produces arachidonic acid, which
is broken down to prostaglandin G that is converted by an enzyme produced by Ptgs2 to
prostaglandin H, which is then further broken down by several different synthases. These
prostaglandin products are then used to contract and relax the myometrium and cause the
myometrial contractions that crudely move the embryos throughout the horn during the first
2/3™s of E3 in mice [Ruan et al. 2011]. Lpar3 produces a membrane bound receptor in the
endometrium which triggers G proteins. These proteins are then suggested to activate the enzyme
produced by Prgs2 [Dey 2005]. Figure 1 provides a visual representation of this pathway that has
been adapted from Ruan 2011.

These genes, when disrupted, are known to detrimentally affect the spacing of embryos.
Mice null for Lpar3 and Pla2g4«a revealed detrimental effects on pregnancy viability of uneven

spacing. Females of these null strains exhibited reduction of myometrial contractions



immediately prior to implantation. In addition, these females also displayed reduced litter sizes, a
delay in implantation, and disruption of prostaglandin synthesis necessary for proper myometrial
contractions [Chen et al. 2013, Hama et al. 2007]. Additionally, Ptgs2 null mice exhibited a
compensatory function, in which they utilized Ptgs/ in place of the former. This adaptive ability
to preserve pregnancy is one factor that makes explicating a complete schematic of events for
spacing and migration so challenging [Paria et al. 2002].

Molecular Mechanisms of Embryo-Uterine Interaction

Progesterone is thought to condition the uterine horn tissue, so that it becomes reduced in
its ability to conduct these stimuli, thus only allowing for localized myogenic contractions
immediately prior to the decidual reaction late on embryonic day 3 in mouse [Boving et al. 1956].
The disruption, in a mouse model, of several genes implicated in the decidual reaction produced
pregnant mice that exhibited signs of uneven spacing. This disruption affected a molecular
pathway that includes the genes leukemia inhibitory factor (Lif), Heparin-binding-EGF-like
growth factor (Hbegf), and Erb-B2 Receptor Tyrosine Kinase 4 (Erbb4). Lif has been identified
to be upstream (in the pathway) of Hbegf and Erbb4 has been tracked to be expressed in the
blastocyst [Lim 2009]. Knockout mouse models have been generated for Lif'and Hbegf, but both
studies focused on implantation and decidualization, meaning no information was given on the
effect, if any, the knockouts had on embryo spacing [Paria 2002].

Embryo-uterine “cross talk” is known to occur immediately preceding implantation
through the completion of implantation. A prime example of this phenomenon occurs
immediately before the beginning of implantation, during the apposition of the blastocyst,
through the HB-EGF >ErbB4 interaction, in which embryonic specific surface receptors,

produced by the Erbb4 gene, interact with maternal uterine cell specific ligands, produced by the

10



Hbegf gene [Paria 2002]. This molecular pathway starts with the Lif gene, which is required for
the expression and functionality of the uterine Hb-EGF. However, the presence, or lack of, the
receptor ErbB4 on the blastocyst drives the ability to detect the Hb-EGF in the uterus.
Additionally, the pathway mentioned above, utilizing LPA, is known to enhance this Hb-EGF >
ErbB4 response during embryo apposition [Lim 2009].

However, the gene Bmp2 has been more directly implicated in the embryo spacing trait.
One particular experiment that is important to embryo spacing is the bead experiment, which
used beads filled with BMP2 to assess the response and interaction of the uterus [Dey et al.
2004]. When these beads were transferred with blastocysts there was significant uneven spacing
detected. Interestingly, the same study also found that HB-EGF somehow regulated the
expression and accumulation of BMP2 during this important time point for embryo spacing
[Paria et al. 2001]. Unfortunately, very little else is known about this BMP2 — HB-EGF
interaction, contributing to the ongoing lack of understanding surrounding embryo spacing and
the molecular mechanisms involved.

Another interesting gene that has been suggested to influence embryo spacing is Sfip-2.
This gene is a WNT antagonist, which suggests that there are WNT genes also involved in
embryo spacing. This gene is known to produce a protein that inhibits the ability for the
decidualization reaction to occur, thus preventing implantation and likely preventing blastocyst
apposition from initiating [Carson 2005]. Interestingly, the WNT signaling pathway and its
expression is observed in distinct bands within the myometrium only on the side of the blastocyst
apposition. It was also noted that the number of distinct bands were more numerous than the

number of blastocysts that have the opportunity to implant [Carson 2005]. This suggests that the
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interaction of SFRP2 and the WNT signaling pathway could play a significant role in embryo
spacing, but additional research surrounding these molecular mechanisms is needed.

The foremost identification method of uneven migration and spacing has been the use of
knockout models and expression assays for a group of genes, including Lpar3, Pla2g4a, several
Wht genes, Ptgs2, Bmp2, and sFrp-2, known to be important in implantation and consequently
migration and spacing, through a variety of mechanisms including prostaglandin synthesis [Dey
et al. 2004, Hama et al. 2007, Carson 2005]. The identification of spacing variation in these
inbred strains of mice contributes to the discovery of a viable difference, either in a gene and/or
mechanism that could prove useful to improving the success of IVF and ART. Strains like these,
also have the potential to reveal the compensatory function of some genes important for spacing
and implantation, given their viability and the comparison of gene expression profiles to an even
spacing representative strain, like C57BL/6J. Although there have been several genes and
molecular mechanisms and pathways implicated in embryo spacing, there are very little data to
provide concrete evidence and elucidate a clear picture to the molecular mechanisms responsible
for the embryo spacing trait.

Uneven Embryo Spacing and its Repercussions

Regular spacing of embryos, as mentioned above, is known to be conserved across many
research animal models. The importance of this conservation, and the degree of preference for
even embryo spacing in a large number of mammalian species is not well characterized.
Research done in rats suggests that regular, even spacing of embryos lends protection against
fetal growth restriction, reduction in placental weight, and improves general health of the fetus

[Rahima et al. 1986]. The rat is not the only model to suggest the need for even spacing, mice
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(and other laboratory animals), livestock and humans have also expressed similar importance of
even embryo spacing to healthy pregnancies.
Human and Animal Impacts

When spacing/migration is disrupted in both single embryo and multi-embryo
pregnancies, detrimental effects can occur. Humans are of particular interest here because of the
increasing utilization of in vitro fertilization (IVF). IVF is highly dependent upon a narrow
window of uterine receptivity for implantation. Therefore, any event that causes a delay in
embryo implantation would cause a reduction in implantation success. When delayed
implantation occurs, embryos may fail to implant due to blastocyst incompetency, failed
signaling pathways, failed uterine receptivity, and uneven spacing [Wang et al. 2006]. A
disruption in even embryo spacing can lead to crowding of embryos, and the possibility of
competition for implantation sites and/or a delay in implantation.

Placenta previa, ectopic pregnancies, and twin-twin transfusion syndrome (TTTS) are
thought to be associated with uneven migration and spacing of embryos prior to implantation.
These conditions can be life threatening to both mother and embryo, depending on the severity of
the case. Placenta previa occurs when an embryo implants too close to the cervical end of the
uterine body. This causes the developing placenta to partially or completely cover the opening to
the cervix, and dramatically increases the mortality risk of the embryo because of an increased
risk of placental tearing and bleeding, particularly during birth [Mayo Clinic 2018]. Additionally,
ectopic pregnancies are dangerous for both mother and embryo as the blastocyst implants
somewhere other than the uterine body/horn. This most often occurs following tubal ligation,
where an embryo will implant in the ovary, fallopian tubes, or even within the peritoneal cavity

of the body. These pregnancies are often terminated early or caesarian section is ordered to avoid
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significant danger to maternal health [Complications 2018]. These two conditions deal primarily
with the migration event in humans, but spacing mechanisms are likely involved in litter-bearing
species. The TTTS condition is anticipated to exhibit a disruption in embryo spacing due to the
proximity of the two embryos, which results in the sharing of nutrients.

TTTS typically occurs in identical twins that share a placenta (monochorionic) and
affects approximately 4,500 pregnancies each year in the United States. The sharing of a single
placenta leads to the sharing of their blood supply and in turn nutrients and hormones. TTTS can
be harmful, even fatal to one or both twins depending on the severity, and can lead to growth
restriction, high (or low) blood pressure, and reduced or defective heart function [Chen 2017,
TTTS Foundation 2018]. In an even rarer subset of cases in which twins are fraternal and also of
differing gender, monochorionic diamniotic pregnancies with signs of TTTS can develop, and
these twins usually show signs of chimeric blood postnatally. These rarer cases are most often
seen to develop with the use of in vitro fertilization [Ekelund et al. 2008].

In addition to humans, other single offspring and litter bearing animals are also affected
by uneven spacing events. Of particular interest are those species related to agriculture
production, such as pigs, sheep, goats, rabbits, and cattle. These species can exhibit uneven
migration and uneven spacing and have conditions of their own related to the ones described
previously. In particular, one interesting condition seen in cattle is known as freemartin
syndrome. A freemartin has been defined as a sterile female that is the result of a heterosexual
twin pairing and the sharing of blood between the twins due to choriovascular anastomosis
[Marcum 1974]. Like TTTS in humans, freemartin syndrome in cattle occurs in monochorionic
pregnancies and, like the rarer cases in humans, differing gender twins display chimeric blood

postnatally. Unknown in humans but known in cattle, is the infertility of the female twin, in
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which 92% of the time in these heterosexual twin couplings, the female twin is unable to
reproduce. This infertility is likely due to the exposure to high levels of male developmental
hormones, which results in masculinity of the female [Marcum 1974]. The cattle industry relies
heavily on the efficient reproductive performance of their heifers and cows. The expectation of
heifers to breed, produce, and raise a calf in their first breeding season is paramount to the
success and profit of the herd. Most large herds in the U.S are averaging 80 — 90% fertility in
their herds [McDaneld et al. 2012]. While this number is large, having 10-20% of females that
are not producing can remove much of the profit gained from the other producing females due to
the expense of rearing and maintaining the females with fertility issues that result in lost
production. The amount of this infertility due to freemartins has yet to be documented. This
effect is even more detrimental in the dairy industry. Identifying low fertility, sterile females, or
those females with an increased probability of producing these sub-fertile offspring as early as
possible, would be invaluable to the success of the farm. A genetic screen could facilitate this
identification prior to weaning.

Describing the pathways and genes responsible for the migration and spacing events in
early pregnancy may lend to the development of genetic screens and treatments beneficial to
preventing and/or treating these conditions. This could include the supplementation of
arachidonic acid needed for proper prostaglandin synthesis, or potential supplementation of
transcription factors, cytokines, or other hormones, similar to those responsible for upstream
activation of genes like Ptgs2 [Pope et al. 1982]. Genetic screening for maternal disruption of
important genes could help to determine the need for supplementation in lieu of IVF or in

conjunction with IVF. In addition, paternal genetic screening alongside maternal screening will
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help to identify potential embryonic signaling defects leading to migration errors and/or
infertility.
Inheritance Patterns

The implications of uneven embryo spacing are known to be determinantal and
undesirable for many animals especially in litter bearing species such as pigs, rabbits, rats, and
mice. Being able to identify this unfavorable trait once it occurs is not ideal due to its potential
adverse health effects on the unevenly spaced embryos. Therefore, this dissertation study aimed
to explore and explicate the inheritance pattern(s) of the embryo spacing trait. This elucidation,
in conjunction with the results from the QTL mapping and RNAseq, would allow for the
development of an assay that would detect the potential for uneven spacing and provide the
foundation for a selective breeding program to reduce and/or remove this detrimental trait. This
information could also provide valuable genetic information for human fertility with regards to
improper implantation location. Through the inheritance part of this study, one mode of
inheritance was implicated, maternal effect, and two gene actions were implicated, additive and
dominance. The combination of these inheritance patterns insinuates the likelihood of more than
one gene involved, suggesting that this embryo spacing trait is polymorphic.

Mouse Models of Differential Embryonic Spacing
C57BL/6J (B6)

This inbred strain of mice is one of the most commonly used genetic backgrounds, and
the strain used to first sequence the Mus musculus genome. This strain originated as C57BL and
was developed by Dr. C.C. Little in 1921 utilizing mice from Abbie Lathrop’s collection. Before
1937, the original strain was separated into C57BL/6 and C57BL/10. This C57BL/6] is the 6

substrain that is maintained by The Jackson Laboratory [Tucker et al. 1992]. This B6 strain
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produces an average litter size of 6.2 and is able to produce, on average, 2.5 offspring per female
per month. They are also known to have a low sterility rate of around 8% [Nagasawa et al.
1973].

C3H/HeJ and C3HeB/FeJ (C3H)

The original C3H strain was developed in 1920 by Strong utilizing a Bagg albino and the
DBA strain. From there, the C3H/He substrain was obtained by Heston in 1941 and a few years
later, 1947, was transferred to The Jackson Laboratory and became known as C3H/HeJ. This
C3H/HelJ strain is another very popular inbred strain [MGI, 1998]. The C3HeB/FelJ strain is also
maintained by The Jackson Laboratory and was developed in 1948 by Fekete by transferring
fertilized C3H/HelJ ova to C57BL/6 [MGI, 1998]. C3H are known to have ovarian tumors in 29 —
47% of females depending on reproductive stage and use [Heston, 1963]. In terms of
reproduction, both of these C3H substrains are similar to B6 with the average litter size around
6.4 and sterility between 4-10% [Nagasawa et al., 1973].

These two closely related, but independently developed, wild-type inbred mouse strains
both exhibit uneven embryo spacing to approximately the same degree. This uneven embryo
spacing phenotype was first observed by a previous graduate student, Jennifer Dackor, in Dr.
David Threadgill’s lab as a secondary observation to the research she was studying. This led to
the phenotypic verification of this uneven spacing phenotype through the research performed in
this dissertation, which in turn led to the other experiments in this study to elucidate the
underlying genetics of this trait. This information presented an opportunity for this dissertation to
focus on embryo spacing and migration as seen and studied in the mouse. These strains greatly
differ in embryonic spacing patterns that allow for visual detection of the uneven spacing

phenotype.
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Recombinant Inbreds and the BXH Mice Series

Recombinant inbred mouse lines are invaluable tools for genetic research. In particular,
these recombinant inbred lines are useful for genetic linkage mapping and quantitative trait
analysis (QTL). These lines provide mice with the same progenitor background but differing
fixed alleles at multiple loci throughout the genome [Silver, 1995]. Recombinant inbred lines
(RILs) allow for variability control since each individual within a line contains the same
genotype. This allows for the direct comparison of variable phenotypes seen among the lines,
such as uneven spacing, and in turn, genetic mapping of any phenotype with the help of QTL
analysis. These lines also allow investigation of background effects with respect to the progenitor
inbred strains [Broman, 2005]. For example, when looking at uneven spacing in these
recombinant inbred lines, the percent uneven spacing can be compared to the two progenitor
strains and through haplotype analysis, sections of genome can be traced back to either
progenitor strain. This, in conjunction with quantitative trait loci analysis, allows for regions of
interest to be located and background origin to be identified.

The construction of recombinant inbred lines is straight forward but is time-intensive due
to the number of generations needed to obtain sufficiently differing lines and extinction rates due
to incompatible alleles. Recombinant inbred lines are generated by first crossing the two
progenitor inbred strains, in the case of the BXH series used here, C57BL/6J females bred to
C3H/HeJ males [GeneNetwork, 2004]. The progenitors of this cross provide the identifying
name of the resultant recombinant inbred line with the B representing the progenitor female, X
denotes the breeding, and H represents the progenitor male [Silver, 1995; GeneNetwork, 2004].
It is important that the progenitor strains be inbred, so every mouse within a strain is

homozygous for the same allele for each locus in the genome. Between the two inbred strains, it
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is expected that some regions of the genome will be homozygous for different alleles. These
differences between the progenitor strains is ultimately what allows the homozygous mosaic
blocks from each progenitor characteristic of recombinant inbred lines that are so valuable
during genetic mapping experiments. In a first generation cross between inbred strains, all the F1
individuals are identical in their genetic makeup, and they are heterozygous at every position in
the genome that differed between the two lines. Beginning in the second generation,
recombination events between chromosomes derived from the progenitor strains can be detected
and contribute to phenotypic variation among the F2 mice. F2 males and females are selected to
act as founders for each of the lines [Silver, 1995]. In the case of the first 12 lines in the BXH
series, which was initially developed in 1969 by Benjamin Taylor at The Jackson Laboratory, the
selection of the pairs of founder F2s was random and each pair was maintained discretely from
other F2 founders. These F2 founders for each new line were bred together and the resulting
progeny for each set of founders were kept separate and treated as genetically different lines. A
single pair from those F3s were chosen and sibling mated and recombination again reduced the
size of the haplotype blocks maintained. Because inbreeding leads to an accumulation of
homozygosity across the genome, this process of single pair choice and sibling mating was
repeated for approximately 20 generations, which provides ample time for alleles to become
fixed (homozygous) for one or other allele from the progenitor strains (either C57BL/6J or
C3H/HelJ for the BXH series) and for the mosaic pattern characteristic of different lines to be
established [Silver, 1995].

In addition to the original 12 lines generated by Benjamin Taylor in 1969, Linda Siracusa
developed another 8 lines during her time at the Kimmel Cancer Center in 1995. These 8 lines

were generated in a similar manner as stated above. Linda Siracusa had the ability to use genetic

19



selection, and she chose to select these lines for a gene on chromosome 7, tyrosinase-negative
albinos [GeneNetwork, 2004]. Of the 20 total generated lines, only 12 are currently available
through The Jackson Laboratory. These lines include 10 of the original lines from Benjamin
Taylor in 1969 (BXH2/TyJ, BXH4/TyJ, BXH6/TyJ, BXH7/TyJ, BXH8/TyJ, BXH9/TylJ,
BXH10/TyJ, BXH11/TyJ, BXH14/TylJ, and BXH19/TylJ) and 2 lines generated by Linda
Siracusa (BXH20/KccelJ and BXH22/KccJ) [GeneNetwork, 2004; Williams, 2001]. This study
utilizes all 12 available lines with varying degrees of success due to copulation and fertility rates.
This BXH series currently has around 142 traits compiled in the BXH Phenotype database,
however embryo spacing is not included as one of these phenotypes [GeneNetwork 2004].
Additionally, all 12 of the lines being used in this study have been genotyped utilizing the
Wellcome-CTC-Illumina set of 13,377 single nucleotide polymorphisms (SNPs). Identification
of microsatellites and additional markers was also accomplished. Of these markers identified,
8,311 are used by the GeneNetwork WebQTL for use in informative mapping [ GeneNetwork,
2004]. This dissertation study utilizes the 12 BXH lines described above, their informative
markers, and the GeneNetwork WebQTL interface to elucidate genomic regions of interest
associated with the embryo spacing trait.
Implications of this Research
In Vitro Fertilization

In vitro fertilization (IVF) is the most commonly used form of assisted reproduction
technology (ART) in humans, where >99% of cycles performed, are done solely by IVF and the
remaining <1% includes at least a portion of the IVF protocol [CDC 2017, Sunderam et al.
2018]. A single cycle of IVF typically takes 2 weeks to complete. This cycle consists of ovarian

stimulation by several drugs, which cause the ovaries to produce multiple eggs. These eggs are
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collected surgically and fertilized in the laboratory. Many IVF procedures utilize
intracytoplasmic sperm injection (ICSI) for the fertilization process. Once fertilized, embryos are
cultured until the optimum age for implantation to occur (Day 3-5 post fertilization). Viable
embryos are then transferred back to the maternal uterus, and ultrasound and blood tests are used
days later to determine if implantation has successfully occurred [CDC 2017, Sunderam et al.
2018]. IVF success is dependent on the receptiveness of the uterus, competency of the embryo,
and timing of the transfer. The uterus is receptive during a narrow time point, in which the uterus
is amenable to the implantation, consequently this receptivity “window” encompasses the
embryo migration/spacing time frame [Yoshinaga 1988].

In February of 2018, the 2015 Assisted Reproductive Technology Surveillance Summary
was published by the Center for Disease Control (CDC). This surveillance summary
demonstrates that for women 35 and under (the group most likely to get pregnant), only 41.3% of
viable embryos transferred progress to implantation [CDC 2017, Sunderam et al. 2018]. This
statistic is astonishing low, considering approximately 6 million women in the United States
struggle with infertility and many will, or already do, see IVF as a viable solution [OWH 2018].
Another compelling statistic reported in this summary involved multiple embryo pregnancies. Of
the successful pregnancies from ART and IVF, 35% were multiple embryo pregnancies [CDC
2017, Sunderam et al. 2018]. The high incidence of multiple embryo pregnancies, using ART &
IVF, points to the need for understanding of how these embryos migrate and space and
identification of the genes/mechanisms involved. This information could provide valuable
screens, interventions, or new ART protocols that would increase the performance of ART/IVF

and potentially reduce the increased risk of multi-embryo pregnancies. This is especially
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important for women over 35, who are more likely to undergo transfer of more than one embryo,
and in turn increase their chance of an already high-risk pregnancy.
IVF & Spacing

Implantation and pregnancy have been extensively studied in humans and model
organisms, like the mouse, and the resultant discoveries have led to improvement of ART and
IVF. However, minimal information is known with regards to embryo migration and spacing and
the genes and mechanisms involved. The high incidence of multi-embryo pregnancies and the
low implantation success rate using ART and IVF demonstrates the need for understanding and
discovering the genes and mechanisms involved immediately prior to implantation, during the
time of embryo migration and spacing. This information could lead to new genetic screens and
protocols that would increase the success of embryo transfer and implantation during ART and
IVF cycles.
Rationale and Summary of Research

The research described in this dissertation builds upon and enhances the knowledge base
surrounding embryo migration and spacing. Using phenotypic data from the parental strains,
C3H/Hel, C3HeB/Fel, and C57BL/6J and the recombinant inbred strains derived from those
parental strains, additional genes relevant to spacing and migration have been identified through
QTL analysis and differential expression analysis. This study provides a new avenue for future
research to continue to elucidate the complete mechanisms surrounding embryo migration,
spacing, and implantation. Additionally, this research sets the foundation for screening other
mouse (also rabbit and rat) strains, both inbred and outbred, for uneven spacing to facilitate
confirmation of these genes or finding additional genes that regulate embryo migration and

spacing.
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Objectives

The following research tests several hypotheses that could explain what is happening
during embryo spacing and to a lesser extent, embryo migration. Parity, embryo number, embryo
sex, implantation timing, inheritance, and molecular clues were all investigated to determine
whether they influence embryo spacing. Using the aforementioned strains of mice, embryo
spacing was characterized, measured, and quantified to determine the extent of variation between
strains with even embryonic spacing compared to strains with uneven spacing. Additionally,
other potential contributing factors were examined for their influence on the embryo spacing
phenotype. A pedigree was generated to investigate mode of inheritance and gene action for this
phenotype, keeping in mind previous information known, including embryo — maternal “cross
talk.” This pedigree data led to the query concerning the genes influencing the uneven embryo
spacing phenotype and the utilization of recombinant inbred lines to investigate the chromosomal
locations of involved genes. Through the phenotypic characterization of these lines, QTL
analysis, and the RN Aseq data on the parental embryos at multiple time points, genes of interest,
including Poly ADP -ribose polymerase family member 8 (Parp8) and Embigin (Emb) were

identified.
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CHAPTER 11

GENETIC CONTRIBUTION & PHENOTYPIC VARIATION

Introduction

Physiological mechanisms have long been implicated in embryo migration with the most
prominent being myometrial contractions. Little information exists about the physiological
mechanisms involved later in embryo spacing, but embryo “cross talk”, the interaction of the
embryo with the maternal uterus, has been implicated. This work provides uses an otherwise
normal mouse strain that has abnormal embryo spacing to investigate potential mechanisms and
to identify genes that contribute to embryo spacing and migration.

Several physiological factors including implantation, parity, embryo crowding, and sex
bias were investigated. These factors were used to identify contributions to embryo spacing.
Additionally, QTL analysis on recombinant inbred lines was utilized to identify candidate genes
that may contribute to embryo spacing. The subsequent chapter will elaborate on the implications
and interpretations of the data presented below.

Background

Boving and his colleagues developed protocols for accurate evaluation of embryo
spacing. It was determined that there is an optimum condition (between 3-6) in which the
number of embryos within a single uterine horn needs to be regulated so that the embryos have
the opportunity to space evenly [Boving et al. 1956]. Large numbers of embryos were known
cause crowding, and it was assumed by Boving and his colleagues, that this crowding prevented

the ability to distinguish between regulated or random embryo distribution. The theory was that
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there was only so much room within a uterine horn for embryos to move, and when an excessive
number of embryos were present, regulated embryo spacing would look the same as randomly
spaced embryos [Boving et al. 1956]. This early research provides support for the current work
in that embryo crowding, due to embryo number in a horn, can prevent the distinction of even or
uneven spacing due to the inability of the embryos to migrate any significant distance from one
another.

The 1950 to 1960s set the precedent for embryo spacing evaluation utilizing rabbit, rat,
and mouse models. Boving utilized the rabbit model and provided the procedures and analysis
methods for evaluating embryo spacing and determining their degree of evenness. His research
used a measurement system in which the uterine horns were laid out, measurements taken, and
then converted into a percentage of uterine horn length. This method normalized all of the
measurements so that all uterine horns were comparable irrespective of their actual length
[Boving et al. 1956]. Standard deviations (SD) and coefficient of variation (CV) were used to
estimate the evenness of spacing and predict the likelihood of embryo locations within uterine
horn [Boving et al. 1956]. This work set the basis for how embryo spacing could be assessed and
analyzed, and the research in this dissertation utilizes this method. While Boving and his
colleagues set the foundation on how to accurately measure and assess the phenotype of embryo
spacing, it is expected that the data herein will provide a foundation for further research on the
molecular mechanisms surrounding embryo spacing and migration.

Materials and Methods
Mice Strains
All mouse procedures were approved by and performed according to the Texas A&M

University IACUC. The strains utilized in this study include the parental strains: C57BL/6J (B6)
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stock #000664, C3H/HelJ stock #000659, C3HeB/Fel (C3H) stock #000658 and the recombinant
inbred lines: BXH2/TylJ stock #000034, BXH4/TyJ stock #000011, BXH6/TylJ stock #000038,
BXH7/TylJ stock #000014, BXHS8/TylJ stock #000076, BXH9/TylJ stock #000008, BXH10/TylJ
stock #000032, BXH11/TylJ stock #000039, BXH14/TyJ stock #000009, BXH19/TylJ stock
#000033, BXH20/Kccl stock #003784, BXH22/Kccel stock #003786 [Williams et al. 2001].
These strains were obtained from the Jackson laboratory at 4 - 8 weeks of age and were allowed
to acclimate for a minimum of one week before being put into the study. Each strain was either
utilized in breeding trios to maintain lines, 1 male to 2 females, or in experimental cages with a
maximum of 1 male to 3 females, which were checked for vaginal plugs daily. Mice were housed
in standard ventilated cages and were fed a standard diet (Diet 2919, Envigo) and water ad
libitum. Breeding cages were established with minimum 4-week-old mice and were allowed to
breed and produce until at most one year of age. Study cages contained at minimum 4-week-old
mice and at most 6-month-old females. Females used for the embryonic spacing assays were
checked daily for presence of a copulation plug.

These strains were chosen based on unpublished results from research previously
completed by Dr. Jennifer Dackor during her time as a graduate student in Dr. David
Threadgill’s laboratory. She found that B6 exhibited conjoined placentas suggesting even
spacing, while C3HeB/Fel exhibited conjoined placentas in a portion of mice tested suggesting
uneven spacing. The other C3H strain, C3H/HeJ was chosen because of its use as a progenitor
strain, along with B6, in the generation of the recombinant inbred lines. In addition to these
reasons, there are additional benefits to using these three strains in the research described in this
dissertation. In addition to their suggested, and eventual confirmed, even spacing the B6 strain

has a vast amount of genomic resources available, due to its use in the development of the Mus
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musculus genome sequence and its substantial usage as a background for many research
endeavors. The two C3H are also popular inbred strains in research making them comparable, in
terms of genomic resources, to B6. Together, these strains provided a robust foundation for this
study.

BXH recombinant inbred lines were chosen because of the strains used in their
development, C3H/HeJ and C57BL/6J. These recombinant inbred lines have also been
genotyped and those data deposited into GeneNetwork, making analysis of the phenotype data
quicker and more streamlined. Availability of these recombinant inbred lines provides important
genomic resources and tools for identifying genes of interest implicated in the embryo spacing
trait.

Harvesting

For most experiments, mice were euthanized using AVMA guidelines by CO»
asphyxiation followed by cervical dislocation. For a small subset of experiments, mice were
anesthetized using 1.5% tribromoethanol prior to euthanasia by CO; asphyxiation and cervical
dislocation. Dosage was based on the weight of the mouse, with a typical dose for an adult
mouse at 250mg/kg body weight.

Once humanely euthanized, female mice were placed on their dorsal side and isopropyl
alcohol was used to smooth the fur before cutting. A small incision was made near the mammary
glands the skin was separated from the subcutaneous layer. Lateral incisions were made to open
the abdominal cavity in order to reach the reproductive tract. Each uterine horn and attached
ovary were carefully located. Both uterine horns and their ovaries were excised together and

removed in a single entity. Careful cutting was done in order to retrieve each ovary, uterine horn
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and part of the cervix, and to separate the organs from the gonadal fat. Upon removal, the intact
uterine horns and their respective parts were placed on bibulous paper for measuring.
Phenotype Characterization

For initial strain spacing assessment, females from the parental strains mentioned above,
C3H/HelJ, C3HeB/Fel (C3H), and C57BL/6J (B6), were mated to same strain males. Embryonic
day 0.5 of gestation (E0.5) was designated as noon on the day vaginal copulatory plugs were
observed. Females were harvested, using the aforementioned methods, on E6.5-E8.5 for
phenotype characterization. Once the uterine horns were placed on bibulous paper, they were
stretched gently so that the uterine horns were laid flat and straight, but not so excessively that
the horns physically stretched and distorted. Each embryo was then marked with a single dot,
counted, recorded, and the uterus was labeled with the strain, mouse number, gestation day, and
date harvested. The uterus was then photographed for reference and later measurements. This
protocol was also utilized for phenotypic characterization of females for the multigravida vs.
primigravida pregnancy experiments, the pedigree generation harvests, and the recombinant
inbred lines. However, while multigravida vs. primigravida pregnancy experiments and
recombinant inbred line phenotypic characterization utilized B6, C3H, or BXH line females bred
to same strain males, pedigree generation experiments involved different crosses to track
differences in embryo spacing and migration. are
Uterine Horn Measurement and Analysis

Uterine horns were measured and analyzed to determine the extent to which embryo
spacing significantly differed. Each horn was measured utilizing the free, online sourced, NIH
program ImagelJ [Schneider 2012]. When measuring, each horn was treated independently of the

opposite horn, and measurements were taken in succession, in which, the end point of the first
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measurement was the starting point of the second measurement. These measurements were
started in the middle of the embryo closest to the ovary and finished in the middle of the embryo
closest to the cervix. The unit of measurement was arbitrary because each measurement was
converted into a percentage of the total distance. This total distance is described as the distance
from the middle of the first embryo to the middle of the last embryo in that particular horn. It is
important to note that in order for the measurements to be useable, each uterine horn must have
contained a minimum of 3 embryos.

Measurements were recorded within a spreadsheet and were catalogued with their strain
number, horn ID, mouse ID, date harvested, and number of embryos. Within this spreadsheet, the
sample mean was calculated by taking the average of the actual distances between embryos (in
% of the total distance). The SD was calculated by taking each measurement (in % of total
distance) subtracting it from the sample mean, then squaring that result. Once squared, all of
those numbers were summed, and that number was divided by n-1, to represent a sample
population, and the resultant number was the variance. The square root of the variance was taken
to give the SD for that horn. The CV was calculated by dividing SD by the sample mean. Once
converted to percentages, a chi square test was performed, and a coefficient of variation was
calculated to assess the variation of spacing within a horn and average CV for a strain. This
average CV was calculated by first averaging all of the like litter size CVs for the horns in the
strain. Then those CVs were averaged to find a final average strain CV. A CV of 0 was
indicative of even spacing and a CV near 1 was indicative of random spacing. The chi square test
was calculated using the actual measurements (in % of total distance) and expected distance for

even spacing with regards to the number of embryos present (in % of total distance). A
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significance cut off value of 0.05 was used to assess whether a single uterine horn was
significantly unevenly spaced or not.

The SAS Institute Inc. (Cary, NC) program JMP was utilized to analyze the various
measurements for all of the experiments comparing among and between strains. Oneway
ANOVA was used to determine whether there were significant differences between means
among strains. Oneway analysis graphs were used to visualize each strain’s mean and its
corresponding confidence intervals.

Blue Dye Injection

Fifteen B6 and fourteen C3H females in plug check cages (1 male to 2-3 females) were
checked for copulation daily. Any female with a vaginal plug was removed and placed in a
separate cage with other plug positive females from that day; ear punching was used for strain
differentiation. The blue dye tail injection was performed on E4.25 and E4.5 to determine if any
delay in implantation was observed, based on the presence or absence of blue dye in the uterine
horns. Immediately before the procedure, mice were anesthetized as described above and then
0.1ml of 1% Chicago Blue Dye was administered via intravenous tail injection. The dye was
allowed to effectively circulate throughout the body for 10 min and mark implantation sites by
leaking from the vasculature due to increasing vascular permeability that is occurring at the site
of implantation [Lim et al. 2002]. Figure 2 displays a successful dye injection on a B6 female. At
the end of 10 minutes, the female was humanely euthanized, and her uterus excised utilizing the
previous described methods.

Blastocyst Collection and Storage
Seven B6 and ten C3H females in plug check cages (1 male to 3 females) were checked

for copulation daily. Any female with a vaginal plug was removed and placed in a separate cage

30



with other plug positive females from the same day; ear punching was used for differentiation.
Time of vaginal plug was denoted as embryonic day 0.5 (E0.5) and blastocyst collection was
done on E3.5 and E3.75. Using the protocol “Collection of Blastocysts” explained in
Manipulating the Mouse Embryo: A Laboratory Manual, blastocysts were flushed from each
uterine horn separately into M2 medium, collected, and transferred to a 0.6ml tube [Behringer et
al. 2014]. This was done by euthanizing the E3.5 or E3.75 pregnant female via the methods
described previously. Once euthanized, each uterine horn was carefully excised by snipping
immediately below the uterotubal junction and immediately above the cervical junction. The
horn was then held using a pair of thin forceps and a 30-gauge needle with approximately 0.5ml
of M2 medium (Sigma-Aldrich) was inserted into the uterotubal cut end. The M2 medium was
ejected from the needle, through the uterine horn, and into a small drop (approximately 0.2ml) of
M2 medium resting in a small petri dish. Once both uterine horns were flushed into the petri
dish, the dish was moved to a dissecting microscope for blastocyst identification and collection.
Only embryos at the blastocyst stage were collected.

Collection was done via pipette with a filter, along with a pulled glass pipette. The glass
pipette was pulled by heating the end of the pipette using a Bunsen burner and stretching the
malleable heated glass to obtain a narrow tip. The narrow tip allowed for the uptake of the
individual blastocysts without risk of losing them into the larger chamber of the glass pipette.
Blastocysts were collected from the flushed M2 medium and placed into a new droplet of M2
medium. This allowed for the washing of the blastocyst and removal of any uterine cell
contamination. The blastocysts were washed an additional time for further decontamination.

Once sufficiently washed, blastocysts were again collected and placed in a 0.6ml tube and stored
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in a -20°C freezer until submission for RNA sequencing. E3.75 blastocysts were each placed in
their own individual tube, while the E3.5 blastocysts were pooled for each mouse collected.
Embryo Collection and Storage

E6.5-E8.5 embryos from the uterine horns collected from 14 B6 and 16 C3H females in
the multigravida vs. primigravida experiments were carefully excised from the uterine tissue and
placed in a 1.7ml tube with 50uL of 1% sodium dodecyl sulfate (SDS) and immediately stored
on ice prior to transfer, for long term storage, to a -20°C freezer. Uterine horns were carefully
laid out on bulbous paper, stretched until taunt, and the uterine horn data collected as previously
described. Working one embryo at a time, and starting at the embryo closest to the ovary,
incisions were made immediately around the embryo to sever it from surrounding uterine tissue.
The embryo was then gently squeezed from the remaining uterine horn tissue and placed in the
1.7ml tube with 50uL SDS. Each embryo was immediately labeled with the embryo number
designation, strain, mouse number, gestation day, and date. DNA was later extracted from these
embryos for use in the gender influence experiment.
DNA Extraction

DNA was extracted from E6.5 — E8.5 embryos from 14 B6 and 16 C3H females that were
bred to same strain males in the primigravida vs. multigravida experiment. This equated to 248
embryos collected for DNA extraction and sex identification. Embryos were collected and stored
as aforementioned until DNA extraction could occur. Sodium hydroxide lysis was used to isolate
the DNA for PCR. Briefly, the embryos were heated in 100ul of extraction buffer (25mM NaOH
and 0.2mM EDTA) for 20 minutes at 95°C. After briefly cooling the tubes, SuL. of 1M HEPES
(N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) was added to each tube, vortexed, and

centrifuged for 5 minutes at maximum speed. Finally, 40uL from the top of the supernatant for
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each sample was collected and placed into a new 1.7ml tube. DNA was then stored in a -20°C
freezer until used for PCR and gel electrophoresis.
PCR and Gel Electrophoresis

Once DNA was extracted from the E6.5 — E8.5 embryos mentioned as described above,
Polymerase Chain Reaction (PCR) was performed on these samples using primers designed from
the Kdm5c/d loci, which are homologues on the X and Y chromosomes. These two loci differ in

size at a single intron, which is larger at Kdm5c on the X chromosome. The primers (SMCX-1

5’-CCGCTGCCAAATTCTTTGG-3’ and SMC4-1 5’-TGAAGCTTTTGGCTTTGAG-3") for
Kdm5c and Kdm5d are a common set of primers used for gender identification in Mus musculus
[Bean et al. 2001]. Confirmed male and female samples, as well as a no-template control, were
included in each PCR reaction. The following reagents and quantities per sample were utilized
based on lab protocol: 12.7uL dH>O, 2uL 10x red Qiagen buffer, 2uL 25mM MgCl,, 0.4uL
2.5mM dNTPs, 0.4uL of each primer, 0.1uL of Taq polymerase, and 2uL. of sample or control
DNA (or nuclease free H,O for negative control). Additionally, the following PCR parameters:
94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 72°C for 1 minute,
72°C for 7 minutes, and was held at 10°C until removal from the Bio-Rad CFX96 thermocycler.
Once PCR was complete, products were separated by agarose gel electrophoresis through
(3% agarose in 1 x TAE). A 100 base pair ladder (New England Biolabs) and bromophenol blue
dye were utilized to verify the size of the PCR products. The PCR products produced two bands
approximately 300bp in size that represented product for the X chromosome (larger fragment)
and the Y chromosome (smaller fragment) [Bean et al. 2001]. Three percent agarose gels dyed
with ethidium bromide (1%), incorporated for imaging purposes, were run in 1X TAE (Tris -

acetate and EDTA — Ethylenediaminetetraacetic acid) buffer at 140V for 90 minutes. Once
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complete, gels were imaged on a Bio-Rad Gel Doc XR+. The resultant images were black and
white inverted and saved as publication quality files.
Pedigree Generation and Analysis

To uncover the inheritance pattern for embryo spacing phenotype, a pedigree was
generated to investigate the genomic contribution effect on phenotype inheritance. Initially, 15
B6 females were mated to C3H males. These females were plug checked, harvested, and their
phenotype characterized by the method described above. Simultaneously, additional B6 females
were mated to C3H males to produce F1 offspring. These F1 males and females were interbred
and 12 of these females were harvested and their phenotype characterized. The remaining
females were used to generate the F2 population. Next, 16 F2 females were bred to F2 males,
plug checked, harvested, and their phenotype characterized. The previously described breeding
and harvesting were repeated for the reciprocal lineage of 12 C3H females bred to B6 males, 12
F1 females, and 13 F2 females respectively. In addition, several backcrosses were performed for
each set of lineages. Table 2 shows both sets of crosses performed, and the number of females
harvested in each cross. This table also displays the average CV and the degree of uneven
spacing present within each cross. Additionally, Figure 12 shows these crosses in a standard
pedigree format and summarizes the percentage of harvested horns by cross observed to have
uneven spacing.

Once all of the pedigree phenotypes were collected and the CV calculated, the data were
sent to a collaborator, Dr. Heath Blackmon, who had designed a package in R known as the
Software for Analysis of Genetic Architecture (SAGA), which was used to analyze this study’s
pedigree data and allow for elucidation of the likely mode of transmission based on the genome

present in each cross in relation to the coefficient of variation [Blackmon et al. 2016]. This
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package allowed for rapid analysis of pedigree data and utilizes a weighted averaging system to
precisely predict composite genetic effects. A C-matrix is developed using the means for each
cross in addition to the standard error. This C-matrix, along with GLM and AICs are used to
determine which of the composite genetic effects is most likely to be the mode of inheritance for
a trait. A vjscore, variable importance, is used to provide validation of a composite genetic effect
regardless of how large or small its contribution to the trait [Blackmon, 2016].
Recombinant Inbred Lines

Twelve BXH recombinant inbred lines obtained from The Jackson Laboratory and
utilized to obtain phenotype data on the embryo spacing trait. BXH2/TyJ (n = 18), BXH4/TyJ (n
=5), BXH6/TylJ stock (n=19), BXH7/TyJ (n = 14), BXH8/TyJ (n = 16), BXH9/TyJ (n = 16),
BXHI10/TyJ (n = 15), BXH11/TyJ (n =2), BXH14/TyJ (n = 19), BXH19/TyJ (n = 19),
BXH20/Kcel (n = 18), BXH22/KccelJ (n = 10) females were harvested on E6.5 - 7.5 and their
uterine horns excised, photographed, and measured for the embryo spacing phenotype, as
previously described. The phenotype data was measured and analyzed as previously mentioned
to obtain a CV that would be used in later analysis, including in the quantitative trait loci
mapping experiments. The phenotype data obtained from these 12 lines and their progenitor
strains were utilized for interval mapping and identification of regions of interest in the genome.
QTL Mapping and Analysis

Quantitative Trait Loci (QTL) mapping and analysis were performed using the web-
based program, GeneNetwork. This program and database allow variation in the phenotypic data
to be correlated with single nucleotide polymorphism (SNP) data compiled by strain in this
program’s database. Utilizing the embryo spacing phenotype data from the parental strains, C3H

and B6, as well as the recombinant inbred lines, BXH series, we were able to construct a QTL
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map. This was done by uploading each strain’s phenotype data, in the form of a percentage of
uneven spacing based on individual horn data. These data were then used to perform interval
mapping with 1000 permutations and 2000 bootstraps [GeneNetwork, 2001]. Any chromosome
that displayed a suggestive and/or significant LRS (Likelihood ratio statistics) peak and a
corresponding bootstrap peak were further investigated. At each peak, haplotypes, collection of
SNPs, were recorded, and local genes were documented and considered for likely influence on
the uneven spacing phenotype.
RNAseq

Library preparation was done on whole and pooled blastocysts collected on E3.5 and
E3.75 from both B6 and C3H females bred to same strain males. E3.5 blastocysts in M2 medium
were pooled in groups of 10 embryos, while E3.75 embryos in M2 medium were collected and
stored individually. Pooled embryos for both strains were utilized to check the effectiveness of
the library preparation system, Ovation® SoLo RNA-seq System (part no. 0501 for mouse) but
were not included in the sequencing [NuGEN, 2018]. Once the SoLo system was verified, the
individual B6 (n = 8) and C3H (n = 8) E3.75 blastocysts were prepared, quantified, and checked
for quality. The resultant RNA was sequenced on an Illumina NextSeq 500 machine, producing
75bp single-end reads. Once sequenced, the resultant data was demultiplexed and trimmed by
Kranti Konganti, Associate Director at the Texas A&M Institute for Genome Sciences and
Society. The remaining single-end reads will be analyzed on the Texas A&M HPRC ADA
cluster using the Salmon program and the Mus musculus transcriptome, which was generated
from the inbred strain C57BL/6J. Differential expression analysis will be performed on Rstudio

using Dseq?2.

36



Results
Parental Strain Embryo Spacing Confirmation

Nine female C3HeB/Fel] (C3H) and 8 female C57BL/6J (B6) were utilized to confirm the
presence of uneven spacing. The B6 females were utilized to represent a population of embryos
and displayed a mice with evenly spaced embryos, the average CV was 0.07901. All 8 B6
females were observed to have evenly spaced embryos in both uterine horns of every mouse. In
contrast, all 9 of the C3H females displayed at least one significantly unevenly spaced horn, with
3 females having both horns significantly unevenly spaced. The average CV for C3H was
0.36155. Figure 3 shows a representation of the variation seen between the 2 main parental
strains used (C3HeB/FeJ and B6). C3H/Hel was also assessed using 7 females, and similar
results to C3HeB/FeJ were found. Their CV was 0.33533, which is not statistically different
from C3HeB/Fel (p = 0.7180). These results gave validation and justification for all future
experiments in that these results confirmed the presence of a significantly different phenotype (p
=<0.0001) in C3H mice from the expected, conserved, even spacing phenotype.
Parity

After confirmation of the uneven spacing phenotype, several factors were tested in order
to evaluate their influence and, determine their level of impact, if any. The first factor tested was
parity, to determine the effect of number of pregnancies on embryo spacing. In this study,
primigravida females were compared to multigravida females. Both parental strains, B6 and
C3H, were tested. Seven B6 primigravida, seven B6 multigravida, eleven C3H primigravida, and
five C3H multigravida females used in this study. The results of this study showed that parity
does not significantly affect embryo spacing (Figure 4). This figure shows that based on the CV,

which describes unevenly spaced horns, the parity is not significantly different between
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primigravida females and multigravida females within the same strain. However, there was a
significant difference between strains in both circumstances, which was expected and was used
as a positive control. Figure 4a shows the parity analysis in three different scenarios. The first
shows all of the data pooled based on whether it came from a multigravida female or a
primigravida female, while the second and third photos exhibit parity separated by strain, either
C3H or B6 (respective p values: 0.3365, 0.5328, and 0.9234). This triple analysis allowed for the
distinction of any differences in spacing, as a result of parity, present within a strain and among
the two parental strains. In conjunction with Figure 4, Table 1 shows the resultant average CV
for each strain, the average p value for each strain, and their corresponding parity status.

Additionally, Figure 4b shows these same data by strain, in which the two left most
images display individual parity status (primigravida or multigravida) compared between C3H
and B6. The final image in Figure 4b shows the parity data pooled for each strain and compared
(respective p values: 0.0001, 0.0008, and 0.0001). This was done to show that regardless of
parity, there was still a significant difference in embryo spacing between the strains, acting as a
positive control for the experiment. Although parity was ruled out, it was possible that other
factors could still contribute to the embryo spacing phenotype.
Litter Size and Horn Crowding

The next factor that was tested was litter size and the impact of horn/embryo crowding.
Previous research suggested that embryo crowding masks the ability to determine the spacing
phenotype by not allowing sufficient room for embryo migration to be detectable. That particular
research indicated that more than 6 embryos per horn makes measuring embryo spacing
unreliable [Boving 1956]. Herein it was a rare event (3.94%) for a single horn to have more than

6 embryos, and the average number of embryos in a horn was 4.25. An average embryo number
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of approximately 4 to 5 embryos per horn seemed to be the ideal and most informative for
detecting abnormalities in spacing. It was also noticed that the average range of variation
between 3 to 6 embryos in a horn did not vary much from one another (CV: 3Em = 25.61%, 4Em
=27.22%, SEm = 26.48%, 6Em = 27.82%)). It is important to note that the uterine horns utilized
in this analysis came from the parental phenotype characterization, parity, and recombinant
inbred phenotype characterization experiments. There was a difference in variation, based on
CV, from the 3 to 6 embryo group and the 7 to 8 embryo group (CV: 7Em = 18.97%, 8Em =
17.26%). As seen in Figure 5, the CVs of 3 to 6 embryos were significantly different from the
CVs of 7 to 8 embryos (p-value = 0.0006). However, based on the reduction in variation seen in
the 7 to 8 embryos, as shown in Figure 5, this significant difference was likely due to uterine
horn crowding, which inhibits reliable detection of variation in embryo spacing, and a very small
sample size for the 7 to 8 embryos (11 of 279 horns). This information led to the question
whether there was a gender bias contributing in lieu of embryo number bias.
Sex Bias

Sex bias was another factor to investigate as it would provide information into whether
the sex chromosomes were influencing this phenotype, and if the developing sex hormones or
pathways were contributing along with the previously known contributing maternal hormones.
Firstly, oneway ANOVA was performed on C3H and B6 litter sizes, which were weaned from
breeding cages, in order to detect any general sex bias unrelated to embryo spacing, that might
have been present within either strain. Figure 6 shows the resultant graph and confirms that the
normal and expected distribution of sex was occurring for both strains. This information rules
out any general skewness for sex that could have biased any further studies related to sex and

confirmed that our strains were directly comparable in terms of males and females per litter and
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per horn. Further, the focus of the sex evaluation in regard to uneven embryo spacing was able to
accurately inform about any preference for males or females to unevenly space over one another.

One hundred and forty-nine embryos from 9 C3H and 9 B6 pregnant females were
utilized to test if adjacent embryo sex influenced spacing. The sex of each embryo was identified
through the use of PCR and gel electrophoresis. Figure 7 shows XY PCR products used to sex
individual embryos. Females have a single band from the homozygous XX chromosomes, while
males as two bands due differences in the Kdm5c/d regions on the X & Y chromosomes. It was
seen that the DNA extraction method worked more efficiently on the control female and male ear
punches than the sample embryos. However, the DNA extraction worked efficiently enough to
obtain reliable sex results.

It was noted that the average ratio of females to males for each strain was 1 to 1.03 (C3H)
and 1.17 to 1 (B6). These numbers fall in the normal expected ratios of 50% for each sex in each
strain. The more informative piece of information is the locations, in respect to one another, of
the males and females within a horn. Figure 8 displays representative horns from B6 (left) and
C3H (right) with each embryo labeled with its respective sex. This figure also shows the results
for the statistical analysis in a graph, which shows that there is a lack of any potential sex bias
from local sex interactions of the embryos (male to male, male to female, and female to female).
This information is consistent with the previous experiments, in which there was a significant
difference between the strains (C3H and B6) for CV in embryo spacing. However, when looking
at the interaction data, separately within each strain, the interactions show no significant
difference for either strain (B6 p-value = 0.5531 and C3H p-value = 0.8729). This led to
examining the timing of implantation in both C3H and B6 as a factor for embryo spacing prior to

implantation.
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Implantation

Previous research using several mice knockout models revealed that under controlled
circumstances embryo crowding does not directly cause a disruption in the timing of
implantation, and the utilization of this information led to the question of whether our test model
(C3H) would show that differential implantation timing may lead to abnormal spacing or if C3H
and B6 both exhibit normal implantation timing despite a difference in embryo spacing [Chen et
al. 2013]. To test if implantation timing impacts spacing, four time points were utilized (E3.5,
E3.75, E4.25 and E4.5). A disruption in the timing of implantation would have been observed if,
on E4.25, no prominent blue sections within either uterine horn, which would have occurred if
the vasculature of the uterine tissues was leaky near the site of an implanting embryo, were
observed after 10 minutes, once the uterus was excised. The E4.5 time point was tested first in
order to detect any delay in implantation, or lack thereof. Only after the E4.5 time point was
finished, and no delay detected was the E4.25 time point utilized to determine if a less severe
delay in implantation was present. Figure 9 displays representations of both B6 and C3H uteri
after the Chicago Blue Bye injection and uterus excision. After the observation of implantation
sites at the E4.25 time point, earlier time points were looked at to determine if implantation was
disrupted between Day 3.5 and E4.25 of gestation.

Based on the E4.25 and E4.5 data and the data resulting from the parental
characterization and parity experiments, it was predicted that this study would not reveal a
disruption in implantation. The two time points previously described (E3.5 and E 3.75) were
used to determine if there was a disruption in the timing of implantation observed in the C3H
strain but not in B6 strain. On average, more embryos implanted for the E4.25 and E4.5 blue dye

injection uterine horns than were flushed when utilizing the E3.5 and E3.75 uteri (Figure 10).
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This is likely due to the initiation of implantation starting to occur at the correct time, which
resulted in fewer blastocysts being flushed, because some blastocysts would no longer be in
suspension in the uterine fluids located in the uterine lumen. After this analysis, it was concluded
that in our model the uneven embryo spacing seen in C3H does not affect the timing of
implantation. Additionally, from those blastocysts recorded, 22 E3.75 B6 blastocysts, 17 E3.75
C3H blastocysts, 15 E3.5 B6 blastocysts, and 15 E3.5 C3H blastocysts were collected for later
use in a RNAseq experiment.

Despite the absence of a disruption in the timing of implantation, there was an interesting
trend that can be tracked starting with the uterine horns of the E4.25 and E4.5 mice. The average
number of embryos/mice gradually decreases from E4 to E6-8 and again decreases through
weaning (Figure 11). From E4 to E8, C3H mice consistently had a slightly larger number of
embryos present compared to B6 mice, however at the time of weaning, C3H weaned slightly
fewer mice than B6. Additional time points would be needed to determine the rate of decrease
and at which point this embryo loss stabilizes. However, this decrease has the potential to be
associated with embryo spacing, which according to previous research, the closer embryos
implant to one another the more likely those embryos are to experience conjoined placentas. This
fusing of placentas could be directly related to embryo spacing due to proximity issues during
implantation. Additionally, conjoined placentas are known to cause fetal growth restriction, and
if severe enough, fetal death of one or both embryos [Twin-Twin 2016]. Furthermore, repeating
the E3.5 and/or E3.75 experiments with the additional use of the ovaries, in order to count the
corpora lutea, which would provide further validation on the lack of any minor disruption in
implantation timing, while giving an accurate count of ovulation rates. Using corpora lutea will

allow for the comparison of ovulation rates to implantation rates.
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Inheritance

Inheritance patterns were evaluated with the generation of a pedigree that includes
reciprocal crosses and backcrosses of B6 and C3H backgrounds. Figure 12 exhibits the
completed pedigree including mouse numbers, CV and percent uneven spacing. This information
was used to evaluate differences among the crosses. This resulted in the observation of a
significant difference in the spacing of the parental reciprocal crosses (25% vs 50%). This
difference implicates a parent-of-origin effect but does not distinguish between the embryo
imprinting and maternal environment. Further sibling crosses in the F1 and F2 generations
showed a conserved decrease in embryo spacing variation in the F1 crosses and then an increase
in variation at the F2 generation, but not restored to the parental variation. The data do not fit
Mendelian expectations but the input of a maternal effect by dominance or additive gene action
would provide an explanation of the degree of unevenness seen in the Figure 12 pedigree.

All of the crosses’ CVs were taken and analyzed using the previously described R
package by a collaborator, Dr. Heath Blackmon. This analysis resulted in the identification of a
maternal effect by dominance gene action and, to a lesser extent, additive gene action. Figure 13
displays the output from the R package and the distribution of the various crosses in the
pedigree. This figure shows that while additive gene action is suggested (Mea), it is not the only
mode occurring (gray line), hence the suggested confidence of the maternal effect, either within
the mother or via the embryo. Dominance gene action is also implicated, however the points on
the lower graph of Figure 13 do not follow a strictly stairstep dominance pattern as would be
expected. This, again, is likely explained by the influence of the maternal effect. This line cross
analysis is informative regarding mode of inheritance; however, it does not suggest the number

of gene(s) that are involved in the embryo spacing trait. QTL analysis implicates that
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information, but the line cross analysis aids in illuminating the mechanisms at work from the
genes involved. Although this line cross analysis suggests a mode of inheritance, it will require
further study to confirm that mode.

Recombinant Inbred Lines

Knowing the broad source of the phenotypic anomaly and how the trait is inherited is not
enough to be useful for developing measures and potential treatment options. Identifying the
genetic components and factors influencing the uneven phenotype will lend to the clarification of
a complete schematic defining the migration and embryonic spacing events. Utilizing
recombinant inbred lines will provide the phenotypic characterization, and SNP/QTL analysis to
help uncover these genetic contributions. Twelve lines of BXH recombinant inbred lines were
utilized, and their phenotype characterized as mentioned previously. Measurements were done
using ImageJ, a publicly available program developed from NIH [Rasband, 2016]

Figure 14 displays the average CV for each of the 12 recombinant inbred lines, the two
parental strains, and the reciprocal F1 crosses. One-way ANOVA analysis was performed on the
CV of these lines and strains to determine if there was a significant difference in embryo spacing
from either parental strain, particularly B6, as this would have indicated typical uneven spacing
for the recombinant inbred lines. The results showed that all of the recombinant inbred lines and
the reciprocal crosses were significantly different from the parental strain B6. Additionally, the
BXHI11 line was identified as an outlier, which is likely due to the low number of uteri that were
able to be harvested during uterine horn collection. BXH11 was identified as a low fertility,
despite the presence of vaginal plugs and young animals. These CV data and the percentage of
uneven spacing for each line or strain was further used in the identification of Quantitative Trait

Loci (QTL).
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QTL Identification

Using the web-based QTL analysis tool, GeneNetwork, the parental and recombinant
inbred phenotypic data was assessed with previously generated SNP data in order to determine a
correlation between the two tools. SNPs for the BXH lines were identified from dbSNP and
Sanger sequencing performed by UCLA [GeneNetwork, 2001]. Haplotypes for the BXH series
were also analyzed alongside the QTL mapping. This haplotype analysis occurred once a
chromosomal region of interest was located and was used as an indicator of accuracy of the QTL
mapping. If the region of interest, based on the QTL mapping results, was accurate then the
haplotypes of the BXH series should match up, at least with the majority of the BXH series, with
the C3H parental strain. These QTL and haplotype analyses allowed for the elucidation of
regions of interest and consequently genes of interest that could later be tested and/or further
validated with the use of RNAseq.

Figure 15 shows the results of QTL mapping using the percent uneven spacing for each
line or strain utilized. All 12 BXH lines were included in the first analysis (Figure 15a) along
with the parental strains and the F1 reciprocal crosses. Chromosome 15 had a significant
likelihood ratio statistic (LRS value) and was the only region in this mapping round to do so.
Chromosome 4 showed to be suggestive based on its LRS value, however the frequency of the
LRS peak for this region was lower than other non-suggestive regions, indicating that the
confidence of this region to be applicable to embryo spacing is low based on the bootstrap test,
and is not likely to be extensively involved in embryo spacing. The region of significance on
Chromosome 15 was further investigated for markers and to analyze the haplotypes at this region
to determine credibility. Figure 15b shows a zoomed in representation of Chromosome 15 at the

region of significant LRS. The red and green bars along the top represent the haplotype for each
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strain or line and its origin in regard to the parental strain. The red bars represent a homozygous
haplotype originating from B6, while a green bar represents a homozygous haplotype of C3H
origin. Additionally, the grey bars represent unknown origin, and any blue bars would represent
heterozygosity from B6 and C3H origin. What was seen from this haplotype analysis was that
the BXH series, with the exception of the outlier BXH11, had a haplotype of B6 origin. The only
two strains/lines that had C3H origin were the parental strain C3H and BXH11, the outlier. This
indicated bias with respect to the outlier. Therefore, two further analyses/mappings were done to
account for this outlier’s influence.

The first remapping was done using marker regression, to find the most significant locus
on chromosome 15, and composite interval mapping, including the outlier in the mapping group.
Composite interval mapping allowed for the masking of the marker closest to the QTL on
chromosome 15, which allowed for the detection of other loci that were not seen because of the
QTL seen on chromosome 15 due to the outlier, BXH11. This composite interval mapping was,
again, done with 1000 permutations and 2000 bootstraps and included the parental data. The
marker that was regressed upon was chosen based on the closest marker in the Chromosome 15
region of significant LRS and was denoted as rs3023429, which can be visualized in Figure 15b.
After the composite mapping, the region on chromosome 15 no longer had a significant LRS
value, as expected, however there was no longer any significant peaks. There was a suggestive
peak on chromosome 13, therefore composite interval mapping using the marker mentioned
above was again run, but this time the outlier line BXH11, was excluded. The resultant QTL map
showed the suggestive region on Chromosome 13 now had a significant LRS value as well a
corresponding LRS frequency bar based on the bootstrapping tests. Once zoomed in on this peak,

it is revealed that the significant LRS value covers approximately 1.2MB, however the use of the
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confidence bars generated from bootstrapping narrows the area to two regions of interest
approximately 20kb and 40kb in size. This peak is also located near another region on the same
chromosome that had a suggestive LRS value and was next to the corresponding LRS frequency
bootstrapping bar (yellow). However, this region is considerably larger at approximately 15 Mb
in size and gene rich.

Additionally, a suggestive peak on Chromosome 9 was also observed, but the confidence
of this peak is only suggestive and not as strong as the peak on Chromosome 13 based on
bootstrapping as can be seen by the low yellow bar of LRS frequency. Besides Chromosome 13
and 9, an interesting anomaly occurred on Chromosome 19. Figure 15d shows that the
bootstrapping confidence estimation suggests a QTL region on Chromosome 19, but the data is
not as suggestive. This chromosome remained of interest when performing the second interval
mapping without the inclusion of the outlier BXH11 to see if this exclusion reveals suggestive or
significant association with Chromosome 19. The haplotype analysis for Chromosome 13
revealed that in this region of interest the majority of strains, excluding BXH4 and C57BL/6J,
contain the C3H/HeJ haplotype. BXH4, which has an average CV closest to that of C57BL/6J,
was the only recombinant inbred line to have the same haplotype as C57BL/6J for this region of
interest.

The second remapping effort was utilizing interval mapping with 1000 permutations,
2000 bootstraps, and including the parents, but excluding the outlier BXH11. The results were
similar, but less robust and clean in comparison the previously described results of the composite
interval mapping. Whereas the two regions on Chromosome 13 are still seen, now only the taller
peak is suggestive, leaving the lesser peak below the threshold. Despite the change in

significance, the location for the peaks are the same and the orientation of the bootstrapping LRS
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frequency bar is the same. Additionally, the same Chromosome 9 peak is present but not
significant or suggestive, in fact there was no significant peak, and only a single suggestive peak
on Chromosome 13. Interestingly, the LRS frequency bar (yellow) generated from bootstrapping
is still present, but the data does not reach the suggestive threshold, but did have an increased
LRS value in comparison to the composite interval map. This comparison can be seen by looking
at Figure 15d and 15e. Although not suggestive, there was an increase in LRS values, from the
composite interval map, for peaks on Chromosome 4 and 6, and stable non-suggestive peaks on
Chromosome 8 and 11. These may not be significant or suggestive, but it may lead to the
prospect that there are many genes involved in embryo spacing, that might require the use of
knockout models to explain the mechanisms involved and potentially controlled by those genes.
Differential expression through RNAseq could also illuminate the influence, if any, of these
lesser peaks, as well as, the more notable suggestive and significant peaks such as the ones on
Chromosome 13.

Investigation of the genes revealed two long intergenic noncoding RNA genes the of
Chromosome 13 (Gm6416 and 4930435F18Rik), as well as 3 unclassified genes
(A430106F12Rik, A930041HO5Rik, and 5930433N17Rik). These findings provided little
information to explain mechanisms behind embryo spacing; two other genes were found in this
region that may have greater likelihood of contributing to embryo spacing. Embigin (Emb) and
poly (ADP-ribose) polymerase family member 8 (Parp8) were identified in the region of
significant LRS values on Chromosome 13 [GeneNetwork, 2001; Finger, 2018; Smith 2017].
Embigin (Emb) has been identified as a transmembrane glycoprotein that resides in
immunoglobulin superfamily. Additionally, this gene is known to be expressed both in the

embryo and in the mother. For the embryo, this gene has been implicated in cell-substratum
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adhesion that is facilitated by integrins, however little else is known about this gene with regards
to pregnancy [Tachikui 1999]. Interestingly, this gene was found to be increasingly expressed in
the adult ovary, mammary gland, genital fat pad, and the placenta [ Yue 2014]. Whether this
supplies evidence for its influence on embryo spacing has yet to be determined.

The other interesting gene identified is poly ADP — ribose polymerase family, member 8
(Parp8). The expression of this gene does not seem to be involved directly with pregnancy, but
there is known increased expression in the embryo’s neurological system during late pregnancy
[Yue 2014]. Unfortunately, there are no data on Parp8 individually, as it has only been studied in
massive expression and genomics screenings. Therefore, additional research is needed to
determine if this gene is truly influencing embryo spacing.

RNAseq

The RNAseq data, when assembled and analyzed, gives insight into differentially
expressed genes originating from the embryo. This information in conjunction with the QTL
analysis results provides data and confidence for identification of interesting genes that have the
potential to play a role in embryo spacing and/or migration that occurs during this early time
period in pregnancy. Figure 16 shows a graph that displays the top 10 up-regulated and the top
10 down-regulated genes in C3H compared to B6. While this information is important, further
experimentation is needed to verify these genes’ roles, if any, in embryo spacing. This is because
this RNAseq looked at whole embryos, which could show up-regulated genes involved in
embryo development and not in embryo spacing. Table 4 shows up-regulated genes and down

regulated genes, along with the standard errors and p-values for those genes.
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CHAPTER III

DISCUSSION AND FUTURE DIRECTIONS

Discussion

The research completed and described in this dissertation helps to further the
understanding of the events within the uterus preluding implantation. This research adds data to
the direct research was done on embryo spacing and migration, in which the vast majority of that
research occurred several decades ago surrounding myometrial contractions and their role in
embryo spacing [Béving, 1956, McLaren 1959, O’Grady 1969, Anderson 1978]. More recent
studies only mention embryo spacing and migration in passing and often as an afterthought to
various stages of implantation, upon which the research is focused [Bibhash 2001, Carson 2005,
Carson 2000, Dey 2004, Chen 2013, Celik 2017]. This research provides the evidence towards
the advance in the genetic understanding at this stage of pregnancy and provides a foundation for
further genetic research around embryo spacing and migration.
Physiological Mechanisms

The objective of this work was to enhance the understanding of the physiological
mechanisms of embryo spacing and the genetics regulating this event. Although all possible
physiological mechanisms could not be tested, four important factors were examined.
Conduction included sex, implantation timing, embryo number, and parity were examined for
their potential role or influence on embryo spacing. Implantation and embryo number had been
previously examined in rabbits, however it was found that these factors and mechanisms did not
affect embryo spacing with regard to the myometrial contractions [Boving, 1956]. Later research

by implantation, however this information was done in knockout models where litter size was

50



reduced due to the gene removed [Chen 2011]. This lack of information on a model that
separated litter size and embryo spacing served as the hypothesis to be tested using the C3H
inbred strains, which were chosen due to the identification of uneven spacing by a previous
graduate student in Dr. David Threadgill’s lab. Ultimately, the current work showed found that
embryo spacing in the C3H mouse model results in normal and expected litter sizes in
comparison to evenly spaced strains, and that no disruption in the timing of implantation occurs.
This result showed that embryo spacing and the disruption that may occur in the mouse occurs
independently of implantation, and the embryo number per horn is not affected by the degree of
spacing, for both even or uneven spacing phenotypes.

In the case of embryo crowding, when 7 or more embryos are present in a uterine horn,
the degree of evenness of a uterine horn cannot be assessed due to compact spacing. While, that
many embryos in a horn is rare, it does happen in enough frequency to mention as a curious
phenomenon that could provide another line of research that would translate into animal
agriculture. This could be especially important to the swine industry, where litter size and births
per litter are increasingly important and of interest to farmers and producers, with the prime
example being the incorporation of the Meishan breed and interbreeding them with other leaner
body breeds. Additionally, variation in spacing in uterine horns with a low number of embryos,
for example 3, could also be biased in an opposite effect than embryo crowding. Refractory
zones between embryos have been suggested, like that of the data and information surrounding
the gene Sfrp2 [Carson 2005]. So far, these suggestions have not been validated, but based on the
hypotheses it would be possible that embryo horns with a low number of embryos, 3 or less, are
scattered far enough apart during the myometrial contractions that they are not close enough for

a refractory zone to be established.
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Sex and parity were two physiological mechanisms that had not been examined with
regards to embryo spacing, however they are two factors that would have given important insight
into how embryo spacing is facilitated. This dissertation examined these two factors and found
that neither affected the degree of evenness of embryo spacing. This information showed that the
sex chromosomes were unlikely to contribute to the embryo spacing trait and that the sex of the
embryo does not affect the spacing of neighboring embryos. With regards to parity, data
presented in this dissertation showed that the evenness of spacing is unchanged in either C3H or
B6 regardless of the number of pregnancies a female may have. The lack of change in embryo
spacing seen with parity suggested that there were no defects in the uterine repair between
pregnancies and no fluctuation in the uterine environment between pregnancies during the
embryo spacing time point. Ruling out these physiological mechanisms provides valuable insight
into the direction of hypotheses to pursue both in genetic inquiry and other physiological
mechanisms.

Contributing Genetic Effects

Determining the transmission of the embryo spacing trait from one generation to another
can be a bit complex when multiple genes are suspected of contributing to this trait. The
generation of a pedigree and observing the phenotypes of each of the crosses provided insight
into the lack of mendelian genetics and the likely presence of multiple genes at work for this
trait. The additional use of the line cross analysis provided a suggested mode of inheritance
coupled with the effect that was likely occurring through the suggested mode. The mode that was
suggested based on a significant difference was a maternal effect. However, the line cross
analysis is unable to discern between a maternal effect that is having an influence on embryo

spacing through the maternal uterus from a maternal effect that is having an influence on embryo

52



spacing through the maternal genome present in the embryo. Embryo transfer experiments would
be able to distinguish between these two hypotheses. There is also the undiscernible possibility
that both of these maternal effects are present and interacting or a paternal embryonic effect
could be possible. Additionally, there is the suggested presence of dominance gene action, and
with lesser certainty additive gene action.

The maternal effect in conjunction with dominance gene action was the likeliest
contributing genetic effect. However, the line cross analysis is not able to differentiate between
single gene and polygenic mechanism. Hence the need and utilization of QTL analysis, which
suggested the likelihood of multiple genes, at least 2 maybe 3, influencing the embryo spacing
trait. That information along with the suggested mode of inheritance begins to explicate this trait
in a way that previous research has failed to demonstrate. This suggests that the maternal genome
plays an important role, as expected, in the embryo spacing trait, and that there is likely at least
one gene exhibiting a dominance gene action. This gene action functions in which one allele
masks the effect of another allele, therefore, giving differing phenotypic values to the
homozygous state of one allele in comparison to the homozygous state of the other allele and the
heterozygous state. For example, AA and Aa may exhibit even spacing whereas aa could exhibit
uneven spacing, or the reverse could also be true. However, with the variation in the degree and
frequency of embryo spacing seen in the crosses shown in this dissertation’s pedigree, a
dominance gene action is not the only influence likely occurring. There is the suggestion of
additive gene action as well, in which the addition of an allele either enhances or attenuates a
particular phenotype, in this case it would be embryo spacing. Combine either or both of these
with the presence of maternal effects, either though the uterus or through the maternal genome

present in the embryos through imprinting and it begins to provide insight into the inheritance of
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embryo spacing. Knowing how this trait is inherited will aid in future research uncovering the
genes and/or other genetic elements responsible for this trait.
Candidate Regions/Genes of Interest

Identifying regions of interest and the genes included in those regions helped to establish
a foundation for further genetic research into the embryo spacing. The QTL analysis in this
dissertation identified several regions of interest on three different chromosomes. In order for
both regions on Chromosome 15 and Chromosome 13 to be identified as statistically significant,
composite mapping, in which the locus on Chr. 15 was controlled for, was utilized. This could
indicate a masking effect that the region on Chromosome 15 has over the region on Chromosome
13 or it could also mean that the region of Chromosome 15 is not real. These hypotheses could
be tested, potentially, by phenotyping additional BXH11 individuals. This could prove to be
difficult since that particular line had reduced fertility, which decreased the number of litters
obtained and females actually pregnant. Therefore, additional and alternative methods could be
used to investigate these regions without phenotyping this line, including haplotype analysis of
other inbred strains, RNAseq, and developing other genetic mouse models.

The use of RNAseq and studying differential expression between C3H and B6 at the
blastocyst level aids in the understanding of the differences between the two strains during the
embryo spacing time point. Sequencing the RNA of the two parental strains is useful, but it does
not explain the entire picture, and all of the genes that are differentially expressed during this
timepoint in the blastocysts may not be influencing the embryo spacing trait but may be involved
in embryo development. Therefore, additional RNA sequencing on blastocysts from mixed C3H
and B6 background and uterine tissue from C3H & B6 would assist in narrowing the region of

interest when compared to the original RNA sequencing data from this dissertation study.

54



Future Directions

This research provides a promising genetic foundation for elucidation of additional
mechanisms surrounding embryo spacing and migration. However, it is only a foundation and
additional research will be necessary in order to clarify and validate the proposed genes
identified in this dissertation. Additional experiments and studies will now be able to be designed
and executed to identify genes and mechanisms important to both human and agricultural
pregnancies. These experiments might include phenotyping additional inbred strains, performing
additional RNAseq, testing genes of interest, and testing other potential contributing
physiological mechanisms.
Additional RNAseq

This dissertation utilized RNA sequencing to determine whether differentially expressed
genes between C3H/HeJ and C57BL/6J within the embryo during the time period could be
associated with embryo spacing. While this information is useful, it does not show the complete
picture. There would be additional benefit with sequencing the RNA from pregnant maternal
uterine tissue of C3H/HeJ and C57BL/6J true breedings, as well as, RNA from pregnant
maternal uterine tissue and embryos from C3H/HeJ females crossed with C57BL/6J males and
the reciprocal cross. This would give insight and distinction into whether the maternal uterine
environment or maternal imprinting is the predominant motivator of the embryo spacing
mechanism. Additionally, the intercross of the 2 parental strains and its reciprocal cross will
further illuminate significant differences in expression attributed to embryo spacing. This F1
expression data can be compared to this dissertation’s true breeding parental embryo RNAseq

data to identify the most likely expression patterns that are associated with embryo spacing and
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not just differences in genetic background. These additional expression assays will benefit not
only elucidation of the mode of inheritance but also lend further evidence for testing genes of
interest.

Strain Testing

The easiest way to determine the frequency of uneven spacing in mice, and potentially
other organisms, is to test other strains of mice. The inbred strains of mice would be the simplest
to start with, as there are many molecular tools already available and they are expected to be
fixed at all loci in their genome. Additionally, with these inbred strains of mice, it would be
straight forward to identify the inbred strains that share the same haplotype as C3H in the regions
of interest identified in this dissertation’s QTL mapping. Due to the vast molecular tools and
sequencing data available for inbred mice strains, this identification could be done without the
need to genotype mice. Once strains with the same haplotype have been identified, those inbred
strains can be phenotyped for the embryo spacing trait. This will give insight into whether the
regions if interest identified in this dissertation’s QTL mapping are informative or an artifact of
limited data points. If the regions of interest prove to be informative, an outbred strain of mice
like CD-1 or the use of the inbred collaborative cross mice could be tested for the C3H
haplotype, and potentially minimize the region of interest.

The inclusion of the collaborative cross mice and the CD-1 outbred strain will further
narrow the region including the genetic mechanisms driving embryo spacing. The increased
variation seen in the collaborative cross strains and the CD-1 strain will potentially narrow the
region of interest through the use of the C3H haplotype. It will be likely that the collaborative
cross strains and/or the CD-1 strain will not contain the entire C3H haplotype of interest,

therefore identifying groups of CC strains with the same parts of the C3H haplotype that may
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also match the CD-1 outbred strains haplotype. Then testing for the uneven embryo spacing trait
in both the CC strains and the CD-1 strain may help to narrow the region of interest, genes of
interest, and/or the genetic mechanisms involved in embryo spacing.
Testing Regions/Genes of Interest

This dissertation identified two potential regions of interest, one on Chromosome 13 and
another, under different circumstances, on Chromosome 15. The previously proposed
experiments will aid in the validation, exclusion, and/or narrowing of one or both of these
regions. Once a potential genetic target, either protein encoding or possibly regulatory, a
modified mouse model could be developed to verify any targets. This could be achieved using
either a knockout model, knock-in model, and/or an overexpression model. Each of these models
provide insight into what the target’s role, if any, is in embryo spacing. The knockout mouse
model is the most common and straight forward of the options. Remove the genetic target and
determine if embryo spacing is affected. This is best done in a strain with even spacing, like
C57BL/6J. This would ensure that any uneven spacing could be attributed to the modified region
of the genome and not something already present. Additionally, using a knock-in model to
potentially correct the uneven spacing on a strain like C3H/HeJ would provide similar but
reciprocal validation to the target region/gene. Finally, developing an overexpression model of a
target region/gene of interest on a strain like C3H/HeJ, would provide insight into the ability of
this region to manipulate the degree of evenness of embryo spacing. Overexpressing this same
region in a strain like C57BL/6J would also provide insight into this region’s ability to disrupt
the evenness of spacing with a difference in expression. All of this model observation would
provide validation, or lack of, for the proposed regions identified as potentially significant in this

dissertation.
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Physiological Mechanisms - Contractions

Another interesting and important factor in embryo spacing and migration is myometrial
contractions. This physiological mechanism was studied early in the observation of embryo
spacing, and to date the general mechanism and the major genes and hormones involved have
been explicated. The regions of interest on Chromosome 13 and 15 previously mentioned do not
contain the genes already identified in the function and control of those early myometrial
contractions. However, there is a possibility that there are additional genes and or regulatory
elements that have not been identified and attributed to migration through myometrial
contractions. Unfortunately, the ability to reliably and easily measure myometrial contractions in
vivo has not been identified. A new protocol would need to be developed that allows for the in
vivo manipulation and/or measurement of myometrial contractions. Being able to observe and
measure myometrial contractions will allow for the identification of the exact timepoint in which
the migration and crude spacing of embryos occurs which will then indicate the time point at
which embryo spacing switches from crude myometrial contractions to more refined, tightly
regulated, endocrine driven embryo spacing. While the endocrine activity has not been validated,
there has been previous research that suggests the presence of endocrine activity facilitating
embryo spacing and the concept of refractory zones. However, it is important to understand the
myometrial contractions and their role, if any, in this dissertation’s observations of uneven
spacing in C3H/HeJ in order to determine the need to explore if any endocrine activity is also
impacting the degree of evenness with regards to embryo spacing.
Implications

This dissertation’s research set the foundation for additional studies on embryo spacing

and the implications of uncovering the genes and/or regulatory elements could provide valuable
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data and eventual treatments for both animal agriculture and human pregnancy. The spacing of
embryos has been linked to embryo health in both animals and humans. In animal agriculture
the genetic information on embryo spacing would be important for litter bearing species like
pigs, especially for those breeds that produce large litter sizes like the Chinese meishan. This
breed of pig can produce 15 to 16 piglets per litter and are known for their high rate of embryo
survival, making this breed of pig an ideal candidate for further study with regards to embryo
spacing [Rothschild, 1996]. Additionally, this data could prove to be valuable with regards to the
condition in cattle known as Freemartin Syndrome which involves a twin heterosexual
pregnancy in which the fertility of the female twin is lost. This loss of fertility is known to affect
the dairy industry in which the heifer/cow is the most important asset and also the costliest. The
cause of this infertility is the sharing of nutrients and in turn hormones between the male and
female twin. This happens because of a proximity issue of the two twins and their placentas
[Twin-twin 2016]. Based on this information, it can be inferred that embryo spacing may play an
important role in these twinning events, and understanding the genes involved could provide a
genetic screen to identify heifers/cows that are likely to produce these types of detrimental
pregnancies.

In addition to its application in animal agriculture, there is potential for this data to
become useful for multiple embryo and abnormal human pregnancies. Ectopic pregnancies,
placenta previa, and twin-twin transfusion syndrome all display either embryo proximity issues
or improper implantation location. Understanding how embryo spacing occurs and the genetic
mechanisms at work both during myometrial contractions and closer to implantation will allow
for the development of genetic screens that could predict the potential for a woman to experience

an ectopic pregnancy, placenta previa, or twin-twin transfusion syndrome. Additionally,
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depending on the role of these genes in the physiological mechanisms surrounding embryo
spacing there also is potential for supplement and drug development to provide correction during
early pregnancy at the time of embryo spacing and migration. This development would have the
potential to enhance the efficiency and accuracy of in vitro fertilization and other fertility

treatments in not only humans but the animal agriculture as well.
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APPENDIX A

FIGURES

Adapted from:
Ruan, Ye Chun et al.
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Figure 1. Myometrial contraction pathway adapted (Ruan, 2011) LPAR3 binds LPA
from the uterine lumen and produces G-proteins which activate PTGS2. PLA2Galpha
converts phospholipids to arachidonic acid, which is utilized by the activated PTGS2 to
produce prostaglandin G (PGG). PGG is converted to prostaglandin H and then to
prostaglandin E (PGE). PGE activates different prostaglandin receptors on myometrial
smooth muscle cell causing the myometrium to either contract or relax.
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Figure 2. Visualization and measuring blue dye injections A) 1% Chicago Blue Dye
injection on a B6 E4.25 uterus. B) Same uterus as A but representing distances (1-6)
measured to determine spacing phenotype in each horn. These measurements are taken
utilizing ImagelJ. Depiction of measurements are shown on the side for example, but were

done directly over each horn.
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Figure 3. Parental phenotype characterization Left) even spacing from a C57BL/6J
female. Right) uneven spacing uterus from a C3HeB/Fel female.
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Figure 4. JMP analysis of parity A) JMP analysis based on the parity under 3 conditions
(left to right): Strains data combined, B6 only, and C3H only. B) JMP analysis based on
mouse strains under 3 conditions (left to right): parity status combined, multigravida parity,
and primigravida parity. Each point on the graphs represent the coefficient of variation of a
single sample (horn). The red box plots show the quantile range of samples. The grey line
shows the grand mean.
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Embryos ina Horn  n(horns)  Avg. CoV [©neway Analysis of CoV By Embryo Number
3 80 25.61% I B———
4 99 27.22% . |
5 63 26.45% | .
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Figure 5. Uterine horn crowding analysis The table on the left displays the number of
horns and the average coefficient of variation for each level of horn occupancy. The JMP
image on the right displays the statistical Oneway analysis graph for comparing the
average coefficient of variation between the 3 to 6 embryo group and the 7 to 8§ embryo
group. Each point represents one of the embryo occupancy group’s average CV (3,4,5,6,7,
or 8). The green diamond shows the mean and the 95% confidence interval. The grey line
shows the grand mean. This graph shows a difference in difference between the two
groups, however uterine horns with 7 or 8§ embryos exhibit embryo crowding, which biases
the ability to accurately remark and record embryo spacing degree in these horns.
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Figure 6. General sex analysis This graph displays the gender distribution for
each strain in relation to the total number of pregnancies. The average litter size
was 5.84 for C3H and 5.39 for B6. Additionally, there were 51.34% males and
48.66% females per litter for C3H, and 49.24% males and 50.76% females for B6.
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Figure 7. Sex determination of embryos A 3% agarose gel was used to run 149 PCR
samples containing embryo DNA collected from the parity study. Additionally, 100bp
ladder, 2 positive controls, and 1 negative control were used for each 96 well plate of
PCR product generated. Each band or set of bands was assigned a sex based on whether
they exhibited a single band (female) or a double band (male). The black vertical lines
separate where a litter of embryos ends, and a new litter set begins. A red vertical line
indicates the end of the 96 well plate and is always adjacent to the negative control.

Additionally, then end of this gel shows samples that were rerun for clarity and
verification of sex.
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A Mean(Difference from Expected) vs. Sex Interaction
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Figure 8. Mean comparisons of sex interactions A) Graph of analysis of sex interactions.
Measurements (in % of total length of the horn) were subtracted from their expected
measurement (in % of total length of the horn) and then averaged for each sex interaction.
Sex interaction is represented as a female embryo adjacent to another female (F-F), female
embryo adjacent to a male embryo (M-F), and male embryo adjacent to another male
embryo (M-M). Based on the graph, there is no indication of sex interaction contributing to
embryo spacing, as no interaction is favored over another. B) B6 multigravida female,
whose embryos were collected on E7.5 and sexed via PCR and gel electrophoresis. C) C3H

primigravida female, whose embryos were collected on E7.5 and sexed via PCR and gel
electrophoresis.
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Figure 9. Blue dye injections A) 1% Chicago Blue Dye injection on a B6 E4.25 uterus. B)
1% Chicago Blue Dye Injection on a C3H E4.25 uterus.
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Figure 10. Implantation timing This graph presents a comparison of mean litter sizes
for E3 (E3.5 and E3.75) and E4 (E4.25 and E4.5) collected (E3) or blue dyed embryos
(E4) with respect to parental strain (B6 or C3H). The results show that litter size did not
significantly differ between the two strains for either gestational age. However, there is
a difference between the mean litter sizes for both strains between the gestational ages.
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Figure 11. Litter size distribution This graph displays the average number of
embryos (or mice in regard to weanlings) per litter for each parental strain of mice. It
shows that between E4 and E6-E8 there is no discernable difference in the number of
embryos per litter, however at weaning there is approximately a 2 embryo decrease
from E8, with a larger decrease seen in C3H.
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Figure 12. Pedigree generated for C3H and B6 matings This figure displays the two
reciprocal pedigrees generated utilizing the parental strains B6 and C3H. F1 for each
reciprocal cross is shown as striped circles/squares. F2 for each reciprocal cross are shown as
checkered board individuals. The N2 individuals for each reciprocal cross are shown with a
chevron pattern and are colored based on whether they contain more of the B6 genome
(black background, white chevron) or more of the C3H genome (white background, black
chevron). The white boxes contain the percent of uterine horns (for the above cross) that
were observed to be unevenly spaced (p-value < 0.05).
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A Model Weighted Averages and Unconditional SE Variable
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Figure 13. Line-cross analysis utilizing pedigree data A) Inferred composite
genetic effects responsible for divergence in embryo spacing. The most likely,
which is significantly different from 0, is maternal effect - dominance (Med).
Although variable importance of maternal effect - additive (Mea) is lower the
confidence interval does exclude zero. B) Comparison of spacing phenotype
and the amount (in %) of C3H genome present in the resultant embryos of
each cross included in the line cross analysis. The upper most point and the
lowest point are the parental strains, C3H and B6 respectively. The blue line
represents the expected value if a strictly additive model is used.
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Figure 14. CV comparison of recombinant inbred lines This graph shows the
average coefficient of variation for each BXH line, the two parental strains (black-B6,
brown-C3H), and the reciprocal F1 crosses of the parental strains (red). The BXH11
(yellow) is an outlier, and likely due to the low number of animals harvested. The
remaining lines fall approximately within a range between the two parental strains.
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Figure 15. QTL mapping of recombinant inbred lines A) Interval mapping including
all 12 recombinant inbred lines, parental strains, and reciprocal F1 crosses. B) Zoomed
in view of Chromosome 15 from the interval mapping of A. Haplotypes for each
included strain is also seen in red (B6 origin), green (C3H origin), and grey (unknown).
C) Zoomed in view of Chromosome 13 from composite interval mapping of D.
Haplotypes were again included. D) Composite interval mapping including 11 of the 12
(removed the outlier, BXH11) recombinant inbred lines, parental strains, and reciprocal
F1 crosses. E) Interval mapping including 11 of the 12 recombinant inbred lines,
parental strains, and reciprocal F1 crosses.
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Top Differentially Expressed Genes in C3H in Comparison to B6
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Figure 16. Top differentially expressed genes from RNAseq This figure shows the top 10
up-regulated genes (green) and the top 10 down-regulated genes (red).
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APPENDIX B

TABLES
Avg.
Strains n (horns) Ave. Avg. CV Avg. # of Litter
p-value embryos/horn size
B6 primigravida 13 0.6315 0.1253 4.23 7.857
C3H primigravida 19 0.01657 0.3717 4.68 8.091
B6 multigravida 11 0.7032 0.1961 5.18 8.143
C3H multigravida 9 0.0230 0.3370 4.66 8.4

Table 1. Parity testing This table shows the results of the analysis on the phenotype testing
primigravida females and multiple pregnancy females to determine if any significant
difference is present. The n number represents the number of horns sampled, and the average
p value shows the average significance level for each strain and their corresponding parity.
Additionally, the average coefficient of variation for each strain and their parity is listed.
The average number of embryos per horn and the average litter size is also displayed.
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n % trendin
Crosses (# of Avg. | % m.leV::: uneven ;
horns) cv spacing spacing*

B6% X C3HJ [B(C] 24 0.2256 25% 0%
F19 [BC] x F18 [BC] 21 0.1460 9.52% 14.29%
F29Q (F1Q[BC] x F14[BC)) x

F23 (F19[BC] x F1Z[BC]) 26 0.1726 11.54% 3.85%
F19 [BC] x B6& 6 0.1418 16.66% 0%
F19 [BC] x C3HJ 10 0.1155 0% 10%
B62 x F1J [B(] 16 0.1534 6.25% 12.5%
C3H? x F1J [B(C] 24 0.2479 33.33% 12.5%
N2Q (F1Q[BC] x C3HJZ) x C3HJ 9 0.1428 |  11.11% 0%
N2Q (C3HS x F13[BC]) x C3HJ 8 0.3183 25% 25%
C3H? x B6J [CB] 20 0.2887 50% 15%
F19 [CB] x F1& [CB] 21 0.1548 4.76% 9.52%
F29Q (F1Q[CB] x F18[CB]) x

F28 (F1Q[CB] x F1S[CB]) 23 0.2019 17.39% 0%
F19 [CB] x B6J 7 0.1099 0% 0%
F1% [CB] x C3HJ 3 0.1018 0% 0%
B6% x F1J [CB] 21 0.2095 28.57% 0%
C3H? x F1J [CB] 20 0.2630 35% 10%
N29Q (F1Q[CB] x B64) x B64 4 0.1953 25% 0%
N2Q (F1Q[CB] x C3HA) x B6J 5 0.1674 20% 0%
N2 @ (C3HQ x FIZ[CB]) x B6J 5 0.2784 60% 0%

Table 2. C3H and B6 pedigree mating and phenotype results The first column
represents the various matings performed. The two sections display reciprocal crosses
utilizing the parental C57BL/6J(B6) and C3HeB/FeJ(C3H) strains. The second column
shows the n number of horns harvested. The third column shows the average coefficient of
variation for each cross. The last two columns display the frequency of horns containing
unevenly spaced embryos and its degree of significance.

* trending is defined for each horn having a p-value between 0.06 and 0.15.

** uneven spacing is confirmed for each horn with a p-value of 0.05 or less.
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. . n vg. rending
Strain / Line (# of horns) Cv Une.v en* uneven
spacing spacing**
B6 12 0.0790 0% 0%
C3H/HeJ 13 0.3353 | 61.54% 7.69%
BXH2/TyJ 25 0.3874 48% 0%
BXH4/TyJ 6 0.1718 | 16.67% 16.67%
BXH6/TyJ 21 0.2855 | 42.86% 4.76%
BXH7/TyJ 22 0.2467 | 31.82% 4.55%
BXHS8/TyJ 22 0.2649 | 36.36% 13.64%
BXH9/TyJ 23 0.2253 1 26.09% 4.35%
BXH10/TyJ 21 0.2768 | 42.86% 14.29%
BXH11/TyJ 3 0.7284 i 100% 0%
BXH14/TyJ 26 0.2179 i 30.77% 11.54%
BXH19/TyJ 24 0.2645 | 45.83% 0%
BXH20/KccedJ 16 0.3288 50% 0%
BXH22/KcedJ 17 0.2578 i 29.41% 5.88%

Table 3. Phenotype results of the BXH series This table displays each parental strain
and the BXH recombinant inbred series and the results obtained for these strains from
the embryo spacing phenotyping experiments. The second column shows the number of
horns harvested and used for phenotyping each strain. The third column shows the
average coefficient of variation for each strain. The last two columns show the % of
total horns phenotyped that showed significantly uneven spacing (p-value <0.05*) or
close to significance and different from B6 (p-value between 0.05 and 0.15*%*)
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0.009797163
1.77E-06
2.53E-10
1.53E-05
0.001461486
0.070646161
0.020664682
0.021014542
0.024897849
0.11783476
2.32E-05
0.174547317
0.005431583
0.172640859
0.000394036
0.010393504
0.168559271
0.061213833
0.15162381
0.002042237
0.166728711
0.166077433
0.165837386
0.102190099
0.003474057
0.158906944
0.000516548
0.001308097
0.000255193
4.49E-05
0.008051616
0.001341877
0.146423528
0.145173277
0.143053582
0.142706652
0.008141379
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ENSMUSG00000091165.1
ENSMUSG00000081587.1
ENSMUSG00000090603.1
ENSMUSG00000093072.1
ENSMUSG00000099894.1
ENSMUSG00000061724.5
ENSMUSG00000114611.1
ENSMUSG00000094346.1
ENSMUSG00000094643.1
ENSMUSG00000083170.1
ENSMUSG00000096481.1
ENSMUSG00000043870.9
ENSMUSG00000087007.1
ENSMUSG00000078154.3
ENSMUSG00000072421.4
ENSMUSG00000077562.1
ENSMUSG00000100848.1
ENSMUSG00000099908.1
ENSMUSG00000101815.1
ENSMUSG00000112268.1
ENSMUSG00000101907.1
ENSMUSG00000095229.1
ENSMUSG00000061684.5
ENSMUSG00000100693.1
ENSMUSG00000081781.1
ENSMUSG00000071769.11
ENSMUSG00000064801.1
ENSMUSG00000112781.1
ENSMUSG00000109138.1
ENSMUSG00000065368.2
ENSMUSG00000082334.1
ENSMUSG00000106283.1
ENSMUSG00000114272.1
ENSMUSG00000096349.1
ENSMUSG00000051255.5
ENSMUSG00000082045.4
ENSMUSG00000095395.2
ENSMUSG00000069825.12
ENSMUSG00000094655.1

-4.405488586
-4.423081704

-4.44958477
-4.464777329
-4.493565164
-4.560317792
-4.563253531
-4.594306785
-4.616869357
-4.628326157
-4.669694277
-4.670032992
-4.674810631
-4.713480762
-4.714519238
-4.718454664
-4.722071036
-4.794453552
-4.808725983
-4.809997834
-4.821551089
-4.840567114
-4.879790243
-4.887609615
-4.894124651
-4.926518625
-4.932616671
-4.959144254
-4.984822147
-5.223882221
-5.301499918
-5.317204137

-5.39786455
-5.494549437
-5.563961611
-5.680142087
-5.933960679
-6.520005752
-6.563614717

1.088151401
1.123571361
1.216670625
1.476412301
2.987147532
1.477854471
1.290031618
1.650042473
1.381297131
2.985995498
1.503730962
2.985659998
1.385383341
2.985320553
1.332193462
1.650990427
2.985254629
1.652486812
2.984610915
1.397058401
1.630631612
2.984383841
1.298891885
2.375326867
1.410091864
0.985934098
2.427513619
2.983580585
2.272810809
2.982006862
1.357665801
1.348654937
1.197101871

0.51592124
1.379415824
2.979884926
2.978963369
2.551305599
0.510220341

5.15E-05
8.26E-05
0.000255004
0.002493969
0.132504214
0.002030264
0.000404211
0.005363402
0.000830525
0.121138853
0.001900184
0.117781331
0.00073982
0.114362213
0.000401775
0.004263822
0.113695597
0.003715508
0.107141914
0.000575412
0.003107881
0.104810772
0.00017204
0.039623004
0.000518941
5.83E-07
0.042157451
0.096483657
0.028290011
0.079808054
9.43E-05
8.06E-05
6.51E-06
1.74E-26
5.49E-05
0.056629248
0.046376007
0.010601813
7.15E-38
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ENSMUSG00000093843.1 -6.624379231 0.437394439 8.16E-52
ENSMUSG00000094263.1 -6.64292734 0.941349338 1.70E-12

Table 4. Differentially expressed genes for embryo spacing This table shows 157 genes
that are either up-regulated (log2 fold change 4 and up) or down-regulated (log2 fold
change -4 and down). Gene names are expressed in ensemble gene IDs. Additionally, each
gene has a corresponding log2 fold change, standard error, and p-value.
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