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Abstract
Over the last several decades, there has been an increase in the number of heifers, under
30 months of age chronologically, categorized as B and C-maturity based upon skeletal
maturity at harvest. The hypothesis for this project is that heifers with advanced
physiological maturity have differences within genes that encode proteins involved in
bone ossification. Specifically, the genetic variance within genes that promote advanced
rates of ossification relating to bone growth and extracellular matrix mineralization have
resulted in young heifers reflecting maturity grades more representative of cattle over 30
months of age. This can result in substantial economic losses for producers since the
value of an A-maturity carcass is as much as $350/head greater than when an animal is
graded below a B-maturity. Despite the USDA change to allow use of dentition to assess
maturity, there are still losses with deduction costs associated with advanced maturity in
chronologically young beef cattle. In this study, we assessed eight candidate genes
known to play an important role in osteogenesis, for sequence variation linkage to
advanced maturity. We used targeted gene capture followed by sequencing for candidate
genes, in commercial cattle graded as A, B, and C maturity groups (N=90 heifers) but
confirmed to be under 30 months using records and dentition. We identified novel and
significant genetic sequence variations in association with maturity score within the
alkaline phosphatase (ALPL), estrogen receptor 1 (ESR1), estrogen receptor 2 (ESR2),
collagen type X alpha 1 (COL10AT1), and parathyroid hormone like protein (PTHLH).
This represents the first report of such associations with this phenotype and could lead to

opportunities to genetically screen beef cattle for susceptibility for early skeletal maturity.
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CHAPTER 1

Review of Literature
The United States Standards for Grades of Carcass Beef

The tentative standards for dressed beef grades were formulated in 1916 (USDA,
2017). These standards provided a uniform report to beef markets and were accepted
nationally in 1917. Throughout the following century amendments and changes were
added when necessary to the grade specifications. In August 1924 the “Market Classes
and Grades of Dressed Beef” was published (USDA, 2017). Finally, in 1927 these
standards were used for voluntary beef grading.

The official standards were amended in July 1939 to provide a single standard for
the grading and labeling of steer, heifer, and cow beef according to similar inherent
quality characteristics (USDA, 2017). In this amendment certain grade terms of
“Medium,” “Common,” and “Low Cutter” were changed to “Commercial,” “Utility,” and
Canner.” In April 1989, the official standards were revised to allow the official grade to
consist of the quality grade only, yield grade only, or a combination of both. No changes
were made in the actual yield grade or quality grade requirements. The change was made
to allow the industry greater flexibility in the use of the beef grading system in order to
provide consumers with the trimness levels desired (USDA, 2017). Currently, the 8
quality grades available for beef carcasses, in descending order are: Prime, Choice,
Select, Standard, Commercial, Utility, Cutter and Canner. To facilitate the application of
these principles, the standards recognize five different maturity groups. The five maturity

groups are identified in Figure 1.1 as A, B, C, D, and E in order of increasing maturity



(USDA, 2017). The quality grades of carcasses are determined based on the relationship

between maturity and marbling (Figure 1.1). Marbling scores are measured by the

amount of intramuscular fat located at the 12 and 13" rib interface of the ribeye. There
are nine levels of marbling utilized in the beef standards. These levels are abundant,
moderately abundant, slightly abundant, moderate, modest, small, slight, traces, and
practically devoid. When beef carcasses are presented for quality grading, USDA graders
examine visible indicators of physiological maturity (i.e., size and shape of the ribs and
ossification of the bones and cartilages along the vertebral column) which are used to
classify carcasses into maturity groups before the dentition amendment in 2017 (Tatum,
2011). Carcasses classified as A-maturity typically would qualify for the Prime, Choice,
Select, or Standard grades; those classified as B-maturity usually would grade Prime,
Choice, or Standard; and those classified as C-, D-, or E-maturity, if graded, would be
identified as Commercial, Utility, Cutter, or Canner (USDA, 2017). Animals that are 9-
30 months are potentially classified as A maturity. Animals 30-42 months are classified
as B maturity. Animals that are 42-72 months are C maturity and animals that are 72-96
months are classified as D maturity. Any animals older than 96 months are classified as E

maturity.

In April 2016 a petition was requested for an amendment to the beef standards.
With the increasing rates of cattle being under thirty months of age chronologically but
being graded as older in the B and C maturity range it has created an economic loss for
producers (Agricultural Marketing Service 2017). Lawrence and colleagues (2011),
conducted two studies to determine the relationship between the bone ossification

maturity system and the number of permanent incisors present at slaughter. Their studies



showed that animals with 2 adult incisors or less were under 30 months of age and that by
determining physiological maturity by dentition rather than the current method would be
more accurate in sorting carcasses in less variable age groups (Lawrence et al., 2011). A
study done in 2014 by Acheson and associates compared sensory properties of beef from
A maturity and B maturity carcasses produced by grain-finished steers and heifers
classified as less than 30 months old at the time of slaughter using dentition. The results
in that study showed no significant differences between A maturity and B-C maturity
carcasses and these no longer support the current grading concept of skeletal maturity.
This research played a supportive role in the USDA grading dentition amendment. This
amendment called for the use of dentition or documentation of chronological age to be
used when determining maturity grouping for quality grading in heifers and fed steers. In
further support of this legislation, Salove and Doumit (in preparation) determined that
there were no sensory attributes of beef associated with the B and C maturity carcasses
that were actually under 30 months as confirmed by dentition. In July 2017, the USDA
informed the public of the proposed changes that would occur in the revision of the beef
standards. This amendment stated that dentition and chronological age documentation as
means of determining maturity groupings, and thus eligibility for Prime, Choice, and
Select grade designations (Agricultural Marketing Service, 2017) Dental age is more
closely related to actual chronological age than is USDA physiological maturity (Raines
et al., 2008). On December 18, 2017, the new standards for age documentation and
dentition allowed additional methods of classifying maturity of carcasses presented to the
USDA for official quality grading (Agricultural Marketing Service, 2017). Cattle with 2

or fewer adult incisors are considered less than 30 months of age, whereas cattle with 3 or



more adult incisors are considered older than 30 months of age (National Cattlemen’s

Beef Association, 2015).

With these changes, determining the quality of lean in steers, heifers and cow
beef, the maturity of the carcasses is determined by one or all of 3 accepted methods: 1)
dentition, 2) age documentation, and/or 3) degree of bone ossification and color and
texture of the lean flash. One challenge is that within the US system, slaughter cattle
often are transferred from producer to packer without documentation of actual animal
ages (USDA, 2005). Correspondingly, carcass indicators of physiological maturity are
considered when assigning USDA quality grades to beef carcasses in an effort to reflect

age-related differences in beef tenderness (Tatum, 2011).

Physiological Maturity and Chronological Age

Physiological maturity refers to the physiological age of the animal rather than its
chronological age. Indicators of physiological maturity include bone ossification,
cartilage ossification, and the color/texture of muscle (Tatum, 2011). Cartilage and bone
ossification receive more emphasis when grading because color and texture can be
impacted by pre- and postmortem factors (Hale et al., 2013). When cartilage is being
evaluated for physiological maturity the cartilage in the vertebrae of the backbone is
assessed. The cartilage between and on the dorsal edges of the individual sacral and
lumbar vertebrae as well as the cartilage located on the dorsal surface of the spinous
processes of the thoracic vertebrae (USDA, 2017) The vertebral buttons are the most
prominent, softest and least ossified in the younger animals. As maturity proceeds from B

to E, more ossification becomes evident as the replacement of the soft cartilaginous



matrix is replaced with bone matrix (USDA, 2017). When carcass maturity score was
first implemented there was a consistent relationship with cartilage ossification and the
age of the animal since the ossification of the buttons began at 30 months of age (USDA,
2017). This relationship became less consistent with modern day cattle as the ossification
and overall animal maturity proceeded earlier than 30 months resulting in young animals

being classified as older maturity grades (Tatum, 2011).

Through the evaluation of size, shape, and ossification of the bones, carcasses can
be determined under or over thirty months of age during grading. The final quality grade
would be given with the adjustment factors from advanced skeletal maturity
characteristics (Agricultural Marketing Service, 2017). Ossification begins in the sacral
region of the vertebrae and as the animal ages, ossification progresses to the lumbar then
thoracic region of the vertebrae (Hale et al., 2013). As ossification progresses the sacral
region of the vertebrae will fuse. In beef cattle that are very advanced in maturity, there
will be no red color, and cartilage on the end of the vertebrae is entirely ossified (USDA,

2017).

It is well documented that estrogen plays an important role in skeletal ossification
(Tatum, 2011; Grumbach and Auchus, 1999; Weise et al., 2001). It is known that in
female mammals, estrogen is increased at puberty. Hence adolescent females of various
mammalian species exhibit more advanced skeletal maturity when compared with males
of the same age (Grumbach and Auchus, 1999). The estrogenic effects are mediated by
estrogen receptor expression directly within the tissues that comprise the growth plates,

since the female’s endogenous production of estrogens is greater than it is in males there



is a notable difference in the timing of osteogenesis between the sexes. Specifically,
skeletal maturity in heifers progresses at a much faster rate than steers, as a result, heifers
that are 16- to 27-months old were about seven times more likely to produce carcasses
with B-maturity skeletal characteristics and almost eleven times more likely to produce
carcasses with C-maturity or older skeletal characteristics than 16- to 27-month-old steers
(Tatum, 2011). Three direct physiological effects of estrogen are that it decreases the rate
of chondroblast proliferation, rate of chondrocyte maturation and hypertrophy while
accelerating the rate of osteoblast maturation (Weise et al., 2001). Given that ossification
involves the palisading replacement of a cartilaginous template to bony matrix via the
action of osteoblasts, the shift in the balance away from cartilage depositing chondrocytes
toward ossifying osteoblasts ultimately results in the scenario where no more cartilage

exists to ossify and the bony plate fuses (Weise et al., 2001).

Bone Ossification

Bones in different parts of the skeleton develop through two distinct processes,
intramembranous ossification and endochondral ossification. Intramembranous
ossification, which occurs in the flat bones of the skull, involves direct differentiation of
embryonic mesenchymal cells into osteoblasts to form the bone (Mackie et al., 2011).
Endochondral ossification is a type of bone formation where pre-existing hyaline
cartilage is ossified to bone (Mackie et al., 2011). Endochondral ossification is a complex
process, involving a carefully regulated changes in chondrocyte behavior that is
coordinated with the actions of blood vessels, osteoclasts and the other cells that are
brought with them (Mackie et al., 2008). This occurs at the epiphyseal plate in long bones

and during the process bone elongates. The bone shaft elongates between the epiphysis



and diaphysis (Hunziker et al., 1988). The important determinant of the growth rate in
the epiphyseal plate is the total number of proliferating chondrocytes (Hunziker et al.,
1988), which depends on the size of the active pool of chondroblast cells and the rate at

which these cells are proliferating (Karp et al., 2000).

In the limbs, where extensive growth is required for proximal—distal extension of
the long bones, endochondral development begins with the aggregation of
undifferentiated mesenchymal cells to form condensations, which by their position,
shape, and size already predetermine and provide structural scaffolding of the future
skeletal elements (Hinchcliffe and Johnson 1980). The initial stage of endochondral
ossification is the formation of the cartilage template during fetal development and
postnatal growth (Hinchcliffe and Johnson 1980). When it is time for the cartilage to be
replaced by bone, several ordered stages occur. The first stage of cartilage replacement
and bone formation is the resting zone. Within the resting zone the cartilage cells
(chondrocytes) are inactive and not undergoing any changes. The proliferation of
chondrocytes and deposition of the new matrix are both responsible for initial growth
of skeletal elements (Hunziker, 1988). The region where this occurs is accordingly
referred to as the proliferation zone. The chondroblast cells become active and begin
rapidly dividing, creating a zone of growth. Under the control of signaling by Indian
hedgehog (IHH), bone morphogenetic proteins (BMPs) and fibroblast growth factor 18, a
region of resting chondrocytes feeds into a zone of proliferating chondrocytes that then
undergo hypertrophy and subsequently apoptosis (Ortega et al., 2004). During
the hypertrophic zone, starting at the pre-hypertrophic chondrocytes within the middle of

the zone begin to undergo maturation, enlarging and signaling the secretion of the



extracellular matrix that then will enter the calcification zone, along with interacting with
other genes thus creating a signal for the surrounding matrix to calcify (Mackie et al.,
2011). Changes in the composition and properties of the cartilage matrix in the
hypertrophic zone, allow invasion by capillaries, accompanied by apoptosis of terminally
differentiated chondrocytes, degradation of the calcified cartilage matrix, and its
replacement by the trabecular bone matrix secreted by invading osteoblasts (St-Jacques et
al., 1999). Bone continues to form a palisading replacement of the cartilage until the

epiphyseal plate fuses.

The next stage is the calcification zone where the matrix becomes
mineralized. The matrix surrounding late hypertrophic chondrocytes is mineralized
through the deposition of hydroxyapatite (Mackie et al., 2007). Hydroxyapatite crystals
(composed primarily of calcium and phosphate) are deposited in the extracellular matrix
(Mackie et al., 2007). The matrix vesicles released by these cells contain a combination
of proteins including phosphate transporters, phosphatases and annexins and provide the
nucleation site for mineralization (Anderson, 1969; Kirsch et al. 1997; Kirsch, 2006). The
phosphatases PHOSPHO!1 and tissue non-specific alkaline phosphatase, both contribute
to mineralization of cartilage ECM (Mackie et al., 2011).

It has been noted that blood vessels appear to precede osteoclasts as the first cells
that enter the lacunae recently vacated by dying hypertrophic chondrocytes (Mackie et
al., 2011). Osteoblasts then infiltrate the cartilage and replace it with bone tissue, forming
the bone trabeculae (Mackie et al., 2011). Changes in the composition and properties of
the cartilage matrix in the hypertrophic zone, allow invasion by capillaries, accompanied

by apoptosis of terminally differentiated chondrocytes, degradation of the calcified



cartilage matrix, and its replacement by the trabecular bone matrix secreted by invading
osteoblasts (St-Jacques et al., 1999). Continued deposition of cortical bone by the
periosteum (outer bone margins) leads to radial growth (St-Jacques et al., 1999). This
process will continue until the chondrocytes begin to go through atresia and

the plate will fuse. Finally, bone remodeling results from the combined activities of the
osteoclasts; bone resorbing cells of hematopoietic origin, and the mineral depositing
osteoblasts (Mackie et al., 2011). Coordinating each of these processes is critical in
determining the size, shape, rate of growth and mechanical properties of the bones (St-
Jacques et al., 1999). Collectively, these observations indicate that chondrocytes of the
growth plate release soluble factors that allow them to delicately control the behavior of
the invading vascular endothelial cells, osteoclasts and osteoblasts, which all have
important roles in transforming growth plate cartilage into dense hard bone tissue
(Mackie et al., 2011).

When the rate of ossification surpasses the rate of chondrocytes replacement this
ultimately leads to the disappearance of the growth plate cartilage also known as
epiphyseal fusion to yield a remnant as the epiphyseal line (Mackie et al., 2011). Once
the plate becomes the epiphyseal line no more growth can occur via endochondral
ossification and the bone has reached its terminal length (Mackie et al., 2011). Bone
growth is a polygenic trait meaning many different genes impact it and we selected
specific genes that influence this process as our target genes. These genes and their

specific roles are reviewed in latter sections of this chapter.
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Growth Implants

Anabolic implants, which are used routinely in conventional U.S. beef production
systems to improve growth rate and feed conversion in growing/finishing steers and
heifers, have been shown to accelerate skeletal maturation in cattle (Tatum, 2011). The
primary active ingredient in commercially available implants is either, estrogen, an
androgen or a combination of both. Implants that contain zeranol or estradiol (either
alone or in combination with Trenbolone acetate (TBA)) all have been found to increase
skeletal maturity (Turner et al., 1981; Vanderwert et al., 1985; Apple et al., 1991; Foutz
et al., 1997; Reiling and Johnson, 2003). The rate of skeletal maturation is dependent on
the dose and frequency of an implant given before harvest. Tatum (2011) and Reiling and
colleagues (2003) showed that among cattle harvested at 21 to 27 months of age,
implanting greatly increases the risk of an animal producing a B-maturity or more

advanced maturity carcass, especially in heifers.

Maturity in Livestock

Genetic selection for early puberty and growth traits may have also led to the
increase in bone ossification leading to animals maturating at a faster rate and increasing
the incidence of advanced maturity. This has become a rising occurrence in the last
twenty years. More carcasses are being evaluated at an advanced maturity compared to
the animals chronological age (Tatum, 2011). This led to economic losses to producers
and the petition to add dentition as a form of identification for age in steers and heifers
(USDA 2017). However, despite this amendment to the USDA grading system, animals

are still undergoing accelerated ossification and creating a loss to producers when age
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cannot be verified. With the increase of 15% in processed heifers being graded at a lower
maturity based on skeletal ossification (Moore et al., 2012), the identification of the
causes of advanced maturity could lead to opportunities in the industry to adapt to this

trend.

Candidate Genes

While many of these candidate genes have multiple functions, the purpose of the
subsequent brief review is to outline their specific roles in the growth, formation and
maturation of skeletal tissue especially as it pertains to mineralized bone. Figure 1.2 gives
a brief overview and summary of each of the candidate genes selected and how they are
involved in endochondral ossification.
Growth Hormone

Growth hormone (GH1) is located on chromosome 19 in the Bos taurus genome.
This protein-coding gene is at 48,768,617 bp - 48,772,049 bp with the cognate protein
also referred to as growth hormone (NCBI, 2019). It is released from the pituitary gland
and is controlled by the hypothalamus. This gene has been known for many years to be
an important regulator of longitudinal bone growth (Nilsson et al., 2005). Growth
hormone enhances the anabolic responsiveness of the growth plate and stimulates the
expansion of the chondrocyte progenitor cells (Nilsson et al., 2005). It also stimulates
alkaline phosphatase and collagen X expression, both of which play important roles in
osteogenesis. Briefly, when GH is released into the systemic circulation, it triggers bone
deposition and can accelerate its rate of accretion (Olney et al., 2003). Another function

of GH is that it stimulates the chondrocyte progenitor cells determining the mature size
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and it also stimulates the beginning of the cartilage templates (Olney et al., 2003).
Ultimately, GH triggers and accelerates bone deposition while stimulating cell
proliferation at growth plates and will therefore increase the terminal or penultimate size
and length of long bones (Nilsson et al., 2005). Long bone growth primarily occurs at the
epiphyseal growth plates and is the result of the proliferation and differentiation of
chondrocytes. GHI has direct effects on these chondrocytes, but primarily regulates this
function through a specific autocrine and paracrine action of IGF-I, which stimulates the
proliferation of and matrix production by the chondrocytes (Olney et al., 2003). With
greater deposition of cartilaginous template, greater extension of the bone tissue can
occur. Notably and unsurprisingly, the absence of GH/ results in a reduced rate of bone
remodeling and a gradual loss of bone mineral density also GH1 deficiency severely
limits bone growth and hence the accumulation of bone mass (Olney et al., 2003), and is
one direct cause of dwarfism. Since GH is also an important mediator of skeletal muscle
growth it is likely that as cattle have been selected for enhanced lean growth that variants

in the GH gene have been at least one component of this production driven selection.

Indian Hedgehog

Indian hedgehog (IHH) is located 107,722,665bp-107,728,939bp on chromosome
2 in the Bos taurus genome (NCBI, 2019). Indian hedgehog signaling from pre-
hypertrophic chondrocytes has been implicated in the control of chondrocyte maturation
through the feedback control of a second secreted factor parathyroid hormone-
related peptide (PTHrP) creating a feedback loop influencing the zone of growth (St-

Jacques et al., 1999). During maturation, expression of Indian hedgehog becomes
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progressively restricted to post mitotic pre-hypertrophic chondrocytes adjacent to

the PTH/PTHrP-R (another candidate) expressing proliferative zones (Bitgood et
al.,1995). The Indian Hedgehog signaling pathway plays a pivotal role in coordinating
several different cellular processes, which are essential for morphogenesis of the
vertebrate skeleton (Bitgood et al.,1995). Indian hedgehog plays an important role in
osteoblast development (Minina et al., 2002). Indian hedgehog is produced by pre-
hypertrophic chondrocytes, promotes proliferation of the adjacent chondrocytes and
additionally induces the expression of several bone morphogenic genes (BMPs) in the
perichondrium and in the proliferating chondrocytes (Minina et al., 2002). Therefore,
IHH can increase bone growth and reduce epiphyseal plate closure by stimulating rapid
and continuous cartilage deposition, ultimately resulting in longer terminal length and
later or delayed maturation (Minina et al., 2001). Mineralization of matrix vesicles and
cartilage matrix is dependent on alkaline phosphatase activity, as demonstrated by results
obtained from tissue non-specific alkaline phosphatase (TNAP)-deficient mice (Anderson
et al., 2004, Fedde et al., 1999). When pre-hypertrophic chondrocytes fully differentiate
into hypertrophic chondrocytes, they no longer express /HH. Consequently, the negative
feedback mechanism is attenuated, and new chondrocytes are allowed to initiate the
differentiation process (Vortkamp et al., 1996). A mutation in this gene can lead to

bone malformation and stunting of bone growth. In a study by St-Jacques and colleagues
(1999) analysis of an /A null mutant in mice suggests a more extensive role for /44 in
skeletal development. Mutants’ display markedly reduced chondrocyte proliferation,
maturation of chondrocytes at inappropriate position, and a failure of osteoblast

development in endochondral bones (Vortkamp et al., 1996). Together, the results in this
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study suggest a model in which /HH coordinates diverse aspects of skeletal
morphogenesis through PTHrP-dependent and independent processes (St-Jacques et al.
1999). This makes /HH an important candidate gene to evaluate in the context of our

bone maturation study.

Estrogen Receptor 1

Estrogen receptor 1 (ESRI) is found on autosomal chromosome 9 in the Bos
taurus genome. It is located between 89,969,586bp-90,255,801bp and is a protein coding
gene (NCBI, 2019). The cognate protein for this gene is accordingly named estrogen
receptor 1, and it is a cytosolic receptor. In heifers, it is well documented (Grumbach,
1999), (Tatum, 2011) and (Weise et al., 2001) that estrogen increases the rate of skeletal
ossification. Estrogen decreases the rate of chondroblast duplication, accelerates
chondrocytes maturation and hypertrophy while further accelerating the rate of
osteoblasts activity until there is no more cartilage to ossify and the plate fuses (Weise et
al., 2001). Previous reports suggest that estrogen accelerates growth plate ossification by
stimulating vascular and bone cell invasion of the growth plate cartilage, causing
ossification to advance beyond the hypertrophic zone into the proliferative and resting
zones (Weise et al., 2001). Exogenous estrogenic implants also impact the total
circulating estrogen levels in implanted livestock (Tatum, 2011). Estrogen plays an
important role in the rate of closure of the epiphyseal plate, where in general higher
estrogen levels are associated with earlier closure and reduced mature size (Véddnianen and
Hirkonen., 1996). Since estrogen decreases the duplication and replenishment of the

chondrocytes, while accelerating the rate of osteoblast mediated mineralization estrogen
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increases the rate of ossification and fusion of the plate (Véddnénen et al., 1996). Changes
to the structure of the estrogen receptors could change an animal’s affinity and
responsiveness to both endogenous and exogenous estrogen. This receptor is an important
candidate gene target for this study and may help explain how selection for early

reproductive maturity may have inadvertently accentuated the early maturation of bone.

Estrogen Receptor 2

Estrogen receptor 2 (ESR2) is a protein-coding gene located between
76,706,017bp-76,771,172bp on chromosome 10 of the Bos taurus genome (NCBI, 2019).
It is a member of the nuclear superfamily and shares similar structural characteristics of
ESRI. Upon ligand activation, ERs can regulate biological processes by divergent
pathways (Zhao et al., 2010). The so-called classical signaling occurs through direct
binding of ER dimers to estrogen-responsive elements (EREs) in the regulatory regions
of estrogen-responsive genes, followed by recruitment of co-regulators to the
transcription start site (Zhao et al., 2010). Since the cells within the epiphyseal growth
plate express both estrogen receptor 1 and 2, both genes were selected as candidates for
screening in this study. Similar, to the relationship of estrogen receptor 1 with
reproductive fitness selection in livestock, estrogen receptor 2 also has the potential for

inadvertent selection that impacts osteogenesis rates (Zhao et al., 2010).

Alkaline Phosphatase
Alkaline phosphatase (ALPL) is located on autosomal chromosome 2 in the Bos

taurus genome, the same chromosome as Indian hedgehog gene. ALPL gene is located at
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131,791,668bp-131,857,687bp (NCBI, 2019). This is a protein-coding gene that encodes
the functional cell surface enzyme; tissue non-specific alkaline phosphatase. ALPL is an
osteoblast differentiation marker and provides the inorganic phosphate essential for
mineralization of the extracellular matrix. ALPL interacts with collagen type X alpha 1
and establishes the conditions deposition of hydroxyapatite crystals representing the
mineralization stage of ossification. ALPL is expressed on the cell membrane of
hypertrophic chondrocytes, osteoblasts, and is also concentrated on the membranes of the
matrix vesicles budding from these cells (Orimo, 2010). Alkaline phosphatase contributes
to the inorganic phosphate in the matrix, without which the osteogenic process would not
transform the cartilaginous matrix to the trabecular matrix of bone (Millan, 2013). ALPL
controls the levels of calcium and phosphate deposition of the matrix. Mutations in the
alkaline phosphatase gene cause hypophosphatasia, a heritable form of rickets and
osteocalcin, caused by an arrest in the hydroxyapatite crystals onto the collagenous

extracellular matrix due to accumulation of extracellular inorganic pyrophosphate

(Millan, 2013).

Bone Morphogenetic Protein 2

Bone morphogenetic protein 2 (BMP?2) is located on autosomal chromosome 13
in the Bos taurus genome. This is a protein-coding gene and is mapped between
49,550,050bp-49,561,304bp (NCBI, 2019). BMP2 stimulates the production of bone by
inducing the formation of both cartilage and bone (Yoon et al., 2006). It influences the
rate of production of both hypertrophic chondrocytes and mature osteoblasts (Minina et

al., 2002). It has consistently been observed that BMP signaling supports proliferation of
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chondrocytes in growth cartilage (Minina et al., 2002; Yoon et al., 2006). The

bone morphogenetic protein 2 stimulates bone production by inducing the rate and
feedback of the cartilage template formation. It influences the hypertrophic chondrocytes
increasing the rapid cartilage deposition (Yu et al., 2010). The hypertrophic chondrocytes
no longer produce Indian hedgehog so there is a direct interaction between BMPs and
IHH. BMP is produced directly by chondrocytes and influences the expression of Indian
hedgehog creating a negative feedback loop (Yu et al., 2010). BMP and IHH signals act
in parallel to regulate the distinct zones of growth in the epiphyseal plate and the rate and
extent of chondrocyte proliferation (Minina et al., 2002). In addition, BMP signaling
modulates the expression level of /HH, thereby integrating the regulation of chondrocyte
proliferation and the onset of hypertrophic differentiation (Minina et al., 2002). Active
BMP receptors leads to enhanced expression of collagen type X, suggesting that BMP
signaling induce hypertrophy (Grimsrud et al., 1999, Grimsrud et al., 2001). By acting at
several stages of chondrocyte differentiation BMP signaling seems to physiologically
regulate the size of a skeletal element without disturbing the differentiation process
relative to developmental age (Minina et al., 2002). A slight increase of BMP signaling
would thus result in slightly larger bones, which would however develop at an unaltered
pace. Similarly, a slight decrease in BMP signaling would produce the reverse effect
leading to shorter bones, also without a change in the rate of development (Minina et al.,

2002).
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Parathyroid hormone like protein

Parathyroid hormone like protein (PTHLH) is located on autosomal chromosome
5 in the Bos taurus genome. This gene is most recently mapped to the region from
82,241,708bp-82,258,858bp on the forward strand and is a protein-coding gene (NCBI,
2019). It plays an important role in the regulation of calcium phosphate. It is secreted by
proliferating chondrocytes (Lanske et al. 1996). Parathyroid hormone like protein
enhances the activity of osteoblasts in favor of rapid mineralization. The parathyroid like
protein balances the activity of osteoblasts while also inducing the ossification relation to
bone deposition (Karaplis et al. 1994). Several lines of evidence indicate that the
signaling factor parathyroid hormone-related peptide (PTHrP) regulates the process of
chondrocyte maturation (Karaplis et al. 1994). Targeted inactivation of the genes
encoding either PTHrP or its receptor (parathyroid hormone/parathyroid hormone-related
peptide receptor, PTH/PTHrP-R) in the mouse, result in a lethal phenotype, a feature of
which is skeletal dysplasia characterized by premature maturation of chondrocytes
leading to excessive bone formation at birth (Karaplis et al. 1994; Lanske et al.
1996). Conversely, overexpression of PTHrP in chondrocytes leads to a delay in
chondrocyte maturation and bone formation such that mice are born with a completely
cartilaginous endochondral skeleton (Weir et al. 1996). PTH/PTHrP-R is expressed at
low levels throughout the region of immature chondrocytes and at highest levels in
mitotically active chondrocytes in the proliferative zone from where post
mitotic hypertrophic precursors emerge (Amizuka et al. 1996; Lee, 1996). This gene
works in balance with other candidate genes to determine or establish the relative rates of

cartilage template formation and ossification (Lee, 1996).
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Collagen Type X, alpha 1

Collagen Type X, alpha 1 (COL10A1) is a protein-coding gene on the forward
strand of chromosome 9. It is located between 34,961,718bp-34,994,278bp (NCBI,
2019). COLI10A1 is a short chain collagen that is expressed by the hypertrophic
chondrocytes during the hypertrophic stage of endochondral ossification as a primary
signal for the start of matrix ossification Leitinger and Kwan., 2006). It is a major
component in the matrix and provides direct scaffolding for the hydroxyapatite
crystals. The gene, collagen type 10, alpha 1 is important in the development and
formation of the tropocollagen released by the chondrocytes into the extracellular matrix
used in bone formation (Luckman et al., 2003). Collagen type X binds to chondrocytes
through integrin o2P1, but also through an interaction with DDR2 that leads to auto
phosphorylation of the receptor, suggesting that this protein may indeed exert effects on
intracellular signaling pathways in chondrocytes that ultimately influences their

physiological activity (Leitinger et al., 2006; Luckman et al., 2003).

Sarcomeric myosin heavy chain 2a

Sarcomeric myosin heavy chain 2a (MYH?2) is a protein coding gene and is
located on chromosome 19 between 30,137,767bp-30,165,109bp (NCBI, 2019). This
gene is important for the development and growth of skeletal muscle. Changes in this
gene could lead to changes of the properties in muscle. It belongs to a large family of
motor proteins that share the common feature of using ATP hydrolysis, energy

transduction and actin binding (Novotny et al., 2015). Muscle and bones have a strong
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association and create the musculoskeletal system that provides the framework for
structure and movement. Muscle and bone are proportionally matched in their functional
capacity and can change significantly when one is changed (Novotny et al., 2015).
Osteocytes in bone can sense the change in muscle pressure and thus stimulate bone
formation (Novotny et al., 2015). The communication between these two physiological
systems allow for the anabolic/catabolic modifications to bone and muscle to maintain
the constant relationship between function and structure of both tissues (Novotny et al.,

2015).

Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor (VEGF) is a member of the growth factor
family and encodes for a heparin-binding protein (NCBI 2019). This factor leads to the
migration and proliferation of vascular endothelial cells and essential for angiogenesis
(Tang et al. 2004). Any mutation to this gene can lead to abnormal embryonic blood
vessel formation. When upregulated this gene is known to progress tumor stage and
regulation (Tang et al. 2004). VEGF is located on chromosome 23, from position
17,255,515bp-17,270,515bp (NCBI, 2019). In research done by Tang et al. 2004, they
showed the importance of VEGF being an essential survivor factor for muscle capillaries

and when inefficient leads to apoptosis in skeletal muscle.

To address this issue of advanced maturity still occurring led to the project
proposal of solving the maturity score and carcass quality problem through targeted gene

analyses. The hypothesis for this project is that heifers with advanced physiological
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maturity have differences within genes that encode proteins involved in bone ossification.
During the process of selection for phenotypes of early maturity heifers has also impacted
the selection of corelated genetics that influences the rate of skeletal maturation resulting
in an increase in B-, and C-maturity heifers at harvest. Looking at genes that are involved
in bone growth in beef cattle could lead to the identification of changes in the genes
leading to the advanced ossification rates. In this project several genes were screened
through sequence analysis. The candidate genes are Growth hormone (GH), Indian
Hedgehog (IHH), Estrogen Receptor 1(ESR1), Estrogen Receptor 2 (ESR2), Alkaline
Phosphatase (4LPL), Bone Morphogenetic Protein 2 (BMP?2), Parathyroid Hormone like
Protein (PTHLH), Collagen type X Alpha 1 (COLXA1), Sarcomeric myosin heavy chain
2a (MYH?2), and Vascular Endothelial Growth Factor (VEGF).

This research project is geared towards identifying genetic variations that may
help producers with this issue by identifying a biological cause that can lead to the

potential of mitigating the financial loss associated with advance maturity.
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Chapter 2

Association Between Carcass Maturity Grade and Genes Involved in Bone Growth, in
Young Heifers

Abstract
Over the last several decades, there has been an increase in the number of heifers, under 30
months of age chronologically, categorized as B and C-maturity based upon skeletal maturity at
harvest (USDA statistics). The hypothesis for this project is that heifers with advanced
physiological maturity have differences within genes that encode proteins involved in
bone ossification. The genetic variance within genes that promote advanced rates of
ossification relating to bone growth and extracellular matrix mineralization have resulted
in young heifers reflecting maturity grades more representative of cattle over 30 months
of age. This can result in substantial economic losses for producers since the value of an
A-maturity carcass is as much as $350/head greater than when an animal is graded below
a B-maturity. Despite the USDA change to allow use of dentition to assess maturity, there
are still losses with deduction costs associated with advanced maturity in chronologically
young beef cattle. In this study, eight candidate genes known to play an important role in
osteogenesis, for sequence variation linkage to advanced maturity were investigated.
Targeted gene capture was used followed by sequencing for candidate genes, in
commercial cattle graded as A, B, and C maturity groups (N=90 heifers) but confirmed to
be under 30 months using records and dentition. Novel and significant genetic sequence
variations were identified in association with maturity score within the alkaline
phosphatase (ALPL), estrogen receptor 1 (ESR1), estrogen receptor 2 (ESR2), collagen

type X alpha 1 (COL10A1), parathyroid hormone like protein (PTHLH), and myosin
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heavy chain 2 (MYH 2). In ESR1, one of the most significant SNPs identified was located
at 9:901156650 with a p-value of 0.002668 with association to maturity grading This
represents the first report of this association and this observation could lead to
opportunities to genetically screen beef cattle for susceptibility to early maturity.

Key words: heifer, maturity, targeted gene capture, beef carcass, genetic polymorphism,

gene and trait study

Introduction
Conventionally raised steer and heifer carcasses under 30 months of age are
always graded within the A maturity category. Physiological maturity is classified into 5
different groups: A, B, C, D, and E being the oldest (USDA 2017). Carcass maturity is
determined by evaluating the size, shape, and ossification of the bones and cartilages

along the split vertebral column of the carcass along with the color and texture of the lean

th
at the 12 rib interface (O’Connor et al., 2007). Currently for an animal to be considered

an A maturity, they must have two or fewer permanent incisors. Historically for an
animal to be considered an A maturity, they must have; (1) some evidence of cartilage in
all vertebrae, (2) distinct separation of the sacral vertebrae and caps that show
considerable evidence of cartilage, (3) caps on the lumbar vertebrae that tend to be
partially ossified, (4) no ossification of the thoracic vertebrae, (5) split vertebrae surfaces
that tend to be soft, porous, and red, (6) ribs that have some tendency toward flatness, and
(7) lean texture that is very fine, and lean that is light red in color (O’Connor et al., 2007).
However, in the last few decades there have been reports and studies revealing cattle that

are under 30 months of age chronologically have been graded and B and even C maturity
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carcasses. In research done by Tatum (2011) found that heifers under 30 months of age
were 7 times more likely to produce B maturity carcasses and 11 times more likely to
produce C maturity or older carcasses.

Until modification to the USDA-AMS grading standards to allow dentition in
2017, physiological maturity was used to determine quality grade via carcass maturity.
Despite the modifications for allowing dentition to be utilized to determine quality grade
there is still an economic loss associated with cattle graded over 30 months of age and
falling below the A maturity category (AMS, 2017). In 2017 before the dentition
amendment, carcasses with a quality grade of Standard had a $36.00 per hundredweight
discount, while carcasses C maturity or older receives a $39.00 per hundredweight
discount compared to choice carcasses (USDA, 2017). This created an economic loss for
producers with heifers having a lower maturity due to skeletal maturity. The current
research was conducted to determine if genes impacting osteogenesis accelerated the
ossification rates in heifers from carcasses verified to be less than 30 months of age by

dentition.

Materials and Methods
Carcass Selection
Ninety beef heifer carcasses were selected on four days over a three-month period
from a commercial beef processing facility (Toppenish, WA) in late 2015 and early 2016.
The left side of the carcass was commercially evaluated for quality and yield grades. The
cattle selected were finished in feedlots in Canada and the western United States. Thirty

carcasses were selected within each physiological maturity category of A% — A *° (A), B
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0_B % (B), and C °°— C* (C). All carcasses were determined to be less than 30 months
of age by dentition, in accordance with USDA guidelines. Carcasses were selected to
ensure marbling scores between Small® (SM) to Modest ** (MT). The initial selection of
the carcasses was based on overall maturity scores form USDA graders and marbling

scores obtained from a USDA approved grading system instrument.

Sample Collection

The strip loin [Institutional Meat Purchase Specifications (IMPS) 180;
Longissimus thoracis (USDA, 2014) of the selected carcasses were used for collecting
ninety 5-g samples of skeletal muscle. Thirty samples were collected from A maturity
heifers, thirty from B maturity grade heifers and thirty from C maturity grade heifers. All
heifers were verified to be under 30 months of age using dentition. The muscle tissue was
stored in al5-milliliter (ml) conical tube, at -20 degrees Celsius (°C). DNA was extracted

from the stored samples, as per the subsequent outlined protocol.

DNA Extraction

One gram-wet weight from each frozen sample was taken and ground into a fine
powder using chilled mortar and pestles under liquid nitrogen to avoid thawing. Grinding
the tissue into a fine powder under liquid nitrogen allowed for more effective DNA
extraction while maintaining DNA integrity. The powdered muscle tissue was stored in
15- ml conical tubes and kept in the -20 °C freezers until needed. Genomic DNA was
extracted using a protocol by Gross Bellard and colleagues 1972 (Appendix A).
Powdered tissue was weighed out to 0.2 g wet weight and placed in a 15-millilier (ml)

conical tube. Digestion buffer (25mM of 100mM EDTA pH 8.0,100mM of 1M NaCl,
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0.5% of 10% SDS pH7.2, and 10mM of 1M Tris HCI pH 8.0.) and Qiagen proteinase K
(20mg/ml) were added to the tissue. Samples were briefly vortexed in a -Genie Mixer,
Scientific Industries, Inc., catalog #22456 to mix and incubated in a 50°C water bath
(Isotemp Water Bath, Fisher Scientific, catalog #16-460-5) for 12-18 hours. Following
incubation, 2.5 mL of 25:24:1 phenol/chloroform/isoamyl alcohol from Fisher’s was
added to each sample and centrifuged at 1700xg for 10 minutes in a Sorvall STI6R
centrifuge. The aqueous layer, with an approximate volume of 1.5 ml, was transferred to
anew 15 ml tube. An equal volume of 24:1 chloroform/isoamyl alcohol (Sigma) was
added to each sample, mixed, and then centrifuged again at 1700xg for 10 minutes. Once
again, the aqueous layer was transferred to a new conical tube. Half of the volume of the
aqueous layer of 7.5 M ammonium acetate was added to each sample. Chilled (-20
degrees Celsius) 100% ethanol was added at twice the volume of the remaining solution.
The tubes were inverted 20 times to mix and then placed in the freezer for an hour to
allow DNA precipitation. Samples were centrifuged in a Sorvall ST16R centrifuge at
1700xg for 2 minutes and repeated until a pellet was visible at the bottom of the tube.
The supernatant was carefully removed using a Gilson pipettor and discarded. Chilled (-
20 degrees Celsius) 70% ethanol (1mL) was added to the pellets to help precipitate any
DNA remaining on the wall of the tubes. Finally, the entire samples were centrifuged for
4 minutes at 1700xg. The ethanol was removed from the tubes, and pelleted DNA was
air-dried in the fume hood. After drying DNA samples for an hour, 500 pl of nuclease
free water (Ambion), was added to each sample and pipetted until DNA was in solution.
The solution was transferred to a 1.5-ml microcentrifuge tube and DNA was evaluated

for quality and quantity then stored at-20 °C freezer.
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DNA Integrity assessment

Double stranded DNA sample quality and quantity were assessed using a Nano Drop
1000 spectrophotometer (Thermo Fisher). Absorbance values were required to be above
1.8 for A260/A280 and A260/A230. The A260/A280-ratio value indicates purity of the
DNA and usually the value is around 1.8. The A260/A230-ratio value is for “pure”
nucleic acid and often higher than the actual A260/A280 values. The range for the
A260/A230 values needs to be between 2.0-2.2 otherwise any lower indicated
contaminants. If the values for the extracted DNA were lower than the standards a repeat
DNA extraction for the failed sample was completed. Once the DNA quality was
confirmed for all 90 samples, they were transferred at a fixed concentration (100 ng of
DNA (10ul of 10ng/ul) into individual wells of a 96 well plate and delivered to the
University of Idaho Genomics core for cDNA library preparation, RNA bait set sequence

capture and targeted DNA sequencing.

RNA Bait Set Design

Gene locations and sequences for each of the candidate genes and controls were
obtained from the NCBI- database, including upstream and downstream sequence
information. RNA bait sets were designed utilizing the candidate gene sequences that
were complimentary to the sense strand. The sequences of both upstream and
downstream regions of the genes were included in the bait set design to extend the
pulldown and the evaluation of the candidate genes outside of the coding region. The bait

sets themselves are complimentary RNA specific sequences for the targeted genes. This
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allowed for effective RNA bait-set capture pull down of the entire region of DNA
associated with the target genes. The bait sets allowed for specific capture of the genes
selected so that the sequencing was focused on specific targets, thus more effectively
evaluate the target genes versus the entire genome. The advantage of using RNA bait-sets
was their high binding affinity (target efficiency) as well as the ability to selectively
digest the bait sets following DNA capture and prior to sequencing so that all of the reads
were from the original DNA sources. This experiment represents the first time the
University of Idaho has used RNA bait set capture for targeted sequencing. Bait-sets were
generated that would span some previously reported bovine single nucleotide
polymorphisms to serve as landmarks for successful pulldown, this is discussed further in
the results section.

The SNPs were selected from the following sources:

1) The ~2900 SNPs from the Illumina Bovine3K Genotyping BeadChip
downloaded from
http://bioinformatics.tecnoparco.org/SNPchimp/index.php/download/download-cow-
data;

2) The 7,931 SNPs from the [llumina BovineLLD v2.0 set:
https://www.illumina.com/products/by-type/microarray-kits/bovineld.html; downloaded
from http://bioinformatics.tecnoparco.org/SNPchimp/index.php/download/download-
cow-data;

3) The ISAG Cattle Molecular Markers and Parentage Testing set "ISAG cattle

core + additional SNP panel 2013"; downloaded from
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https://www.isag.us/committees.asp?autotry=true&ULnotkn=true;
https://www.isag.us/Docs/Cattle-SNP-ISAG-core-additional-panel-2013.xIsx.

All three lists were uploaded into the statistical program “R”, and duplicates were
removed. Seventeen targeted genes were selected based on their functions and were
predicted to related to beef carcass maturity (Table 2.1). The list of SNP loci and targeted
gene loci were provided to MYcroarray. MY croarray generated several sets of targets
based on stringency of multiple mapping through MYbaits design pipeline. The least
stringently filtered set was chosen to ensure the maximum capture while still retaining
specificity. SNPs were tiled at 1x (1 probe per SNP). Gene regions were tiled at 2x
(meaning that all regions were covered by 2 overlapping capture baits). The set of
targeted probes were synthesized by MY croarray and used by the IBEST Genomics
Resources Core at the University of Idaho to capture shotgun libraries prior to sequencing

on the MiSeq.

Targeted Sequence Capture

Single nucleotide polymorphisms (SNPs) were extracted from the bosTau8
genome at 120 bp lengths from 2875 unique locations. In addition, 17 larger non-SNP
target loci were also extracted from the bosTau8 genome with a total target length of
1,293,110bp. Stretches of 10 or fewer unknown nucleotides (N) were replaced with T’s.
120nt baits with 2x~ tiling density were designed; 120bp regions would have only 1 bait
= 18,220 unfiltered baits. Each bait candidate was “BLASTed” against the bosTau8
genome and a hybridization melting temperature (Tm) was estimated for each hit

assuming standard MYbaits® buffers and conditions. Only the top 1000 hits are
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considered; hits >1000 are ignored because they are non-specific regions. This allowed
for the capture of only the targeted DNA regions. The biotinylated RNA library baits
were mixed with the genomic samples and a hybridization (HYB) buffer then incubated
to allow for the hybridization. Streptavidin coated magnetic beads were added to the mix.
These beads bind the RNA baits that have captured the targeted gene regions. Using a
magnetic pull, the bound RNA sets were separated from any unbound DNA fragments,
this was the targeted bead capture step. Following capture, the magnetic beads were
washed away, and the RNA bait sets were digested leaving only the desired specific
DNA segments. The DNA segments were then amplified for high-throughput sequencing.
Using Nextera Libraries with Mybaits is how the libraries were generated and used a V3

2x300 MiSeq run to generate the sequences.

Gene Alignment

From the ninety sequenced samples, data was received as fastq.gz files with
sequence data. The files were downloaded and imported into Qiagen’s CLC genomics
workbench version 11.0 lab then realigned to Bos_taurus UMD 3.1.1 primary assembly.
Of the 90 DNA samples sent, eight had very poor capture yield and sequencing quality
and were therefore excluded from further analysis. With the loss of eight animals the
final experimental animal data set was comprised of twenty-seven A maturity, twenty-
eight B maturity, and twenty-seven C maturity. A workflow was created that aligned the
samples to the most recent Bovine reference genome (Bos_taurus UMD 3.1.1), read the
tracks mapped, called insertion/deletions (indels) and structural variants, performed local

alignment, fixed ploidy variant detection, filtered against known variants, and generated
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statistical analysis for target regions (Figure 2.1). After alignment for all samples to the
reference genome, any variations or changes within the sample sequences from the
reference were highlighted. The aligned sequences were then saved as “VCF files” and

exported.

SNP Variation Calling

Using SNP & Variation Suite v8 (SVS) from Golden Helix, the VCF files were
imported in as individual samples, the fields G_T (genotypes), AD (allelic depth), DP
(read depth), ref/alt (reference/alternate), and QUAL (quality) were selected to be
included in the spreadsheets created, once imported. This yielded a spreadsheet including
all 82 samples and the thousands of SNPs, indels, deletions, and insertions called between
all the samples (Figure 2.2). The spreadsheet was broken down by bovine autosomal
chromosomes 2, 5, 9, 10, 13, 19; where the genes of interest resided. Variants called with
a minor allele frequency (MAF) less than 0.05 were filtered out of the spreadsheet. Next
all insertions and indels were removed that did not meet the read stringency and therefore
had a low confidence level. Subsequently, the isolated each gene regions within the
chromosomes on the spreadsheet. The next criterion was a minimal read depth of 10
reads if homozygous for the reference and 15minimum read depth for heterozygous to be
considered true. Read depth was evaluated by manual scrutiny of the specific sequences,
of every SNP, at each location, for every sample to determine the accurate genotype (If I
may editorialize; “time consuming human labor”). If less than the required number of
reads for a SNP, of any one of the samples was detected, it was marked as “missing data”

and removed from further analyses. If more than 17 of the 82 samples (20%) have
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missing data, in a particular SNP, then it was removed from the spreadsheet since the
confidence in the SNP called was less than 80%. Having completed the initial evaluation
of all the SNPs for each gene, another spreadsheet with the maturity (phenotype) for each
sample was merged to yield a finalized spreadsheet. More specifically, this determined in
what manner the called significant polymorphism was associated with the maturity trait.
For instance, it was tested for either basic or recessive association, as well as with the A
versus B versus C maturity phenotype or the A versus B and C combined maturity
phenotype. The phenotype column was then highlighted as the categorical column, which
allowed for genotype association tests to be run, identifying significant trait associated
SNPs. There are 5 genotype association tests that can be run: the basic allelic test,
genotypic test, additive model, dominant model and recessive model. These tests will be

described in further detail in a forthcoming section of this thesis.

GATK Variant Calling

The raw reads were cleaned using HTStream (https://github.com/ibest/HTStream)
to remove the duplicated reads, trim adapter sequences and low-quality ends. Clean reads
were again mapped to the reference bovine genome (Bos_taurus UMD?3.1.1/bosTau8)
with BWA version 0.7.17 (Li and Durbin, 2009) using default parameters and further
processed with SAMtools (version 1.5). The variant calling was performed by GATK
version 4.0.2.0 (McKenna A et al., 2010) HaplotypeCaller at the designed genomic
intervals. GATK generate 32,252 SNPs in total. The SNPs from eight underperforming
samples (S5, S19, S20, S53, S59, S68, S85, S87) were removed. Then the SNPs were

filtered through two steps: Firstly, all the SNPs with the missing data is greater than 20%
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and MAF less than 5% were removed. After filtration, 11,259 SNPs remained. Secondly,
at each genotype, only the SNPs with DP (sequence depth) that is equal or greater than 10
were retained. Otherwise, the genotype was treated as missing data. Then SNPs with the
missing data (>20%) and MAF (<5%) were removed. After filtration, 575 SNPs
remained. This analysis was only used for the GWAS portion of this study. The rest of
the analysis on the candidate genes was done using the SNP & Variation Suite v8 (SVS)

from Golden Helix.

BLINK (Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway)

A total of 11,259 SNPs with a MAF greater than 0.05 and marker call rate greater
than 80% were used to carry out the Genome Wide Association Study (GWAS).
Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway (BLINK)
(Huang et al, 2017) performed the GWAS. The SNP set was used to calculate the genetic
covariance matrixes from genotypes by the R/Bioconductor package SNPRelate (Zheng
et al., 2012). The phenotype file, genotype file and covariance were provided to

BLINKC (https://github.com/Menggg/BLINK) to conduct GWAS analysis.

Statistical and Bioinformatics analysis

Five different genotype association tests were used. The basic allelic test,
genotypic test, additive model, dominant model and recessive model test were run for
each gene to identify significant SNPs. The two phenotype sheets that were used in this
study were the 1v2v3 (A versus B versus C maturity) phenotype or the 1v2 (A versus B

and C combined maturity) phenotype. The 1v2v3 (A versus B versus C maturity)
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phenotype sheet was comparing the three maturities against each other to distinguish
SNPs that are leaning to one polar end of the maturities or the other. The 1v2 (A versus B
and C maturity) phenotype tested the desired maturity A against both of the less desirable
B and C maturity. Both phenotype sheets were paired with the final SNP list for each
gene then ran through either the basic allele association test or the recessive allele
association test. Having these two phenotype sheets allowed for a comparison of the
maturities (phenotypes) and allowed for better assessment of the SNPs and what maturity
they were associated with. For each test alleles can be classified based on reference or
alternate allele status as specified by a marker map field. This allows the association
testing of DNA-Sequence data where the reference alleles are known for variants and all
tests need to be in terms of the alternate allele(s) or alternate sequence. The reference
field should only contain information about the reference allele(s) or sequence (SVS
Golden Helix, 2018). The genotype association test requires datasets that contain
genotype data with either a case/control or quantitative traits. For the data ran, the
phenotype of A, B, C or A, BC was selected as the quantitative trait. Once selecting the
column going to the genotype tab and selecting genotype association test from the menu,
this “opens up” a window that allows for the model wanted and different parameters to be
selected. There are then 3 tabs within the test window, the association test parameters,
PCA parameters and the overall marker statistics tab. The association test parameters tab
contains all the parameters necessary for the association test plus options to select
principal components analysis for stratification corrections. The second tab, the PCA

parameters contain all the remaining parameters for PCA. The final tab, overall marker
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statistics contains the parameters for obtaining statistics that are independent of any
association test.

The case/control dependent variable that was selected for each test is the “classify
alleles by allele frequency”. Then the genetic model test and the different test statistics
can be selected. Also missing values and the multiple testing corrections can be selected
along with any additional outputs as seen in figure 2.3. On the overall marker statistics
tab, the options selected were call rates, number of alleles, allele frequencies, Hardy-
Weinberg Equilibrium (HWE) p-value, and genotype counts for the association study that
was ran as seen on figure 2.4. After running the genotype association test the results are
placed on an output spreadsheet. Each statistics method calculated, is presented in its own
column.

The first association test ran was the basic allele test. For the basic allelic test, the
genotypes dd, Dd, and DD are resolved into pairs of alleles dd, Dd, or DD. Both elements
of each genotype are considered to correspond to the same value of the dependent
variable. This test simply tests for the frequency of D v d. The associations with these

individual alleles are then tested.

The next test is the genotypic test. This test refers to comparing the genotypes dd,
Dd, and DD without regard to any “order” or allelic count or allelic pairing they might
have. This test can reveal associations without regard to any specific genotype model. No

associations are “hidden” because no model is assumed (SVS Golden Helix, 2018).

Under the additive model, testing is designed specifically to reveal associations,
which depends on the allele classification. If the alleles are classified according to allele

frequency then the associations depends on the minor allele-that is, where having two
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minor alleles (DD) rather than having no minor alleles (dd) is twice as likely to affect the
outcome in a certain direction as is having just one minor allele (Dd) rather than no minor
alleles (dd) (SVS Golden Helix, 2018). This model says the heterozygote is

approximately halfway between the ref and alt homozygous.

In the Dominant test, if the alleles are classified according to allele frequency then
this model specifically tests the association of having at least one minor allele D (either
Dd or DD) versus not having it at all (dd). If the alleles are classified according to
reference/alternate alleles then this model specifically tests the association of having at
least one alternate allele A (either Ar or AA) versus not having it at all (rr) (SVS Golden

Helix, 2018).

The final test that can be used is the recessive test. If the alleles are classified
according to allele frequency, then this model specifically tests for the association of
having the minor allele D as both alleles (DD) versus having at least one major allele d
(Dd or dd). If the alleles are classified according to reference/alternate alleles then this
model specifically tests the association of having the alternate allele A as both alleles

(AA) versus having at least one reference allele r (Ar or rr) (SVS Golden Helix, 2018).

Under each genotype association test there is also test statistics. One test statistic
available is the correlation/trend test. This test works best in the additive, dominant and
recessive models, but is not available for the genotype model. The correlation/ trend test
is the only test that is available when Principal Components Analysis (PCA) is used for
stratification correlation. This test will show the p-value for the dependent variable value
having any correlation with or trend that depends on the count value of the genotype

(SVS Golden Helix, 2018). In the additive model, the count of the minor allele D, which



44

is zero within genotype dd, one within genotype Dd, and two within genotype DD, where
d is the major allele. The dominant model, the count is one for genotypes DD and Dd and
zero for genotype dd. Finally, in the recessive model: The count is one for genotype DD
and zero for genotypes Dd and dd. The “Corr/Trend R” output from this test indicates the
effect direction. A positive direction means that a greater count of the minor or alternate
allele was present, versus the major or reference allele correlating with an increased
effect (SVS Golden Helix).

Another test that was used during the analysis is the F-Test. This test is available
for a quantitative dependent variable. It can be used in all genotype models except for the
additive model. This tests whether the distributions of the dependent variable within each
category are significantly different between the various categories of the predictor
variable (SVS Golden Helix, 2018). Any SNPs with a p-value <0.05 were declared

significant.

Linkage Disequilibrium

After identifying and creating the final spreadsheets for each candidate gene with
the polymorphisms that the researchers were confident in was ran through the linkage
disequilibrium (LD) test. Linkage disequilibrium looks at the non-random association of
alleles at multiple loci within a population and do not occur randomly with respect to
each other. Loci are said to be in linkage disequilibrium when the frequency of the
association of their different alleles is higher or lower than what is expected if the loci
were independent and randomly associated or distributed (Slatkin, 2008). The statistics

from this test can be ran as either R squared of D’. Within the LD plot areas that are
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shades of red are in different levels of LD whereas the areas in blue are not. This test
identifies what SNPs are in linkage disequilibrium and if they were in haplotype blocks
or not. Haplotype blocks show high levels of linkage disequilibrium and is a region in the
organism’s genome that there are low genetic recombination events. To compute
haplotype blocks, on the LD screen select marker block tab and select visible blocks in
the options then click run. The algorithm with produce the blocks in a black outlined
pentagon on the top of the LD plot. Once the block is created selecting on the block gives
details about it. Using the LD plot, researchers were able to determine what significant

SNPs were in LD with each other.

Results
The subsequent results section summarizes the phenotypically associated SNPs
identified in the candidate and control genes, within this research’s population of A-
maturity (n=27), B-maturity (n=28) and C-maturity (n=27) beef cattle. Though originally
collected tissue from 90 animals, 8 animals were excluded from analyses due to library or
related sequencing failure. Table 2.2 is a brief overview of the locations of candidate

genes selected in this project.

Significant variants within Alkaline Phosphatase
Alkaline phosphatase (ALPL) is located on autosomal chromosome 2 specifically
131,791,668bp-131,857,687bp in the Bos taurus genome (NCBI, 2019). This gene is

transcribed on the reverse strand and consists of 12 exons and 11 introns within the
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annotated gene coding sequence. ALPL is an osteoblast differentiation marker and
provides the inorganic phosphate essential for mineralization of the extracellular matrix.

Within the ALPL gene, thirty-three SNPs were reported that have sufficient read
depth and number of reads and from those SNPs three significant SNPs were identified
at positions 2:131,827,143, 2:131,837,201 and 2:131,837,038 in intron 1 on the A versus
BC phenotype sheet which can be observed in table 2.3. The SNP 2:131,837,201 is
significant (P=0.015), the SNP at 2:131,827,143 is significant (P= 0.014), and finally the
SNP at 2:131,837,038 has a p-value equal to 0.021 which can be observed in figure 2.5.

The SNP identified at 2:131,827,143 had an allele change from guanine (G) to
adenine (A) nucleotide. The major allele frequency relative to the SNP is shown in table
2.4. At this particular SNP the major allele is the same as the bovine reference allele G.
This means that the A maturity animals have more of the reference allele G within their
population whereas the B&C maturity animals have the alternate A nucleotide allele
within their population. This SNP has been reported on Ensembl previously however this
is the first reported association to the less desirable maturity phenotype.

There is a nucleotide change from the reference genomes version
Bos taurus UMD _3.1.1 that reports a thymine (T) to the alternate allele cytosine (C) at
position 2:131,837,201. In figure 2.6 researchers were able to capture an accurate
representation of the allele ratio between maturities at this particular SNP. In this figure it
shows calling of the alternate allele C alleles in the A maturity animals, a mix of C and T
in the B maturity animals and finally mostly the reference allele T in the C maturity
animals. Figure 2.6 shows an example Angus animal not from this study and its genotype

in comparison to those in this study and giving insight that at this particular location the
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SNP identified and linked to advanced maturity is out in the population. Within the A
maturity animals (n=27) there were thirteen animals with the T allele with 5 homozygous
T/T, 8 being heterozygous T/C, 8 being homozygous C/C and 6 having data missing. In
the combine B&C maturity animals (n=55) 20 homozygous T/T, 20 being heterozygous
T/C, 6 being homozygous C/C and 9 having data missing so unable to call. The major
allele frequency relative to the SNP is shown in table 2.4. When looking at the different
maturities, it was clear that the B and C maturity had more of the T allele called similar to
the bovine reference genome animal, whereas the A maturity animals have more of the
alternate C allele called at this locus, in the study population. This is a novel discovery as
it’s the first ever report of a specific nucleotide variation in this gene linked to the quality
trait of carcass maturity.

The final SNP identified within the ALPL gene is located at 2:131,837,038. At
this position there is an allele change from the reference genome adenine (A) to the
alternate guanine (G) nucleotide. At this SNP the major allele is the reference allele A.
The less desired maturity phenotype B&C tended to have more of the reference allele A
within its population. The A maturity animals had more of the alternate allele G within its
population. This demonstrates that the more desired A maturity actually had the alternate
allele as compared to the less desired maturities, at this specific locus. This is another
SNP that had been previously identified but was not previously linked to the advanced
maturity phenotype.

There were no significant SNPs identified within the recessive test with the A
versus BC phenotype sheet. Also, no significant SNPs were identified with the A versus

B versus C phenotype sheet on either the basic allele or recessive association test. No
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SNPs were identified using the Genomic Analysis ToolKit (GATK) variant calling.
GATK is an industry standard used for identifying SNPs and other polymorphisms in
DNA and RNAseq data. This analysis was used to identify possible SNPs that were
missed when using the SVS software and possibly excluded due to type 1 error. The
software also allowed the researchers to run an GWAS study across the animal
population.

While the polymorphisms that were reported had all been previously reported on
Ensembl, this study is the first to link them to the economically important trait of
advanced maturity phenotype. Given the role of alkaline phosphatase in ossification, the
discovery of an association of these SNPs with an increased rate of bone deposition

(skeletal maturity), this discovery has physiological merit.

Significant variants within Parathyroid Hormone like Protein

Parathyroid hormone like protein (PTHLH) is located on autosomal chromosome
5 in the Bos taurus genome. This gene is most recently mapped to the region from
82,241,708bp-82,258,858bp on the forward strand and is a protein-coding gene (NCBI,
2019). This gene has 2 transcripts, so depending on which transcript is being read it either
has 3 or 4 introns and 4 or 5 exons (NCBI, 2019). The parathyroid like protein balances
the activity of osteoblasts while also inducing the ossification relation to bone deposition
(Karaplis et al. 1994). Within the PTHLH gene there were 23 SNPs in the final dataset
after excluding SNPs that failed to meet the minimum stringency requirements. After
phenotypic association analyses only one polymorphism was identified as significant

within this gene. The variant detected is located at 5:82,249,219 in int ron 3 and is a
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deletion of the reference (Bos_taurus UMD 3.1.1) alleles CC. The p-value of the
deletion is 0.045 and was identified with the A versus BC maturity phenotype
comparison on the basic allele association test. The major allele is CC with the minor
allele being a deletion of this cytosine repeat. The A maturity animals had more of the
reference allele compared to the B&C maturity animals. The less desirable maturities of
B and C had the alternate allele containing the deletion.

There were no significant SNPs identified within the A versus B versus C
maturity phenotype in either the basic allele or recessive association test or in the A
versus BC phenotype within the recessive association test in the sampled heifers. Using
the GATK variant calling, a single SNP was identified within PTHLH in intron 3. This
SNP was located at 5:82,248,608 and has a p-value of 0.0379. The reference
(Bos_taurus UMD 3.1.1) allele is cytosine (C) and the alternate being a thymine (T).
The major allele is the reference allele. The A maturity animals had more of the reference
allele C compared to the B and C maturities. The location of the SNPS within the PTHLH
gene can be observed in figure 2.7 which shows the location and p-value of each SNP.
All significant SNPs identified have been previously reported on Ensembl but were not
yet linked to the advanced maturity phenotype. Therefore, it was observed that the
following SNP located at 5:82,249,219 is associated with maturity grade in young cattle
with A-maturity having the reference allele CC and B and C maturity more commonly
having the alternate deletion. The following SNP 5:82,248,608 is associated with A
maturity animals having the reference allele C and the less desirable maturities B and C

having the alternate allele T.
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Significant variants within Estrogen Receptor 1

Estrogen receptor 1 (ESRI) is located on autosomal chromosome 9 in the Bos
taurus genome. It is located on the forward strand between 89,969,586bp-90,255,801bp
and is a protein coding gene (NCBI, 2019). In heifers and steers, it is known that
estrogen increases the rate of skeletal ossification. Estrogen decreases the rate of
chondroblast duplication, accelerates chondrocyte maturation and hypertrophy while
further accelerating the rate of osteoblast activity until there is no more cartilage to ossify
and the plate fuses. This gene contains the most called SNPs of all of the candidate genes,
this is at least partially explained by the large gene size but may also be indicative of
variation in this gene and its relationship with the animal’s phenotype. Within the ESR1
gene (AKA ERI, estrogen receptor a), 310 SNPs were identified before being run
through genetic association analysis tests with one of the two phenotype sheets either 1v2
(A versus B and C maturity) phenotype or 1v2v3 (A versus B versus C maturity)
phenotype. Out of the 310 SNPs, forty-seven SNPs were identified as significant after
analyzing the 310 SNP for the various association tests with the two phenotype data sets.
Twenty-four of the significant SNPs were identified with the A versus B versus C
phenotype comparison on the basic allele association test. Ten SNPs were identified with
the A versus B versus C phenotype on the recessive association test. Twelve significant
SNPs were identified on the basic allele association test with the 1v2 (A versus B&C)

phenotype. With the recessive association test one SNPs were identified as significant
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with the 1v2 (A versus B&C) phenotype. The SNPs location, p-value, test found in are as
shown in table 2.5.

One of the most significant SNPs identified was at position 9:90,115,650 within
intron nine has an allele change from guanine (G) to adenine (A) with a p-value equal to
0.002. This SNP was identified on the basic allele association test with the A versus B
versus C phenotype sheet. The major allele at this position was the reference and after
calculation the major allele frequency was highest in the A maturity animals compared to
the B maturity and C maturity animals. The C maturity animals have more of the
alternate allele within its population (see table 2.6). This SNP 9:90,115,650 is also in
linkage disequilibrium with three other significant SNPs 9:90,115,988, 9:90,116,049, and
9:90,116,111. These three SNPs were identified on the recessive association test with the
A maturity versus B maturity versus C maturity phenotype sheet (see table 2.7). The SNP
9:90,115,988 has an allele change of the reference (Bos_taurus UMD 3.1.1) T to the
alternate C with a p-value of 0.006 and the trend being that more of the reference T is
identified in the A maturity animals whereas more of the alternate C is identified within
the C maturity. At the position 9:90,116,049 there is an allele change from the reference
A to the alternate C. The p-value for this SNP is 0.005 with more of the reference allele
being in the C maturity animals whereas more of the alternate allele is in the A maturity
population. Finally, the SNP 9:90,116,111 has the allele change of the reference T to the
alternate A with the p-value being 0.014 and the trend being more of the reference allele
within the C maturity animals whereas the A maturity animals have more of the alternate
within them. In addition, 9:90,116,049 and 9:90,116,111 are in the haplotype block 12

within the estrogen receptor 1 gene meaning that within the ESR1 gene that those areas
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within the different haplotype blocks are in high levels of linkage disequilibrium (LD). In
figure 2.8 the entire linkage disequilibrium map for ESR1 is shown. This figure also
reveals all the different haplotype blocks found within this gene and the levels of LD
each SNP has with others based on color. Specifically, with this figure the researchers
focused on identifying which of the significant SNPs found were in LD with each other
so that in future research genetic tests could be created.

Another highly significant SNP identified during this association study is located
at 9:90,180,362. This SNP was discovered with the basic allele association test with the
phenotype sheet A versus B versus C maturity. It is located in intron 9 with an allele
change from the reference (Bos taurus UMD 3.1.1) C to the alternate T and a
significant p-value of 0.003. After assessing the major allele frequency for this SNP, it
was identified that the A maturity animals have more of the reference allele within their
population while the C maturity animals has more of the alternate within their population.
Furthermore, this SNP is in linkage disequilibrium according to the D’ value of 0.89 with
another significant SNP 9:90,178,812. The SNP 9:90,178,812 was also identified with the
basic allele association test with the A versus B versus C maturity phenotype sheet. It has
a significant p-value of 0.012 with an allele change from the reference
(Bos_taurus UMD 3.1.1) A to the alternate G. After calculating the major allele
frequency, the trend found was that more animals within the C maturity group had the
reference/major allele whereas animals within the A maturity have more of the alternate
allele within the group.

The third most significant SNP identified within the basic allele association test

with the A maturity versus B maturity versus C maturity phenotype sheet is located at
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position 9:90,097,671 in intron 9 with an allele change of a G to an A and the p-value of
0.003. At this SNP it is observed that the C maturity animals and more of the reference
(Bos_taurus UMD 3.1.1) G allele within its group while the A maturity animals have
more of the alternate allele A in its population. This particular SNP is in linkage
disequilibrium with three significant other SNPs; 9:90,097,772, 9:90,098,969, and
9:90,103,219. All these SNPs are located within intron 9. The SNPs 9:90,097,671 and
9:90,097,772 are both in haplotype block 6 within the ESR1 gene. Both SNPs
9:90,097,772 and 9:90,103,219 were also identified within the basic allele association test
with the A maturity versus B maturity versus C maturity phenotype sheet. The SNP
9:90,098,969 was identified within the basic association test with the A maturity versus
the B&C maturity combined phenotype sheet. The rest of the significant SNPs identified
with the basic allele association test can be viewed on table 2.6. This table identifies the
major allele for each SNP, the major allele frequency and the association trend for
maturity grade with each SNP.

On the recessive association test with the A versus B versus C maturity phenotype
out of the ten SNPs identified three were highly significant. The most significant
identified was found at the location 9:90015095 in intron 7 with an allele change from the
reference allele C to the alternate allele T. Its p-value is 0.003 and this particular SNP is
associated with seeing more of the reference allele C in the A maturity animals whereas
the C maturity animals have more of the alternate allele T in their group. The next most
significant polymorphism identified is located at 9:90116049 in intron 9 with an allele
change from the reference A to the alternate C with a significant p-value of 0.005. After

calculating the MAF for this particular SNP the report is that the C maturity animals have
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more of the reference allele A within the group whereas the animals in the A maturity
group have more of the reference allele C within their group. What is also important
about this SNP is that it is in haplotype block 12 in ESR 1 gene with another significant
SNP identified, 9:90116111 and it is in high linkage disequilibrium with that SNP at
0.85. This likely means that a genetic test designed for one of these SNPs may validate
across a population given that these two SNPs segregate together. The SNP9:90116049 is
also in linkage disequilibrium at 0.76 with another polymorphism identified 9:90115988
which is also the third most significant SNP identified on the recessive test with the A
versus B versus C maturity phenotype. The SNP 9:90115988 is located within intron 9
with a p-value of 0.006 and the allele change at this SNP is from the reference T to the
alternate C. At this particular polymorphism the trend identified within the maturities is
that the A and B maturity animals have more of the reference allele within their
populations whereas the C maturity animals have more of the alternate allele C in their
group. The rest of the SNPs identified with this test, their major allele frequency and the
association trend for maturity grade with each SNP can be identified on table 2.7.

Twelve additional SNPs were identified on the basic allele test with the A versus
B and C maturity phenotype and two were considered highly significant. The fist
polymorphism identified was at the location 9:8990110 in intron 5 with an allele change
from the reference C to the alternate T and a p-value of 0.008. At this particular SNP the
alternate allele T was also the major allele and after calculating the major allele frequency
more of the alternate allele is seen in the combined B and C maturity animals which is the
less desired maturities whereas the reference allele C is seen more in the A maturity

animals. The next most significant SNP identified is at the location 9:90103736 within
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intron 9. Its p-value is 0.009 and there is an allele change from the reference C to the
alternate T. After calculating the major allele frequency for this SNP, the trend that was
noticed is that the Band C combined maturity had more of the reference allele within
their population whereas the animals in the A maturity group has more the alternate
allele. This SNP is also in haplotype block 8 with ten other significant SNPs identified
from the tests. This SNP is in linkage disequilibrium with multiple other significant SNPs
including 9:90098969, 9:90103219, 9:90103583, 9:90103589, 9:90103593, and
9:90104212. The rest of the significant polymorphisms found can be located on table 2.8.
This table identifies the major allele for each SNP, the major allele frequency and the
association trend for maturity grade with each SNP.

On the final test, recessive association test with the A versus B&C maturity
phenotype sheet one SNP was identified. This SNP is located at 9:90097591 with an
allele change from the reference T to the alternate C on intron 9. The p-value is 0.039 and
after calculating the major allele frequency it was noted that there are more of the
reference allele T in the less desired B&C maturity combine animals compared to the A
maturity animals which have more of the alternate allele C in their group as seen on table
2.9. This SNP is also a part of the haplotype block 6 within the gene along with four other
significant SNPs.

What is unique about the amount of SNP identified within ESR/ gene is that one
is a novel discovery not yet reported by Ensembl. This first reported SNP is found within
intron 9 at 9:90,104,171. It was discovered on the basic allele association test with the A
versus B versus C maturity phenotype sheet. This SNP has an allele change from the

reference allele C to the alternate allele T. Its p-value is 0.036 and after calculating the



56

major allele frequency it was determined that the trend showed more of the reference
allele in the C maturity population whereas the A maturity animals have more of the
alternate allele within their group. Given the size and importance of the estrogen receptor
1 gene finding variants not yet identified is important for the next steps in studying these
SNPs and their linkage to advance maturity. The rest of the SNPs identified in this study
have all been reported before but none of the SNPs found have yet been reported linked
to the advanced carcass maturity phenotype.

Using the GATK variant calling, three SNPs remained significant. Two were
called with this software whereas not identified or considered significant with the SVS
suite. The other SNP identified was found in both software’s however had a more
significant p-value within the SVS suite software. The two SNPs identified with GATK
are 9:90,078,489 and 9:90,097,792. The general location of each SNP, its p-value and
what test it was identified on is demonstrated in Figure 2.9 sections A and B. These
figures give a general view of how close each SNP is to each other and the multitude of
polymorphisms identified within this gene in respect to the intron and exons. These SNPs

are all found on the forward strand and cluster mostly within intron 9.

Significant variants within Estrogen Receptor 2

Estrogen receptor 2 (ESR2) is located on autosomal chromosome 10 in the Bos
taurus genome. This is a protein-coding gene and is located between 76,706,017bp-
76,771,172bp on the reverse strand (NCBI, 2019). ESR2 has 7 introns and 8 exons.
Similar, to the relationship of estrogen receptor 1 with reproductive fitness selection in

livestock, estrogen receptor 2 has the similar potential for inadvertent selection that
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impacts osteogenesis rates. Within the ESR2 gene (ER2, estrogen receptor ), 47 SNPs
were identified before being run through the basic allele and recessive test with one of the
two phenotype sheets. Out of the 47 SNPs in the final spreadsheet two were identified as
significant. The two significant SNPs were identified with the A versus BC maturity
phenotype in the basic allele association test. The two SNPs are located at 10:76,769,026
and 10:76,767,492. Both of the SNPs were identified as intergenic variants, the p-values
and the changes in alleles are seen in table 5. The two SNPs, 10:76,769,026 and
10:76,767,492 have been reported on Ensembl but not yet linked to the advanced
maturity phenotype. No SNPs were identified using the GATK variant calling. In figure
2.10 a Manbhattan plot identifies significant SNPs found using the GATK software. Both
of the SNPs identified demonstrated that the B and C maturity group has the reference
allele more commonly whereas the A maturity animals have more of the alternate allele
among them. These results indicate that the estrogen receptor genes are exceptionally
good and novel candidates for future validation in a larger more diverse population of
cattle. Furthermore, these results beg the question as to whether beef cattle with a genetic
marker and associated propensity for advanced maturity based on estrogen receptor

variants may be impacted by common estrogenic based implants?

Significant variants within Myosin Heavy Chain 2

Sarcomeric myosin heavy chain 2a (MYH?2) is a protein coding gene and is
located on chromosome 19 between 30,137,767bp-30,165,109bp (NCBI, 2019). This
gene is important for the development and growth of skeletal muscle. It is probable that

rapidly growing and/or maturing cattle would be required to express this gene more in
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association with the more significant lean growth. This gene has 40 exons and 39 introns.
Within the MYH?2 gene on the finalized sheet in SVS before genetic association analysis
13 SNPs were left with the finalized data set prior to the association tests with the
different phenotypes. There were no significant results found with the A versus B versus
C maturity phenotypes with the basic allele and recessive association test. Also, no
significant cells were identified within the A versus BC maturity phenotype with the
basic allele and recessive association test. Using the GATK variant calling; a significant
SNP was discovered in the MYH2 gene on intron 5. This SNP has a p-value of 0.013.
The significant SNP identified has been reported on Ensembl but not yet linked to the

advanced maturity phenotype.

Results within Collagen Type X alpha 1

Collagen type X, alpha 1 (COL10A1I) is a protein-coding gene on the forward
strand of chromosome 9. It is located between 34,961,718bp-34,994,278bp (NCBI,
2019). It has 2 introns and 3 exons. COL10A1 is a short chain collagen that is expressed
by the hypertrophic chondrocytes during the hypertrophic stage of endochondral
ossification as a primary signal for the start of matrix ossification. Within COL10A41 gene
there were 116 SNPs identified in the final product sheet, this sheet included all the SNPs
that passed the early on requirements before running the more advanced analysis of the
basic allele or recessive test with the two phenotypes. Subsequent to the advanced
maturity analyses no significant SNPs were identified. No SNPs were identified using the

GATK variant calling.
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Results in Indian Hedgehog

Indian Hedgehog (/HH) is found on autosomal chromosome 2 in the Bos taurus
genome. This gene runs from 107,722,665bp-107,728,939bp on the reverse strand and is
a protein coding gene (NCBI, 2019). /HH has 2 introns and 3 exons. The Indian
Hedgehog signaling pathways plays a pivotal role in coordinating several different
cellular processes, which are essential for morphogenesis of the vertebrate skeleton.
Within the IHH gene there were no SNP that passed the stringency required to confirm a
confident SNP. In accordance with these observations, no SNPs were identified using the

GATK variant calling within this gene either.

Results in Bone Morphogenetic Protein 2

Bone morphogenetic protein 2 (BMP?2) is located on autosomal chromosome 13
in the Bos taurus genome. This is a protein-coding gene and is mapped to the forward
strand between 49,550,050bp-49,561,304bp (NCBI, 2019). BMP?2 stimulates the
production of bone by inducing the formation of both cartilage and bone. It influences the
rate of production of both hypertrophic chondrocytes and mature osteoblasts. Very few
SNPs were called, and all failed the rigorous stringency tests to be considered true. In
fact, only 3 SNPs were on the final BMP2 data set that passed the stringencies set prior to
the advanced maturity analysis with the phenotypes and association tests were ran
yielding no reportable significant genetic polymorphisms. No SNPs were identified using

the GATK variant calling within this gene either.
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Results in Growth Hormone

Growth hormone (GH1) is found on autosomal chromosome 19 in the Bos taurus
genome. This gene runs from 48,768,617bp-48,772,049bp on the reverse strand and is a
protein-coding gene, with the cognate protein also referred to as growth hormone (NCBI,
2019).. It has 5 exons and 4 introns. Growth hormone enhances the anabolic
responsiveness of the growth plate and stimulates the expansion of the chondrocyte
progenitor cells. In the GH gene there weren’t any significant SNPs found. Similarly, the
less rigorous GATK variant calling within this gene failed to identify and significant

associations.

Negative control gene Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is the negative control gene. VEGF is
located on chromosome 23, from position 17,255,515bp-17,270,515bp (NCBI, 2019).
Vascular Endothelial Growth Factor (VEGF) is a member of the growth factor family and
encodes for a heparin-binding protein (NCBI, 2019). This factor leads to the migration
and proliferation of vascular endothelial cells and essential for angiogenesis. This gene
was selected based on the physiology premise that variation within this gene is not
expected to have an impact on ossification and therefore should not be linked to these
maturity traits. When looking at VEGF in both the SVS suite software and the GATK

variant calling there were no changes in the sequences keeping it as the control.
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SNPs identified using GATK variant calling

When creating the bait sets for the library preparations and targeted sequence
capture there was extra “room” on the chips allowing for other genes to be selected for
capture which is shown in Table 2.10. Of the genes below and besides the candidate
genes for this project there were significant SNPs found in NR3C1, IGF1, TNFSF11,
MYCBP2, NLN, and between gene regions. NR3C! is known as nuclear receptor
subfamily 3 group C member 1. This gene’s function is to encode for glucocorticoid
receptor and that can function as both a transcription factor that binds to glucocorticoid
elements and acts as a regulator of other transcription factors. Insulin like growth factor
one (IGF1) is known a protein coding gene that is a member of the family of proteins for
mediating growth and development. This gene is similar to insulin and its functions.
TNFSF11 is known as TNF superfamily member 11. TNFSF11 is a gene in the tumor
necrosis factor cytokine family and is a dendritic cell survivor factor and is involved in T
cell dependent immune response regulation. MYCBP2 is known as MY C binding protein
2, E3 ubiquitin protein ligase. This gene encodes for the E3 ubiquitin-protein ligase and
plays a role in axon guidance and synapse formation in the nervous system as it develops.
NLN is known as neurolysin and encodes for a member of the metallopeptidase M3
protein family. This gene helps with cleaving neurotensin at the Prol10-Tyr11 bond which
leads to the formation of neurotensin (1-10) and neurotensin (11-13).

This variant calling software found 18 Significant SNPs. 5 of the SNPs were not

within genes but rather in intergenic regions or upstream from a gene. The rest of the
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SNPs were found within genes including a few from the original 8 candidate genes. The
location, gene and p-value can be observed in table 10. No insertions or deletions were
discovered in this part of the study. A basic GWAS was completed for the eighty-two

heifers sampled and the Manhattan plot can be observed in figure 2.10.

Discussion

The forthcoming section will provide a brief review of the genetic markers
identified through the research project and contextualize the significance of these given
that all of these represent the first polymorphisms identified with significant association
with the maturity phenotype in beef cattle. All of these SNPs have been validated,
observed and reported on the Ensembl Genome Browser 96 from other studies. However,

this study is the first to link any of these variations with the carcass maturity phenotype.

It is reported that within the population of heifers used in this research and within
the candidate gene; alkaline phosphatase (ALPL) gene there are three identified
significant SNPs associated with carcass maturity grade. These SNPs are located at
positions 2:131,827,143, 2:131,837,201 and 2:131,837,038 in intron 1 and passed the
association test using the 1v2 (A versus BC) phenotype sheet. The SNP at 2:131,827,143
has the most significant p-value (p = 0.014) followed by the SNP located at position
2:131,837,201 (p =0.015), and finally the SNP at 2:131,837,038 has a reported p-value
equal to 0.021. The location of these significant SNPs in the ALPL can be observed in

figure 2.1.



63

The SNP at position 2:131,837,201 represents a nucleotide change from the
reference thymine (T) reported in the bovine genome (Bos_taurus UMD 3.1.1) to an
alternate allele containing a cytosine (C) substitution at this position. More specifically, it
was observed that animals that graded as C-maturity generally have the T-allele similar to
the reference genome animal and in contrast A-maturity more frequently have the
alternate C-allele. This is a novel discovery as it’s the first ever report of a specific
nucleotide variation in this gene linked to carcass maturity. This could be a marker for
carcass maturity in future research to validate this association across a larger population
of beef heifers and perhaps even steers. Most importantly, novel discoveries such as this
empower producers with the ability to screen for or possibly select for the more desirable
allele in hopes of yielding the more valued A-maturity grades more often.

The SNP identified at 2:131,827,143 is a single nucleotide change from guanine
(G) to adenine (A). At this particular SNP location, the major allele is the reference allele
G. The A maturity animals more commonly have the reference allele G within their
population whereas the B&C maturity animals have the alternate allele A within their
population. Once again, report of this SNP and its specific association with the less
desired maturity phenotype is a novel discovery. Similarly, the utility of this discovery is
that it could become another genetic marker for carcass maturity trait and in future be
incorporated into genetic screening tools to help mitigate the rising incidence of advanced
maturity in chronologically (<30 month) beef cattle.

The final SNP identified within the ALPL gene located at 2:131,837, 038.is
characterized by a nucleotide change from the reference adenine (A) to an alternate

guanine (G). With this SNP, the less desired maturity phenotypes B&C tended to have
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more of the reference allele A within its population whereas the A maturity animals have
more of the alternate allele G within its population. Hence, the more desired carcass
maturity grade heifers had the alternate allele as compared to the less desired maturities.
This has the potential to lead to a genetic screening assay that tests animals for the
reference allele and may even lead to production changes for those animals shown to
possess the allele type linked to a higher risk for advanced carcass maturity, so that they
may still grade in the more valuable A maturity category. This represents yet another
SNP that was previously known but had not yet been linked to any economically

important trait such as advanced maturity phenotype, until now.

For the same reasons that the ALPL gene was justifiably selected for screening the
advanced maturity heifers, it is not completely surprising that the researchers did in fact
identify novel genetic markers linked to this phenotype. It is possible that given the fact
that ALPL plays a role in osteogenesis and especially the rate of mineralization
(deposition of osteoid) that these specific sequence changes, though located within
introns of the gene, may be linked to differences in mRNA splicing functional expression
levels of the cognate protein, though to be clear the study did not examine causation only
association. However, these observations may be important to producers because an
assay could be created to identify the SNPs in young cattle and allow for the producer to
modify production steps for those particular animals to reduce risk of economic loss
associated with advanced maturity. In research done by Moore et al. (2012), 7.2% of
carcasses produced by fed steers and heifers are classified as B maturity or older based on
USDA carcass maturity indicators. With the variants identified with this project can lead

to the genetic assays that allow the producers for instance, be able to modify which
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implants are selected and used or possibly finish animals with the advanced maturity
marker at a younger age towards maintaining their A maturity classification at harvest.
However, this will require additional research in a larger pool of beef cattle to validate
the associations that have been observed, and also additional research to test for
interactions of genotype, maturity grade and implant protocols, and/or other production
practices. Finally, once validated these genetic markers can also be used to reduce
incidence of advanced maturity if selection protocols are utilized to increase desired
alleles within the population, meaning the alleles that are associated with better chances

of A maturity when harvested under 30 months of age.

Within the Parathyroid hormone like protein (PTHLH) gene the initial analyses
revealed 23 SNPs after excluding SNPs that failed to meet the minimum read depth
stringency requirements. Within this gene one polymorphism was identified as significant
following the statistical maturity grade association tests. The variant detected is located at
position 5:82,249,219 in intron 3 and rather than being a simple nucleotide substitution,
rather is a deletion of the reference (Bos_taurus UMD 3.1.1) CC. This variant was
detected using the basic allele association test where the A versus BC maturity phenotype
were statistically evaluated. At this particular location animals yielding carcasses that
were categorized in the A maturity grade have more of the reference alleles CC whereas
the B and C maturity animals have more of the alternate allelic genotype where the
deletion is present. These results, along with the previously reported SNPs will become
more useful for creating carcass maturity screening assays to test larger populations of
cattle once they are validated across a larger more representative pool of beef heifers.

Another SNP within the PTHLH genes was identified using the GATK variant calling



66

software. This SNP is also located in intron 3 at position 5:82,248,608 with the reference
allele being a C and the alternate allele being a T. The A maturity animals has more of
the reference allele C compared to the less desired B and C maturities. With PTHLH
playing a vital role in the activity of osteoblasts in ossification and the sensitivity of these
cells to regulation by parathyroid hormone, these findings are important towards directing
future carcass maturity research especially that research aiming towards the creation and
validation of accurate genetic screening assays for carcass maturity traits.

Through the study design and analyses of targeted sequencing in the population of
90 heifers the researchers report the discovery of forty-seven unique polymorphisms
within the estrogen receptor 1 (ESR/) gene which can be reviewed on table 5. Twenty-
four of the significant SNPs were identified as significantly associated with carcass
maturity using the A versus B versus C phenotype sheet on the basic allele association
test. Ten SNPs were identified with the A versus B versus C phenotype on the recessive
association test. Twelve significant SNPs were identified on the basic allele association
test with the A versus B&C phenotype. Finally, on the recessive association test, one
SNPs was identified as significant with the A versus B&C phenotype. In figure SA and
5B all 47 SNPs can be observed at the particular locations within the ESR/ gene. During
the linkage disequilibrium (LD) test for Estrogen Receptor 1, it was observed that 25 of
the 47 SNPS identified were in haplotype blocks. These results are key to helping limit
the number of SNPs tests, allowing for a reduced number of SNPs to be screened since
some are inherited in a linked manner rather than independently and at random.

Out of the twenty-four SNPS identified with the A versus B versus C phenotype

sheet on the basic allele association test, thirteen of the SNPs are associated with the
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advanced maturity phenotype C based on the major allele frequency. Twelve of those
thirteen SNPs have the reference genome (Bos_taurus UMD _3.1.1) alleles associated
with the C maturity animals whereas the last SNP in that group of thirteen has the
alternate genome (Bos_taurus UMD 3.1.1) allele associated with the C maturity
animals. The last eleven SNPs have the same nucleotide sequence as the reference
genome (Bos_taurus UMD 3.1.1) alleles associated with the A maturity animals. With
this information assays could be created around these significant polymorphisms to
identify at risk animals for either the advanced maturity trait and change their production
protocols or identify animals with the desired A maturity and continue their production
methods. After analysis of linkage disequilibrium, the researchers report that 10 of the
SNPs identified using the A versus B versus C phenotype comparison on the basic allele
association test were spread between 6 haplotype blocks. Haplotypes are sets of alleles
linked at a certain locus on a chromosome. The importance of these results and findings
in the haplotype blocks is that SNPs grouped in each block are in linkage disequilibrium
(LD) meaning that when one SNP is showing a particular allele then those other SNPS in
LD with it are linked and also inherited a particular set of alleles. Thus, SNPs discovered
to be in high LD are not randomly inherited but rather are usually linked therefore
allowing for only one of the SNPs with the strongest LD to be used to create a genetic
marker. This still requires that the assay is tested and validates in a larger population with
the knowledge when the one allele is inherited at that position then alleles in LD with the
SNP will have their particular alleles inherited in a predictable manner. This ultimately
will create a more efficient and less expensive experimental design when starting to test

larger populations for these advanced maturity markers.
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The results of the recessive association test with the A versus B versus C maturity
phenotype sheet confirmed 10 significant polymorphisms. Six of the significant SNPs
identified have the same genotype as the reference genome (Bos_taurus UMD 3.1.1)
alleles associated with the A maturity animals whereas the other four significant SNPs
identified have the reference genome (Bos taurus UMD 3.1.1) alleles associated with
the less desired C maturity animals. Five of these significant SNPs were also identified
within haplotype blocks in the estrogen receptor 1 gene. This is another important
discovery because these blocks show which sets of alleles are in LD and can be used to
reduce the number of polymorphisms included as genetic markers of advanced maturity
on future genetic screening assays. Importantly, knowledge of which SNPs are linked to
the “at risk or less desired maturity” can be used to create genetic markers in an assay
that tests a larger population and if validated can then be used to create a genetic test to
identify the at-risk animals for potential production changes or selection against within
the herd. This will help producers in the future locate and identify animals that are at risk
of being graded as advanced maturity even though they are chronologically young
animals.

Furthermore, within the estrogen receptor gene, twelve significant SNPs were
identified through implementation of the basic allele association test with the A versus
BC maturity phenotype sheet. Furthermore, eleven of these SNPs identified are such that
the reference genome allele (Bos taurus UMD _3.1.1) are the ones associated with the
less desired B&C combined maturity animals. The other SNP identified has the alternate
allele associated with the less desired B&C combined maturity animals or put another

way the allele type of the reference genome animal is associated with the A maturity
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carcass grade. Also, and not surprisingly, with all these SNPs residing within intron 9 of
the ESR1 gene, nine of them are within haplotype blocks and therefore in linkage
disequilibrium (LD) with one another. As mentioned in the previous sections, discovering
SNPs that are in LD allows for limiting the need to have all of these included in a future
genetic screening assay for advanced maturity risk in the cattle population. These results
can be used to create assays and direct further research into the causation of advanced
maturity traits and development of feasible mitigation strategies.

Finally, the recessive association test using the A versus B&C maturity phenotype
sheet there was one additional SNP identified. For this particular SNP, the allele reported
in the reference genome (Bos_taurus UMD 3.1.1) is associated with the less desired
B&C combined maturity animals. On top of that, this SNP was also identified within the
haplotype block 6. This is a valuable find because its linkage with other SNPs will help
create a genetic marker to identify larger populations of cattle that may still carry these
SNPs associated with the advanced maturity.

In all mammals including cattle, estrogen increases the rate of skeletal
ossification, and these effects are mediated directly through interaction with the estrogen
receptors (Tatum, 2011). Therefore, the identification of the many SNPs within the
estrogen receptor 1 gene is important because these variants are likely to validate across
the larger population of animals based on the biological relevance further they will likely
become useful in the context of examining mitigation strategies using genetic testing to
reduce the losses associated with advanced carcass maturity grades. As animals age and
reach puberty, the rate of ossification increases until replacement of cartilaginous

templates is completely replaced as in the epiphyseal plates. With implants the rate of
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closure at the epiphyseal plate increases. Acheson et al. (2014) did a study comparing the
relationship between USDA carcass maturity attributes in steers and heifers that were
under 30 MOA by dentition that showed that there were no differences in quality between
the maturities and that the effectiveness of the current USDA standards in 2014 for
maturity classification was challenged. This led to the eventual change to allow dentition
in late 2017 however those animals that are over 30 months of age by dentition still are
seen with the advanced rates of ossification. That is why the SNPs identified in this
project still play a role in the grading of those over 30 month of age animals. Changes in
these genes that are validated can lead to eventual changes in the production protocols for
producers.

For instance, anabolic implants are used in the U.S. beef production industry to
enhance growth rate and feed conversion in steers and heifers. In many commercial
implants the primary active ingredients are either, estrogen, androgen or a combo of the
two. Depending on the implant’s dosage and the implant timing and protocol, the animal
may be susceptible to the positive but also some negative effects of the particular implant
composition and the effects on tissue such as bone. Implant research by Tatum (2011)
states that its estrogen containing implants could greatly increase the risk of the animal
producing a B maturity or a more advanced maturity grade. With knowledge of
estrogen’s impact on bone development, and the fact that the use of implants could be
increasing the impact on bone ossification this provides an avenue for production
practices to change to alleviate the increasing incidence of advanced maturities in the

beef production heifers.
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After unexpectedly pre-disposing cattle to faster ossification rates through genetic
selection and then adding estrogenic implants into the mix, identifying the genetic
changes in candidate genes such as estrogen receptor 1 is essential for changing
production standards to ensure that the industry has a way to adapt and identify at risk
animals and mitigate financial losses. With the 47 SNPs identified within the ESR1,
assays could be developed to test larger populations for the trend and thus possibly
leading to a genetic marker test that identifies cattle with the pre-disposed advanced
maturity trait. This will allow for producers to change production methods including
opting out the implants and sending the cattle to the processing plant sooner.

In the other candidate genes screened; estrogen receptor 2, collagen type X Alpha
1, Indian hedgehog, bone morphogenetic protein 2, growth hormone and myosin heavy
chain 2A, no significant polymorphisms associated with maturity grade were identified
through the characterization of this relatively small population of research heifers (n=90).

An additional challenge related to this research beyond the limited population
size, some of these genes such as Indian hedgehog and bone morphogenetic protein 2
have very small mapping regions which made it more difficult to capture and amplify the
region for sequencing. This resulted in limitations in minimal read depth across the gene
and the inadequate sequence coverage. This ultimately results in a much smaller number
of SNPs identified and called. Along with this being a smaller gene there was not enough
confidence in the SNPs that were called which resulted in no significant SNPs called
based this particular type of association test in the small population of heifers.

Other genes such as collagen type X alpha 1, estrogen receptor 2 and myosin heavy

chain 2A that revealed no SNPs in this pilot study lacked read depth around and within
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the gene region itself. This could be due to; a failure in library preparations of the gene
itself, the RNA bait sets failing to capture enough region-specific sequences leading to
very little SNPs calling and lack of sufficient confidence to meet the rigorous standards
including false discovery rates. Also, the targeted probes may have been designed in
regions with lower conservation of sequence causing greater failure rate. It is also
possible that simply observations of any differences in this project small population of
heifers utilized for this comparison were not detected.

As a direct example in the growth hormone gene, no SNPs were called because
there was insufficient read depth resulting in the SVS software not “calling” any
sequence variations within this projects pool of heifers. Despite lacking any significant
outputs in this trial it is important to mention that these genes are likely still suitable
candidate genes for future study as they do play roles in the ossification process and a
larger population needs to be tested before determining if there are really no
polymorphisms that are linked to advanced maturity within these genes.

The current research specifically utilized heifers in the three different maturities
A, B and C since they tended to show advanced maturity despite their chronological age
being verified as under 30 months by dentition. The heifers used received anabolic
implants and were finished on a grain diet which was typical for fed-heifers in the United
States and gave this project a suitable population to test. Overall the results of this study
are important given that it identified the first genetic polymorphisms linked to the
phenotype of advanced carcass maturity. Additionally, these results are essential for

future research relating to testing a larger population for the continued association and
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also development of genetic assays to screen their herds and identify specific animals at

risk for advanced maturity under current production practices.
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Table 2.1: Targeted sequence capture gene regions: Genes captured during sequencing

and used in SVS or GATK variant calling software describing chromosome, length and

the gene’s start/stop codon spans in the Bos taurus genome.

Gene Chromosome location Chr Start Stop Length bp

ALPL Chr2:131791668-131857687 21 131791668 | 131857687 66019
BMP2 Chr13:49550050-49561304 13 | 49550050 | 49561304 11254
CNP Chr19:42772788-42780092 19 | 42772788 | 42780092 7304
COL1041 | Chr9:34961718-34994278 91 34961718 | 34994278 32560
ESRI Chr9:89967417-90256185 91 89967417 | 90256185 288768
ESR2 Chr10:76706017-76771172 10| 76706017 | 76771172 65155
GH Chr19:48768617-48772049 19| 48768617 | 48772049 3432
GPER Chr25:42259188-42262393 25| 42259188 | 42262393 3205
NR3CI Chr7:56231970-56351929 71 56231970 | 56351929 119959
IGF1 Chr5:66523798-66604781 5| 66523798 | 66604781 80983
IHH Chr2:107722665-107728939 2 1 107722665 | 107728939 6274
PTHLH Chr5:82241708-82258858 5| 82241708 | 82258858 17150
TNFSF11 | Chrl12:12741069-12782474 12| 12741069 | 12782474 41405
VDR Chr5: 32501968-32609170 5| 32501968 | 32609170 107202
VEGF Chr23:17255515-17270515 23| 17255515 | 17270515 15000
CYP1941 | Chr10:59227858-59282939 10 | 59227858 | 59282939 55081
MYH?2 Chr19:30137767-30165109 19| 30137767 | 30165109 27342
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Table 2.2: Candidate gene chromosome and location: List of candidate target genes. Gene

name, bovine chromosome where gene is positioned, and chromosome location is shown.

Locations are based off of the most current bovine reference genome

Bos_taurus UMD 3.1.1.

Gene Chromosome Location
Indian Hedgehog 2 107,722,665bp — 107,728,939bp
Alkaline Phosphatase 2 131,791,668bp — 131,857,687bp
Parathyroid Hormone Like Protein 5 82,241,708bp — 82,258,858bp
Collagen type X, Alpha 1 9 34,961,718bp — 34,994,278bp
Estrogen Receptor 1 9 89,969,586bp — 90,255,801bp
Estrogen Receptor 2 10 76,706,017bp — 76,771,172bp
Bone Morphogenetic Protein 2 13 49,550,050bp — 49 561,304bp
Growth Hormone 19 48,768,617bp — 48,772,049bp
Sarcomeric myosin heavy chain 2a 19 30,137,767bp — 30,165,109bp
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Table 2.3: Alkaline phosphatase significant variants: List of significant polymorphisms

identified their location, allele change, p-value, and phenotype sheet identified on.

ALPL Allele Change Basic Test Recessive Test |[Phenotype Sheet |Location
p-value

2:131827143 ||G/A 0.01348 || |A versus BC  [Intron 1 |

2:131837201 |[T/C 0.01529 || |A versus BC  |[Intron 1 |

2:131837038 ||A/G l0.02128 | IA versus BC  |Intron 1 |

Table 2.4: Alkaline phosphatase major allele frequency: This table shows the SNP, its
location, the reference and alternate allele. Also, the major allele and its frequency along

with what maturity it was located more in.

. Major
. ) ) Major allele
Gene |Location Phenotype ||Variant RefllAlt Major | Minor ||allele frequency
Sheet type Allele ||Allele |[frequency B&C
A Maturity Maturity
ALPL|2:131827143 g(\:/ersus SNV G A 6 (A 0.95 0.76
ALPL[2:131837201 ggersus SNV (T lc T C 0.43 0.65
ALPL|[2:131837038 ggersus SNV A [l A |l [o.54 0.74




Table 2.5: Estrogen receptor 1 significant variants: List of significant polymorphisms

identified their location, allele change, p-value, and phenotype sheet identified on.

|ESR1 HAllele Change”Basic TestHRecessive Test”Phenotype Sheet HLocation‘
19:90115650|G/A 0.002668 | |A versus B versus Cl|Intron 9 |
19:90097671||G/A 0.003161 | |A versus B versus Cl|Intron 9 |
19:90107474|C/T 0.006379 | |A versus B versus Cl|Intron 9 |
19:90092551|G/A 0.010002 || |A versus B versus Cl[Intron 8 |
19:90103841[C/T 0.011263 || |A versus B versus Cl[Intron 9 |
19:90025573|/C/T 0.011547 | |A versus B versus Cl|Intron 7 |
19:90103870|G/A 0.016352 | |A versus B versus Cl|Intron 9 |
19:90046635|C/T 0.022058 | |A versus B versus Cl|Intron 8 |
19:90129949||A/C 0.033117 | |A versus B versus Cl|Intron 9 |
19:90106608|G/A 0.034781 || |A versus B versus Cl[Intron 9 |
19:90015374|C/T 0.035643 || |A versus B versus Cl[Intron 7 |
19:90104171|/C/T 0.036602 | |A versus B versus Cl|Intron 9 |
9:90104191T/C 0.038845 | |A versus B versus Cl|Intron 9 |
19:90115555||T/G 0.039012 | |A versus B versus Cl|Intron 9 |
19:90103219||G/A 0.039689 | |A versus B versus Cl|Intron 9 |
19:90104212[C/T 0.046735 || |A versus B versus Cl[Intron 9 |
19:90109970[|A/C 0.011847 || |A versus B versus Cl[Intron 9 |
19:90097772||G/A 0.020684 | |A versus B versus Cl|Intron 9 |
19:90097695||T/C 0.023184 | |A versus B versus Cl|Intron 9 |
19:90180362|C/T 0.003098 | |A versus B versus Cl|Intron 9 |
19:90178812||A/G 0.011715 | |A versus B versus Cl|Intron 9 |
19:90118413||A/G 0.011519 | |A versus B versus Cl|Intron 9 |
19:90118414[C/A 0.011519 || |A versus B versus Cl[Intron 9 |
19:90044201|T/A 0.024167 || |A versus B versus Cl[Intron 7 |
19:90015095|/C/T I 10.003204124 ||A versus B versus C|Intron 7 |
19:90115988||T/C | 10.006552151 |A versus B versus C|Intron 9 |
19:90062953||T/C | 10.018668512 | A versus B versus C|Intron 8 |
19:90120720||G/A I 10.030446979 | A versus B versus C|Intron 9 |
19:90118245||A/G I 10.045367556 ||A versus B versus Cl[Intron 9 |
19:90110290||A/G I 10.048469522 || A versus B versus C|Intron 9 |




19:90015128|G/C

10.048591905 ||A versus B versus Cl{Intron 7 |

19:90109965||A/C

10.018727089 | A versus B versus C|Intron 9 |

19:90116049||A/C

10.005172447 | A versus B versus C|Intron 9 |

9:90116111|T/A

10.013631376 | A versus B versus C|Intron 9 |

19:89990110|/C/T 0.00813 | |A versus BC [Intron 5 |
19:90103736[C/T 0.00904 || |A versus BC Intron 9 |
19:90245334|C/A l0.0101 || |A versus BC Intron 11|
19:90103589|G/A 0.01465 | |A versus BC |[Intron 9 |
9:90103593|C/G 0.01465 | |A versus BC [Intron 9 |
19:90104016||T/C 0.0194 | |A versus BC [Intron 9 |
19:90103618||A/C 0.02677 | |A versus BC [Intron 9 |
19:90103620[A/G 10.02677 || |A versus BC Intron 9 |
19:90103630[A/G 10.02677 || |A versus BC Intron 9 |
19:90103683|/C/T 0.02677 | |A versus BC [Intron 9 |
19:90098969||A/G 0.0408 | |A versus BC [Intron 9 |
19:90103583]|A/G 0.04587 | |A versus BC [Intron 9 |
19:90097591|T/C I 0.03936 |A versus BC [Intron 9 |

80



Table 2.6: Major allele frequency of SNPs identified on the basic association test with the A versus B versus C maturity phenotype in ESRI: List of
significant SNPs identified in the basic allele association test with the major and minor allele for each. The major allele frequency for each phenotype

group is identified above along with what trend was noticed.

Gene ocation[£010 | vrian e e [ o [Nor [Nier AF AVr S8 i S ot

[ESR1]jo:90115650][AvBvC  ||sNp |‘G la o7 l0.52 0.46 | More ref in A maturity |
[ESR1][9:90097671]|[AvBvC _||SNP e Ja e o Jo7s |l0.84 [0.98 |[More ref in C maturity |
[ESR1][9:90107474][AvBvC _|[SNP [c I Jc O Jo38 |l0.52 |[0.63 |[More ref in C maturity |
[ESR1][9:90092551][AvBvC  |[SNP e Ja e Ja i [0.95 [0.87 |More ref in A maturity |
[ESR1][9:90103841][AvBvC  |[SNP c I Jc r .73 |[0.84 [[0.94 |More ref in C maturity |
[ESR1][9:90025573]|[AvBvC _||SNP cIrc e n l0.92 J[0.88 |[More ref in A maturity |
[ESR1][9:90103870][AvBvC _||SNP e Ja e Ja Jo.74 |l0.84 [0.94 |[More ref in C maturity |
[ESR1][9:90046635][AvBvC  |[SNP [lc I e Jjo.9s l[0.95 [[0.84 |More ref in A maturity |
[ESR1][9:90129949|[AvBvC  |[SNP [a Jlc Ja Jic o7 ll0.67 [[0.88 [More ref in C maturity |
[ESR1]|9:90106608||AvBvC _ ||SNP e Ja Jlc Ja Jo64 0.5 l0.44 |[More refin A maturity |
[ESR1][9:90015374]|[AvBvC _||SNP e I Jlc Jos7 ||0.59 [0.77 |[More ref in C maturity |
[ESR1][9:90104171]|[AvBvC _||SNP e I Jic 1 Jo.7e ||0.85 [0.93 |[More ref in C maturity |
[ESR1][9:90104191][AvBvC  |[SNP T Jc It Jic Jo.76 |l0.83 [[0.93 |More ref in C maturity |
[ESR1][9:90115555|[AvBvC  |[SNP T Jlc Jr i Jo.64 ll0.57 [[0.44 |More ref in A maturity |
[ESR1]|9:90103219||AvBvC _ ||SNP e Ja e Ja o6 ||0.85 10.92 |[More ref in C maturity |
[ESR1][9:90104212]|[AvBvC _||SNP [c I Jic o7 ||0.87 [0.94 |[More ref in C maturity |
[ESR1][9:90109970][AvBvC  |[SNP [a ]c Ja Jic o7 ll0.55 [[0.46 |More ref in A maturity |
[ESR1][9:90097772|[AvBvC  |[SNP g Ja e Ja Jo.78 l[0.82 [[0.96 [More ref in C maturity |
[ESR1][9:90097695|[AvBvC  |[SNP [T Jlc Jr Jic Jos3 [[0.84 l[0.98 [More ref in C maturity |
[ESR1]|9:90180362||AvBvC _ ||SNP [lc I Jc st 0.7 ll0.56 |[More refin A maturity |
[ESR1][9:90178812]|AvBvC _||SNP [a ]G Ja g o7 |l0.79 [0.56 |[More alt in C maturity |
[ESR1][9:90118413][AvBvC  |[SNP A ]G Ja Jlc .93 ll0.87 [[0.74 |More ref in A maturity |
[ESR1][9:90118414][AvBvC  |[SNP e JaJc Ja Jo.93 l[0.87 [[0.74 |More ref in A maturity |
[ESR1][9:90044201][AvBvC  |[SNP T Ja T A Joss [0.93 083 |[More ref in A maturity |

I8
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Table 2.7: Major allele frequency of SNPs identified on the recessive association test with the A versus B versus C maturity phenotype

in ESR1: List of significant SNPs identified in the recessive association test with the major and minor allele for each. The major allele

frequency for each phenotype group is identified above along with what trend was noticed.

Gene ||Location glﬁzgftype t\;;r;ant
ESR1([9:90015095||AvBvC SNP
ESR1{[9:90115988||AvBvC SNP
ESR1{[9:90062953||AvBvC SNP
ESR1{[9:90120720||AvBvC SNP
ESR1|(9:90118245||AvBvC SNP
ESR1{[9:90110290||AvBvC SNP
ESR1([9:90015128||AvBvC SNP
ESR1([9:90109965||AvBvC SNP
ESR1([9:90116049||AvBvC SNP
ESR1([9:90116111||AvBvC SNP

=

ef]

Il I s

Al

-

(e fefefeqef=yqefel=]

Major Minor Major AF A Major AF B Major AF C Observation

Allele Allele Maturity Maturity Maturity

C T 0.67 0.58 0.48 More .refm A
maturity

T C 0.63 0.62 0.42 More 'refm A
maturity

T C 0.9 0.93 0.76 More .refm A
maturity

G A 0.8 0.75 0.67 More ref in A
maturity

A G 0.93 0.84 0.79 More refin A
maturity

A G 0.6 0.56 0.44 More ref in A
maturity

G C 0.58 0.72 0.61 More refin C
maturity

A C 0.5 0.55 0.72 More ref in C
maturity

A C 0.46 0.58 0.68 More .refm C
maturity

T A 0.46 0.52 0.65 More 'refm C
maturity

4
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Table 2.8: Major allele frequency of SNPs identified on the basic association test with the A versus B&C maturity phenotype in ESRI:

List of significant SNPs identified in the basic allele association test with the A versus B&C maturity showing the major and minor

allele for each. The major allele frequency for each phenotype group is identified above along with what trend was noticed.

) . . |[Major AF [Major AF
Gene |[Location lgﬁzgtotype t\}/];relant Ref ||Alt X[ﬁue (1); Xllllrel?é A : ' B&JC ' Observation
Maturity |[Maturity
IESR1/9:89990110[AvBC  ||SNP [Cc [T T [Cc o045 0.7 More Alt in less desired (B&C) maturity |
[ESR1]9:90103736|AvBC  ||sNP [c T Jc [T Jo.75 092 |More Refin less desired (B&C) maturity |
[ESR1/9:90245334|AvBC  ||sNP | |A ¢ ]A .67 0.86  |More Ref in less desired (B&C) maturity |
IESR1/9:90103589[AvBC ~ ||sNP |G |A [ [A  Jo0.75 0.9 [More Ref in less desired (B&C) maturity |
IESR1[9:90103593|AvBC  |SNP |C |G c |G ]0.75 0.9 More Ref in less desired (B&C) maturity |
IESR1[9:90104016|AvBC  [sNP |T [c |t Jlc  [o0.73 0.9 More Ref in less desired (B&C) maturity |
IESR1/9:90103618|AvBC  ||SNP [A |lc A |c  Jo.76 0.9 More Ref in less desired (B&C) maturity |
[ESR1]9:90103620[AvBC  ||sNP A |G A |G Jo.76 0.9 [More Ref in less desired (B&C) maturity |
[ESR1]9:90103630[AvBC  ||sNP A |G Ao |G Jo.76 0.9 More Ref in less desired (B&C) maturity |
IESR1]9:90103683|AvBC  |[sSNp [c [T c [T Jo.76 0.9 More Ref in less desired (B&C) maturity |
IESR1[9:90098969|AvBC  [sNP |A |G |[A |G ]0.77 0.9 More Ref in less desired (B&C) maturity |
IESR1/9:90103583|AvBC  ||SNP |A |G [A |G .77 0.9 More Ref in less desired (B&C) maturity |
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Table 2.9 Major allele frequency of SNPs identified on the recessive association test with the A versus B&C maturity phenotype in

ESRI: List of significant SNPs identified in the recessive association test with the A versus B&C maturity showing the major and

minor allele for each. The major allele frequency for each phenotype group is identified above along with what trend was noticed.

. Phenotype Variant Major Minor Major AF A Major AF B&C .
Gene | Location Sheet type Refl Alt Allele Allele Maturity Maturity Observation
ESR1{|9:90097591|| AvBC SNP T |C|T C 0.77 0.89 More Ref in less desired
(B&C) maturity

v8
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Table 2.10: Significant SNPs identified using GATK variant calling: All SNPs identified
by GATK. This table shows the chromosome, start/end, p-value, gene and location for

each SNP identified with this software.

|Chr ||Start ||End ||P—Value ||Gene ||SNP location |
o 6110323 |P26110323  |0.00202  |NA |[Intergenic Variant \
7 |l56321628  |56321628  ]0.0119  |[NR3C1 |[Intron 2 |
7 |56321643  ||56321643  ]0.0119  |INR3CI |[Intron 2 \
[19 |jo160768  |j30160768  J0.0131  |MYH2 |[Intron 5 \
5 |32549362  |32549362  [0.0196  |NA ||[Upstream Gene Variant |
5 ]66596330  |/66596330  ]0.0206  |IGF1 |[Intron 2 \
12 |[12774820  |[12774820  ]0.0206  |[TNFSF11  |lintron 2 |
12 |12774775  |[12774775  Jj0.027 |TNFSF11  |Intron 2 \
[12 |52641232  |}52641232  ]0.0283  |MYCBP2 |[Intron 23 \
27 |[42673983  |[42673983  J0.0312  |NA |[Intergenic Variant |
12 |[12774516  |[12774516  ]0.0316  ||TNFSF11  |Intron 2 \
20 |13731671  |[13731671  ]0.0339  |INLN |[Intron 5 \
|5 |[82248608 (82248608  ]0.0379  |[PTHLH |[Intron 3 |
IX ]59080285  |[59080285  ]0.0383  |INA |[Intergenic Variant \
9 90078489 90078489  ]0.0392  |[ESRI1 |[Intron 8 |
b |ooto4171  Jloo104171  0.0418  |[ESRI |Intron 9 |
o ]90097792  ][90097792  l0.0463  |[ESRI [Intron 9 \
lo  |[10542071  |[10542071  0.0471  |NA |[Intergenic Variant |




Figure 1.1: Relationship between maturity, marbling and quality grade

Relationship Between Marbling, Maturity, and Carcass Quality Grade*

Maturity**
Degrees of Degrees of
Marbling AT B (o] D E Marbling
Slightly ; | Slightly
Abundant | Prime / Abundant
Moderate - Commercial - Moderate
Modest B Choice - Modest
Small B [ Small
Slight 4 Select Uity I Slight
Traces - Cutter - Traces
Practically Standard | Practically
Devoid 7 Devoid

* Assumes that firmness of lean is comparably developed with the degree of marbling and that the carcass is not a "dark
cutter.”

** Maturity increases from left to right (A through E).
*** The A maturity portion of the Figure is the only portion applicable to bullock carcasses.
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Photo courtesy of the American Meat Science Association. Reference figures not created

from data obtained from the study.



Figure 1.2: Summary of candidate genes and their role in endochondral ossification

Resting

Chondrocytes

Early Hypertrophic
Chondrocytes

Hypertrophic
Chondrocytes

Summary of Candidate Genes and Their Role in Endochondral Ossification

© gape |
o © #iK0 @Q@@

P ]

p—

A=

Late Hypertrophic

Chondrocytes

GH: Stimulates the
expansion of the
chondrocyte
progenitor cells:
Activates ALPL &
COL10A1

IHH: Produced by pre-
hypertrophic chondrocytes
promotes proliferation of
the chondrocytes

Negative feedback loop
with PTHLH creating zone
of growth.

BMP2: stimulates the
production of bone by
inducing the formation of
both cartilage and bone

ALPL: is an osteoblast marker
& provides the inorganic
phosphate essential for
mineralization. Interacts with
COL10A1 & establishes the
conditions of hydroxyapatite
crystals.

COL10A1: a primary signal for
the start of matrix
ossification.

PTHLH: enhances the activity
of osteoblasts in favor of
rapid mineralization.

ESR1 and ESR2: 1 the rate of skeletal
ossification. { the rate

of chondroblast duplication, T
chondrocytes maturation &
hypertrophy while further 1 the rate
of osteoblasts activity until there is
no more cartilage to ossify and the
plate fuses.

Adapted from “Modulating Endochondral Ossification of Multipotent Stromal Cells for Bone Regeneration,” by Debby Gawlitta, August 2010,
https://www.researchgate.net/publication/41406818 Modulating Endochondral Ossification of Multipotent Stromal Cells for Bone Regeneration
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Figure 2.1: CLC genomics bench workflow

Read Mapping or Reads Track

Reads

| Refersnces

Map Reads to Reference

|Masking track

Read Mapping or Reads Track

Reads Track |ReadMapping |MappingREport |Un-mappedReads
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Repaort

Local Realignmert

|Guidanue—variant trach

Reads Track

|F!ead Mapping

|Rea|igned Regions

Fead Mapping ar Reads Track

\

Read Mapping or Reads Track

Fixed Ploidy Variarmt Detection

|Hestrict calling to target regions

“Wariant Track

|Variani Table

|Variani Repart

Wariant Track

| nown wariants track

Filter against Known Yariarnts

Filtered Wariant Track

\

“ariant Track |ch track |Sequence track

mRMNA track

Amino Acid Changes

Amino Acid Track

|Annntated wariant Track

Create Statistics for Target Regions

|Track of Target Regions

FPerregion Statistics Track

Coverage Report |Go\rerage Table

Cowverage Graph

n Statistics Track

Input Track

Annotate with Owerlap Information

| Owverlap track

Annotation Track

“wariant Track |Expregion Track

Statistical Comparison Track

The workflow for realigning the sequences received and the different parts to create the files for further analysis.
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Figure 2.2: SVS spreadsheet

' Ediped Filled
I File Edit Select DMA-Seq Genotype Mumeric RMA-Seq GenomeBrowse Plot  Scripts  Help
B e B2 B0 ke B L s LD K X@A7? e
Unsort G 717 G 718 G 719 G =
Map Samples 2:131837265-Del 2:131837273-SNV 2:131837643-5NV 213 |
S 2 2 2 |
Position 131837265 131837273 131837643 1 I i
Tdentifier 2 ? “ |
Hisparenie A c T 7
Alternates - T G
1 1 51 1001 Rl 001 (paired] (Reads, Locally Realigned, Variants, AAC, OA) A A o TT
2 252 1L001_R1_001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) AA i “RET
3 3 53 L001_R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA} - A o rasy
4 4 54 1001 _R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) A A C.€ T
5 6_56_L001_R1_001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) AN ool TT
6 7_57_L001_R1_001 {paired] (Reads, Locally Realigned, Variants, AAC, OA} AN At o “ET
7 8_58_L001_R1_001 (paired] (Reads, Locally Realigned, Variants, AAC, OA) AN i 55
L & 9 59 1L001_R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, GA) AN s 0 T i
g 10_S10_L0O1_R1_001 {paired) (Reads, Locally Realigned, Variants, AAC, OA) AA T =y
10 11_511_L001_RI_001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) AA (R TT
11 12 512 1001_R1_001 (paired) (Reads, Locally Realigned, Variants, AAC, QA) AN EC TT
12 13513 1001 _R1_001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) AA |l o 5
13 14 514 1001 _R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) A A 5 FT
14 15 515 _L001_R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) A A ¢.C TT
15 16 516 _L001 _R1 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) A A €:C g 4t 3
16 17 S17_L001 Rl 001 (paired) (Reads, Locally Realigned, Variants, AAC, OA) A A CT T h
. 17 1@ €12 1nnt M nml_ radl fRaade | neslhe Boalinned Wariante AAC OAY A A o TT 5 =
Edited Filled spreadsheet with Ref and Allele - Sheet 1 Edited Filed spreadsheet with Ref and Allele - Sheet 2 | Edited Filled spreadsheet with Ref and Allele - Sheet 3 Edited Filled spread s

Spreadsheet format in SVS showing the sample ID, chromosome, SNP location,

reference/alternate allele and the genotype of the sample.
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Figure 2.3: SVS genotype association test window

Quantitative dependent variable: Phenotype (82 active samples) Basic allelic tests: D vs. d

@ Classify alleles by allele frequency () Classify alleles by referencefalternate  (Reference field inmap: Reference”)

Association Test Parameters | PCA Parameters I Overall Marker Statistics |
Genetic Model or Tests Test Statistic or Method -
Where D = minor allele, d = major allele o )
. Quantitative trait vs. 2 values:
@ Basic allelic tests: D vs. d e .
|¥] CorrelationfTrend test
") Genotypic tests: (DO) vs. (dd) vs. (Dd 2
. typ (00} vs. (dd) vs. (Dd) 7 rsst
(71 Additive model: {dd) -= (Dd) -= {DD) K ]
[7] Linear regression
") Dominant model: (DD, Dd) vs. (dd)
I Recessive model: (DD) ws. (Dd, dd)
Missing Values - Multiple Testing Correction —
[ Use missing values as predictors [ 7] Bonferroni adjustment {on M SMPs)
@ Drop missing values [7] False Discovery Rate (FDR)
Additional Outputs — [7] single value permutations
= [] Full scan permutations
[7] Output data for P-2/Q-Q plots (] P
Gutput Jog10(F) Number of permutations:
Prindpal Components Analysis (PCA) - Genomic Control of Qutput Data for Stratification -
Correct for stratification with PCA || Show infigtion factor Jambda), chi-squares, and corrected values
Correct using this inflation factor {lambda) instead: |1
I Help ] ’Restone Upﬁons'] lSave Dpﬁons" [ Fen _] I Cancel

I

Control window for genotype association tests allowing for the selection of type of test

parameters.
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Figure 2.4 SVS genotype association test window

Quantitative dependent variable: Phenatype (82 active samples) Basic allelic tests: D vs, d

@ Classify alleles by allele frequency 0 Classify alleles by referencefalternate  (Reference fisld inmap: Refersnce”)

COverall Marker Statistics

| Assodation Test Parameters | PCA Parameters

Marker Statistics

[¥] call rate (fraction not missing) [7] Hardy-Weinberg Equilibrium (HWE) p-value
[#] Mumber of alleles [ Fisher's exact test for HWE p-value
[¥] Allele frequendies [ signed HWE R {positive if more homozygous)
' I__I Carrier count
Count Tables
[¥] Genatype counts [T] Allele counts

Additional Output
[ output Jog10{value) [ output data for P-R/Q-Q plots

Help | |R.estore Options * | |Sa\re Options ™

Control window for genotype association tests allowing for the selection of type of test

parameters and the overall marker statistics that can be selected.



Figure 2.5: Representative image of the significant SNP locations ALPL gene

1 1V2 test
I Exon

2:131,827,143 2:131,837,038
P-Value: 0.014 P-Value: 0.021

2:131,837,201
P-Value: 0.015

ul 18 B Y 1| B B y

ALPL 2:131,791,680-131,857,642. Found on the reverse strand.
Significant SNPs found at 2:131,827,143, 2:131,837,038 and

2:131,837,201 on intron 1. The SNPs were identified on the 1V2
basic test.

Alkaline Phosphatase gene from the 5°to 3°, from start codon to end. Demonstrates the number of introns and exons in the gene and

where the significant SNPs are located at.
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Figure 2.6: Genotype of alkaline phosphatase at position 2:131,837,201bp

B8 Intrep

File View Tracks Regions Help

| Bos taurus|Bt_UMD3. 1 ~ ez > | |chr2:131,837,195-131,837,258 o
ey
wh 131 537,200 bp 131,887,210 bp
i |
234
~ I
19879801 Angus Coverage
c
c
19879801 Al T
ngus 7
T c
c
b L5
21_521_L001...am Coverage -I
e c
A Maturity c
c
21_521_L001_R1_001 (paired) | E
ds).bam C
c
C
c
C
G
B Maturity
4_54_L001_R1_001 (paired) (Re c
Yham e
C
C
p- 1)
1_S1_LO01_R..am Coverage
C Maturity
1_S1_LO01_R1_001 (paired) (Re
. Locally Realigned).bam
Sequence =3 ACAGTC|[T|[6 TAGGATTCATC
Gene
10 tracks loaded |lenr2:131,837,228 i

This figure exhibits a sequence alignment from a reference Angus individual in the top panel,

and comparison of three animals from thus study with the different genotypes.



Figure 2.7: Parathyroid hormone like protein significant SNPs location

= 1Vv2
mm GATK
mmm Exon
5:82,248,608 5:82,249,249
P-Value: 0.0379 P-Value: 0.045
-+ u u | -

PTHLH 5:82,246,522-82,258,858. One SNP was found on the forward strand. The SNP
5:82,249,219 discovered in the 1V2 test on intron 3. Another SNP was identified using
the GATK software at 5:82,248,608.

PTHLH gene running from the 5’to 3’, from start codon to end. Demonstrates the number of introns and exons in the gene and where

the significant SNPs are located at.
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Figure 2.8: Estrogen receptor 1 linkage disequilibrium map

Linkage disequilibrium map of ESRI. The black boxes represent the haplotype blocks and the varying degrees of red are areas in high
LD whereas the blue areas represent very low LD. This map shows the overall looks at the non-random association of alleles at

multiple loci within a population and do not occur randomly with respect to each other.
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Figure 2.9A: Estrogen receptor 1 significant SNP locations

T cATk
[ 1v2R
e -ta: 0003304 2130
- : 04 9:90,118,414
4 P-Value: 0.011519 ——
9:90,015,128 [ 1vav3
p-Value: 0.048592 9:90,118,413 . H con
P-Value: 0.011519 9:90,178,812
9:90,015,374 P-Value: 0.011715
-Value: 0.035643 9:90,110,290
9:90,046,635 P-Value: 0.04874
P-Value: 0.022058 9:90,098,969 9:90,245,334
P-Value: 0.0408 9:90,180,362 P-Value: 0.0101
9:89,990,110 91901062'953 P-Value: 0.003098
P-Value: 0.00813 P-Value: 0.018669 9:90,115,650
P-Value: 0.002668
9:90,103,618
P-Value: 0.02677
IIHIH |I| | I I u I‘

/VII

9:90,044,201
9:90,025,573  P-Value: 0.014533
P-Value: 0.011547

9:90,103,620

P-Value: 0.02677 9:90,118,245

P-Value: 0.045368

9:90,078,489 9:90,103,630
P-Value:0.0392  9:90,092551  P-Value: 0.02677 9:90,115,555
P-Value: 0.010002 P-Value: 0.039012

ESR1 9:89,969,586-90,255,801 Forward Strand. A
total of 47 SNPs were identified between the
different tests

ESRI from the 5’to 3°, from start codon to end. Demonstrates the number of introns and exons in the gene and where the significant

SNPs are located at.
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Figure 2.9B: ESR1 significant SNP locations within Intron 9

P-Value: 0.039689

9:90,103,589
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9:90,103,841
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P-Value: 0.036602
9:90,097,772 9:90,104,016
P-Value: 0.020684 P-Value: 0.0194
9:90,097,695 9:90,103,870
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P-Value: 0.006379
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9:90,109,970 P-Value: 0.013631
P-Value: 0.011847
9:90,116,049

P-Value: 0.005172

ESR1 9:89,969,586-90,255,801
Forward Strand. Zoomed in on Intron
9

ESRI from the 5’to 3°, from start codon to end. Demonstrates the number of introns and exons in the gene and where the significant

SNPs are located at.
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Figure 2.10: Manhattan Plot

BovineMaturity

~log1o(p)
2

1

1 23 4 5 6 7 8 9 11 13 15 17 19 21 24 27 30

Demonstrates a Manhattan plot created by the GATK software showing significant
polymorphisms found across the sample population for each chromosome. X-axis

represents the chromosome number.



Appendix A

Preparation of Genomic DNA from
Mammalian Tissue

Materials

Liquid Nitrogen

Digestion Buffer

Phosphate-buffered saline (PBS), Ice cold
25:24:1 Phenol/chloroform/isoamyl alcohol
7.5 M ammonium acetate

TE buffer, pH 8

Sorvall H1000B rotor or equivalent

Prepare the Cells
Beginning with whole tissue
1. Take small tissue sample and quickly freeze in liquid nitrogen.

99

2. Grind 200mg to 1g tissue with pre-chilled mortar and pestle, or crush with hammer

to fine powder. Suspend in 1.2mL digestion buffer per 100mg of tissue.

Lyse cells and extract DNA
3. Incubate samples overnight (12-18 hours) at 50°C

4. Extract samples with an equal volume of phenol/chloroform/isoamylalcohol.

Centrifuge 10 min at 1700x g (3000 rpm). If phases do not resolve well, add another

volume digestion buffer, omitting proteinase K, and repeat centrifugation. If thick
white material appears at interface, repeat organic extraction. Transfer top layer

(aqueous) to a new tube.

5. Add % vol of 7.5 M ammonium acetate and 2 vol of 100% ethanol. Centrifuge 2 min

at 1700 x g.

6. Wash with 70% ethanol, air dry, and resuspend in TE buffer at ~1 mg/ml.
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Appendix B
2018 ASAS Submitted Abstract

Over the last several decades, there has been an increase in the number of heifers
categorized as B and C-maturity based upon skeletal maturity at harvest in animals that
are actually under 30 months of age chronologically. While the losses associated with
advanced maturity will be abated through the new USDA approved use of dentition to
determine carcass age, in large commercial plants; it is important to examine the biology
associated with the advanced skeletal ossification for the US beef industry and smaller
plants still utilizing ossification. We hypothesize that selection for early reproductive
maturity, along with faster growth rate and increased feed conversion efficiency has
increased the propensity for advanced osteogenesis that physiologically mediate
endochondral ossification. Specifically, we examined the genetic variation in genes that
promote ossification or extracellular matrix mineralization in young heifers resulting in
maturity grades more representative of heifers that are over 30 months of age. In this
study, we extracted DNA from 90 heifers; 30 A-maturity, 30 B-maturity and 30 C-
maturity. Following DNA library preparation we utilized targeted gene pulldown and
sequencing to examine candidate genes that play an important role in ossification of
cartilage for sequence variation. Sequence variations within our candidate genes, were
tested for association with our A, B, and C- carcass maturity. In association with maturity
grading, we have identified a significant (p < 0.04) single nucleotide polymorphism
(SNP) in the alkaline phosphatase (ALPL) gene on chromosome two. ALPL plays a role
in bone development as it is an osteoblast differentiation marker and provides the

inorganic phosphate required for extracellular collagen mineralization. This represents
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the first report identifying sequence variations associated with accelerated skeletal

maturation in US beef heifers.



