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ABSTRACT

Genotype-specific management of beef cattle in feedlots has the potential to improve
carcass uniformity. Gene variants affecting marbling include LEPc.73C>T, ADH1Cc.-64T>C,
TG5, and GALR2c.-199T>G while those in CRHc.22C>G, POMCc.288C>T, MC4Rc.856C>G
and IGF2c.-292C>T influence lean yield. The purpose of the current study was to assess
combinations of marbling gene variants with those associated with lean yield and to investigate
the effects of a gene variant in serotonin receptor 1B (HTR1B) on beef carcass traits. Gene
variants were initially genotyped in 386 crossbred steers and evaluated for associations with
carcass traits (hot carcass weight, average fat, grade fat and rib-eye area). The goal was to select
a subset of variants to genotype in 2000 steers (1000 with hormone implants and 1000 without
implants) with camera graded carcass data (Vision USDA vyield grade, Vision grade marbling,
rib-eye area and fat thickness). Seven gene variants were selected to proceed with (TG was
discontinued) as they either had an association or were involved in gene interactions affecting a
trait. In the implanted steers GALR2 affected rib-eye area (P=0.002) where it exhibited an
additive effect (TT=83.74 cm?, TG= 84.32 cm? and GG=86.90 cm?) however there was a
dominant effect of the T allele for marbling (P=0.0001; TT/TG = 397.83 and GG=378.27) and
fat (P=0.001; TT/TG=8.38 mm and GG=7.31). This same association with marbling (P<0.0001,
TG/TT 463.52 mm and GG=430.90) and fat (P=0.006; TT/TG =10.23 mm and GG=9.14 mm)
was also observed in the non-implanted steers where again the T allele showed dominance.
Gene-gene interactions affecting a trait were only observed in the non-implanted steers with the
multivariate analysis: LEPc.73C>T and IGF2c.-292C>T with fat (P=0.05) and a trend with
marbling (P=0.07); MC4Rc.856C>G and POMCc.288C>T with marbling (P=0.05); and

GALR2c.-199T>G and POMCc.288C>T with rib-eye area (P=0.03). Associations between gene



variants with traits were made simpler due to the fact that some genotypes could be collapsed, as
least square means (LSM) were not significantly different, indicating a dominant effect of one
allele. The ability to pool genotypes not only simplified the interactions, it resulted in a larger
number of animals with combined genotypes. The gene SNP networks generated using EPISNP
support the mode of action between gene variants. For example, the gene interaction that was a

3 by 2 was also determined to be Additive-Dominance.

Significant associations were also identified between HTRIB ¢.205G>T SNP with carcass
average fat (P=0.001), grade fat (P=0.007) and cutability (P=0.001) and a trend was observed
with carcass REA (P=0.061). Although finding significance with several economically important
carcass traits in crossbred beef breeds is novel, validating the effects of the HTRIB ¢.205G>T

SNP in a larger cattle population would be beneficial.
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1.0 GENERAL INTRODUCTION

North America’s intensive livestock sector is continuously trying to improve the
efficiency of their operations through a focus on animal performance and consumer satisfaction.
Industry goals include providing the consumer with a consistent meat product of high quality,
with characteristics that are considered desirable. A characteristic contributing to consumer
satisfaction is marbling, otherwise known as intramuscular fat. It contributes to eating quality by

influencing flavor and juiciness (Killinger et al. 2004; Wheeler et al. 1994).

Currently, beef carcasses are marketed in North America by either live or dressed weight,
which focuses production on animal mass and detrimentally impacts meat quality through use of
implants (Tronstad et al. 2005). Cattle sent to market after a visual assessment often leads to
inconsistencies within animal pens. Producing carcass uniformity throughout the feedlot is a
constant challenge in the level of finish when trying to find a balance between carcass quantity
and quality (Nichols et al. 2014). While some animals would have the right amount of finish,

others would be under or over finished (Woronuk et al. 2012).

As feedlots/producers focus on improving carcass quality through increased marbling,
premiums are offered if the carcass grade falls within the predetermined requirements (Kononoff
et al. 2005). The balance between lean yield and fat traits can be tenuous as one adversely
impacts the other; therefore an agreed upon marketing strategy between feedlots/producers and
slaughter facilities can provide a mutually beneficial relationship that also provides the consumer

with the high quality beef product they want.

Improvement and uniformity of quantitative traits in livestock has been achieved by the

selection of genes associated with a profitable phenotype (Snelling et al. 2012). Through the

1



study of gene interactions, it may be possible to determine the mechanisms that impact complex
traits and make predictions to select animals based on their desirable carcass attributes (Snelling

et al. 2012).

A number of candidate genes have previously been linked to carcass traits in beef cattle.
Use of DNA tests with these candidate genes individually or through gene interactions could be a
beneficial strategy to the beef industry by reducing variability in pens with respect to the level of
finish of carcasses at slaughter. Another benefit comes from decreasing days on feed through the
grouping of cattle by genotype, which enables the producer to target different markets (Van

Eenennaam and Drake, 2012).

Phenotype variation occurs due to changes in the environment and how animals are
managed. Different strategies that alter phenotypes include nutrition, housing and mating system
design (Mulder et al. 2008). This topic is further complicated by the link between phenotype and
genotype, with genes interacting with one another or other internal or external factors (Lewontin
et al. 1992). Gene function can also be variable due to factors such as imprinting, interactions
with other genes, gender and the environment. Altered gene function where no changes in the
sequence of DNA occur is referred to as epigenetics (Anderson et al. 2012; Feinberg, 2007). The
large amount of pen variability observed in economically important quantitative traits for
livestock confirms that further assessment and analysis of gene interactions is necessary.
However, currently single gene effects on traits are utilized. These assumptions ignore the

contribution of multiple loci effects on phenotype variation (Templeton et al. 2000).

This thesis investigates the effect of gene interactions on carcass traits in beef cattle. It

included the interaction of candidate genes that had previously been linked to lean yield or fat



traits, and the analysis of the new candidate gene Serotonin Receptor 1B (HTR1B) and its effect

on carcass traits.

2. LITERATURE REVIEW

2.1 Marketing Cattle

Consumer demand and satisfaction with meat quality is commonly associated with
desired characteristics such as the level of intramuscular fat, also known as marbling. This
characteristic contributes to beef palatability, and influences flavor and juiciness (Killinger et al.
2004; Wheeler et al. 1994). Currently, marketing beef in North America is largely determined by
either live or dressed weight using the average weight of the pen rather than individual
measurements (Tronstad et al. 2005). This makes balancing carcass quantity, quality and

uniformity a challenge in the beef industry (Nichols et al. 2014).

There has been a drive to improve animal performance in the feedlot and to provide
consistent meat quality and characteristics that are considered desirable to the consumer. The
consumer considers marbling to be perceived tenderness and is therefore a desirable meat
characteristic (Killinger et al. 2004). As producers/feedlots work towards improving the
marbling grade of their beef, premiums can be offered as a reward if the grade is within the
requirements determined beforehand (Kononoff et al. 2005). The deciding factor in determining
if cattle are ready to go for slaughter has previously been based on a visual assessment. Past use
of this method would yield inconsistent levels of finish on the animals (Woronuk et al. 2012).

Another issue producers are faced with is the balance between lean yield and fat traits, as one



will adversely impact the other, therefore producers must consider what marketing strategy will

provide the greatest benefit for their operation.

Cattle that are marketed using the live weight method receive a price that is determined
on a pen rather than individual basis (Tronstad et al. 2005; Parish et al. 2009). This strategy
determines a price representing an average of carcass quantity, and is discussed between the
feedlot/producer and packer before animals are sent to slaughter (Parish et al. 2009). Using this
method of marketing cattle has a certain risk associated with it, as there is no drive to ensure that

carcass quality is maintained which is a consumer preference (Tronstad et al. 2005).

A method used to satisfy consumer preference is formula value-based pricing (Tronstad
et al. 2005). An example of this is grid pricing, and is a marketing strategy that establishes
carcass value based on weight, yield and quality (Tronstad et al. 2005; Parish et al. 2009). Using
standard carcass measures of Canada AA and Yield Grade 2 (Parish et al. 2009), the packer sets
a fixed base price. Those carcasses that exceed the standard obtain premiums and discounts are
given to those that fall below the set carcass measures (Parish et al. 2009). This strategy is
similar to what is known as rail grade, where the producer is paid for value of the carcass, based
on dressed weight and grade (Parish et al. 2009). The packer again sets a base price using

carcass standards, and cattle that do not meet these requirements at slaughter receive a discount.

A strategy that can be utilized by feedlots to maximize their feed to gain ratio while still
improving pen uniformity and meat quality is Marker Assisted Management (MAM). This
approach incorporates managing cattle according to their genotype, where the feedlot/producer is
able to sort, feed or breed their cattle to select for a desired trait (Van Eenennaam and Drake,

2012). Using this method allows the producer to achieve revenues by reducing days on feed and



grouping animals to target different markets, while improving uniformity per pen (Van
Eenennaam and Drake, 2012). An example of a MAM that is currently being used commercially
is a single nucleotide polymorphism (SNP) located within the leptin gene (Buchanan et al. 2002).
The leptin SNP allows producers to select for TT animals that will enter the finishing stages

earlier with more marbling in the meat, than in animals that are CC (Woronuk et al. 2012).

Creating a partnership between producers and feedlots for use of MAM may improve
cost efficiency and carcass uniformity if the cost of DNA tests continues to fall and there is
increased use of DNA testing in feedlots (Van Eenennaam and Drake, 2012). Selection of cattle

based on their genetic potential could ultimately obtain the best value when sent to market.

2.2 Adipogenesis and Growth

Adipocytes are the primary cells that form white adipose tissue. Energy homeostasis is
achieved by adipose tissue through triacylglycerol, which is mobilized and stored (Ali et al.
2013). Adipocytes have important functions in a number of physiological pathways where lipid
and protein products are secreted. Evidence indicates that as a whole, adipocytes contribute to
endocrine function which impacts appetite and tissue metabolism (Lefterova and Lazar, 2009).
Other functions include the immune and inflammatory response, glucose uptake and the

regulation of blood pressure and reproduction (Ali et al. 2013).

Maturation of adipocytes (adipogenesis) allows them to become fully functional
(Lefterova and Lazar, 2009; Ali et al. 2013). This process is dependent on communication
between cells and their environment, and is comprised of several phases. The first phase begins

with a mesenchymal precursor that differentiates into a committed preadipocyte, which are
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similar to fibroblasts (Lefterova and Lazar, 2009; Ali et al. 2013). The next phase halts growth of
the preadipocytes by reducing proliferation, until hormones are released which initiates mitotic
clonal expansion and the activation of CCAAT enhancer binding protein § (C/EBPp) and
CCAAT enhancer binding protein & (C/EBP9; Lefterova and Lazar, 2009; Ali et al. 2013). The
transcription factors peroxisome proliferator-activated receptor y (PPAR y) and CCAAT
enhancer binding protein a (C/EBP a) are generated, which activates expression of adipocyte
genes (Lefterova and Lazar, 2009; Ali et al. 2013). The final phase of adipogenesis is actively
expressing adipocyte genes and transcription factors PPAR y and C/EBP a, which results in the

lipid filled mature adipocyte (Lefterova and Lazar, 2009; Ali et al. 2013).

The adipose tissue found within the muscle between fiber bundles is defined as marbling
in beef cattle (Albrecht et al. 2006). The amount of marbling is highly variable and is dependent
on a number of factors, such as management and nutrition, maturity of the animal, gender, breed
and genetics (Corbin et al. 2014; Panea et al. 2011). The regulation of carcass fat depots
including intermuscular, intramuscular, subcutaneous and fat located around the internal organs
represents an economic significance to producers, but is not well understood but may be

important for improvement of carcass quality (Cianzio et al. 1985; May et al. 1995).

Growth rate is regulated by internal interactions that occur between a number of
hormones and growth factors (Kononoff et al. 2005; Owens et al. 1993), which will differ, based
on genotype, gender and breed differences. There are also external conditions that will affect
growth rate, including how cattle are managed and fed, which can be limited by factors such as

disease and poor weather (Kononoff et al. 2005; Owens et al. 1993).


http://www.sciencedirect.com/science/article/pii/S0171933513000459#200021602

2.3 Implants versus Non-implanted

The North American beef industry is continuously adapting methods to increase
efficiency when confronted by consumer preference, changes in market access, cost of

production and variable beef prices (Lopez-Campos et al. 2013). Use of growth implants and 3 —

adrenergic agonists are a common practice found within our beef production system, with the
best response observed with a mixture of hormones containing both estrogen and androgen
compounds (Lopez-Campos et al. 2013; Reinhardt et al. 2007). However, recently there has been
increased demand to produce beef raised without the use of hormones that promote growth
(Wileman et al. 2009). Cattle producers are highly motivated to implement more efficient
practices on their operations, and implanting their cattle allows them to improve animal growth

despite the impact they have on fat deposition and meat quality (King et al. 2012).

A study conducted by Platter et al. (2003) utilized eleven treatment groups to determine
how implants dispensed at different stages of production, effected carcass traits and consumer
preference. The control group was not given implants at any stage of production for comparison
to the other implanted treatment groups. Their results indicated that the non-implanted steers (the
control group) marbled better than all other treatments groups except that there was no difference
observed among treatment groups for the proportion of carcasses grading Choice or Prime
(Platter et al. 2003). Implanted steers had a significantly higher shear force in comparison to the
non-implanted steers (Platter et al. 2003). Consumers preferred non-implanted steaks and scored
them higher for tenderness and flavor in comparison to all but one other treatment group (Platter
et al. 2003). However, the implanted steers were heavier for final live weight, rib-eye area

(REA) and hot carcass weight (Platter et al. 2003). Overall implications of this paper suggest that



certain implant protocols do adversely impact consumer preference and carcass quality, so

producers should target certain markets based on their implant protocols (Platter et al. 2003).

Producers can increase profitability of their operations through use of commonly used
implants such as estradiol benzoate and trenbolone acetate (TBA). This occurs due to the
increase in carcass weights, muscle yield and feed efficiency (Lopez-Campos et al. 2013).
However, quality grade suffers as marbling scores are decreased through intensive use of growth
hormones (Platter et al. 2003). Beta-adrenergic agonists also increase protein synthesis by
diverting nutrients away from fat deposition, which causes growth of muscle fibers (Lopez-

Campos et al. 2013). The mechanism to increase protein accretion differs from f - agonists to

growth hormones.

Growth hormones are able to alter gene function and stimulate changes in metabolic
pathways. Trenbolone acetate plus estradiol effected transcription of several genes involved in a
variety of metabolic pathways in livers of Nguni heifers (Becker et al. 2010). 3 -adrenergic
agonists are also able to impact gene function. Zilpaterol Hydrochloride (ZH) is an example of a

3 -adrenergic agonist. Kononoff et al. (2013) studied its effect on leptin MAM and determined
that it was inhibiting the effects of the T allele that would otherwise improve the marbling score,

but no effect of ZH was observed in CC steers.

King et al. (2012) studied differing implant and management strategies to evaluate 47
SNPs that had known associations with carcass traits in cattle, and if favorable alleles were still
effective under these practices. They also evaluated other economically significant carcass traits
and if they were negatively impacted by different implant protocols. Their results indicated that

although there were different implant protocols, the favorable alleles from the SNPs still



improved growth carcass traits. They concluded that MAM could be used in combination with
implants to mitigate the adverse effects seen with more aggressive implanting strategies. Leptin
for example, can be used in implanted animals where the effects of the SNP still improved the
level of marbling (Woronuk et al. 2012). However, use of beta agonists such as Zilpaterol
Hydrochloride reduced marbling in animals that had the TT genotype, but not those that were
homozygous CC (Kononoff et al. 2013). Therefore beta agonists would not be used in TT
animals. The previous examples demonstrate how gene function changes with growth hormone

interactions, and challenges the industry to adapt.

Marketing decisions made by producers should take into consideration use of implants on
their operations. Producers of non-implanted cattle may find it more economically feasible to
target grid pricing for carcass quality, whereas feedlots that do implant their cattle could use a
less aggressive protocol to avoid some of the adverse effects on tenderness and flavor (King et

al. 2013; Platter et al. 2003).

2.4 Appetite and Stress Response Pathways

Appetite regulation is largely controlled by neuropeptides found in the arcuate nucleus of
the hypothalamus, an area of the brain that is known as a key regulator for energy homeostasis
(Ingvartsen and Boisclair, 2001). Neuropeptides that regulate feed intake have essential roles at
different points during regulation of appetite, and must contend with other factors such as the
individual’s energy requirements and feeding behavior, which are dependent on the amount of
adipose tissue, weight and the absorption of nutrients (Parker and Bloom, 2012). Neuropeptides

signal a response between the hypothalamus and the gastrointestinal tract to create a negative



feedback loop that moderates appetite to meet an individual’s metabolic demands (Parker and

Bloom, 2012).

Found within the arcuate nucleus are two important pathways that contain anorexigenic
and orexigenic neuropeptides, which regulate food intake and energy homeostasis. The first
pathway (anorexigenic) decreases feed intake and includes pro-opiomelanocortin (POMC),
cocaine-and amphetamine-regulated transcript (CART) and corticotropin-releasing hormone
(CRH). The second pathway includes orexigenic neuropeptides that increase feed intake. These
peptides are neuropeptide Y (NPY), agouti-related protein (AGRP), melanin-concentrating

hormone and galanin (Ingvartsen and Boisclair, 2001).

Energy homeostasis is continually being challenged in order to respond to other demands,
such as changes in availability of nutrients, body fat and weight (Parker and Bloom, 2012). For
example, the stress response pathway is also regulated by neuropeptides that act to moderate

homeostasis and suppress appetite (Parker and Bloom, 2012).

The hypothalamic-pituitary adrenal (HPA) axis is stimulated in response to a change in
homeostasis by stressors, which leads to the synthesis and release of important hormones
including CRH, adrenocorticotrophin (ACTH) and glucocorticoids. Specific organs that
influence or release these hormones are the hypothalamus and hippocampus, the anterior
pituitary and the adrenal gland (Parker and Bloom, 2012; Miller and O’Callaghan, 2002). An
important function of CRH includes the activation of the stress response pathway. This response
is initiated in the hypothalamus through receptors and is where CRH is synthesized and then
released into the blood. It then binds to the CRH receptors found in the pituitary, thereby

increasing the production and release of ACTH (Parker and Bloom, 2012). The increased
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quantities of ACTH are circulated throughout the body that then act on the melanocortin
receptor-2 in the adrenal gland. This subsequently produces and releases growth-inhibiting
glucocorticoids, which act through a negative feedback loop that prevents further stimulation of
the HPA axis and additional production and release of CRH and ACTH. This functions to

maintain glucocorticoid homeostasis in the HPA axis (Miller and O’Callaghan, 2002).

Growth is inhibited by glucocorticoids through the increased production of leptin (LEP)
which decreases the animal’s appetite. LEP is transported to the hypothalamus after it is formed
in white adipose tissue. This initiates a neural response of reduced feed intake with an increase in
physical activity, and an increase is observed in the amount of energy used (Zhang et al. 1994;
Houseknecht et al. 1998). When LEP is deficient, appetite increases and the obese phenotype is
the outcome. This occurs when there is insufficient LEP to stimulate secretion of alpha
melanocyte stimulating hormone («MSH) in the hypothalamus (Forbes et al. 2001). Alpha MSH
is a product of the pro-hormone POMC, which undergoes post-translational cleavage to form a
number of peptides, including ACTH and alpha MSH (Parker and Bloom, 2012). Alpha MSH is
essential in the process of reducing appetite as it binds to melanocortin-4-receptor (MC4R)
neurons (Forbes et al. 2001). Once the production of LEP increases due to stimulation by
glucocorticoids, the secretion of POMC increases and has the effect of increasing production of
alpha MSH, which binds to MC4R and results in a decrease in feed intake due to a reduced

appetite (Pritchard et al. 2002).
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2.4.1 The Serotonin Receptor 1B Gene

Serotonin (5-Hydroxytryptamine) has long been associated with behavior and stress
(Laporta and Hernandez, 2015). It also functions in energy metabolism with the release of
neurotransmitters such as acetylcholine, dopamine and glutamate (Baldinger et al. 2015; Savli et
al. 2012). Serotonin is synthesized throughout the body and binds to seven classes of receptors
that are expressed in many tissues and organs. These signal through G-protein coupled receptor

pathways and ligand gated ion channels (Laporta and Hernandez, 2015).

One of these receptors, 5-hydroxytryptamine receptor 1B (HTRIB), functions to regulate
serotonin uptake and release in the dorsal raphe nucleus (Baldinger et al. 2015; Mekli et al.
2011). Similar to other receptors that bind serotonin, HTR1B impacts food intake, sleep and
mood behaviors (Savli et al. 2012; Zhang et al. 2008). Past research has identified links between
behavior and energy homeostasis that has led to an effect on cattle performance (Zhang et al.
2008). This link has been identified in other species as well, including mice (Rocha et al. 1998),
humans (Lerer et al. 2006), dogs (Berga et al. 2004) and horses (Prause et al. 2007). In a study
conducted on humans, HTR1B was linked to addiction behaviors in people with bulimia nervosa,
body mass index and appetite (Levitan et al. 2001). Research conducted on HTR1B knockout
mice resulted in increased food intake, weight gain (Bouwknecht et al. 2001) and aggressive

behavior (Saudou et al. 1994), linking it to both the appetite response pathways and behavior.
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2.5 Genes Affecting Growth

2.5.1. The Leptin Gene

Leptin (LEP) is the hormone product of the obese gene, and was originally identified in
mice (Anton et al. 2010; Zhang et al. 1994). Research indicates that it is involved in maintaining
body weight and is an essential component in appetite regulation (Anton et al. 2010). This
occurs due to a lipostatic signal that is transported to the hypothalamus after it is formed and
secreted from white adipose tissue (Anton et al. 2010). Leptin also has other roles such as in
reproduction and immune function (Ehrhardt et al. 2001; Fantuzzi and Faggioni, 2000). The
mechanism of its involvement in a feedback loop in the hypothalamus occurs in pathways that
include insulin and glucocorticoids, where appetite is decreased and metabolism of energy is
regulated (Delavaud et al. 2000). More energy is used when the leptin neural response
suppresses feed intake while increasing thermogenesis and physical activity. In ruminants, there
is a linear increase in levels of leptin as body fat and energy increases (Delavaud et al. 2000). An
association was identified with leptin concentration and carcass adipose depots and carcass
characteristics of beef cattle (Anton et al. 2010; Zhang et al. 1994; Houseknecht et al. 1998).
Buchanan et al. (2002) discovered a SNP in exon 2 of bovine leptin (LEP c. 73C>T), that results
in a non-conservative amino acid change from arginine to cysteine at residue four of the mature
peptide. This additional cysteine likely affects the bioactivity of the protein through competition
with the only existing disulfide bond (Buchanan et al. 2002). The T allele has been associated
with increased fat deposition (Buchanan et al. 2002; Kononoff et al. 2005). This SNP is
commonly used as a DNA test in feedlots, which allows the best value to be achieved from cattle

as they are sent to market (Kononoff et al. 2005).
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2.5.2. The Alcohol Dehydrogenase 1C Gene

Research indicates that intramuscular fat is impacted during the restriction of vitamin A
levels (Ward et al. 2012; Gorocica-Buenfil et al. 2007). The enzyme alcohol dehydrogenase 1
(ADH1C) converts retinol to retinaldehyde which is then converted to retinoic acid, which
modulates the expression of genes involved in adipogenesis (Molotkov et al. 2002; Ziouzenkova
et al. 2007). Oka et al. (1998) identified that increased levels of marbling were observed with
vitamin A restriction. A SNP identified in the promoter region of alcohol dehydrogenase 1C
(ADH1C c. -64T>C) has been shown to impact carcass traits in beef cattle fed a restricted
vitamin A diet, where animals with the TT genotype marbled 23% better than CC animals (Ward
et al. 2012). The base pair change of a T to a C removes a binding site for CCAAT enhancer

binding a (C/EBP), which is a transcription factor. This has potential for a reduction in the

formation of retinoic acid and therefore reducing fat deposition in cattle with the CC genotype
(Ward et al. 2012). The ADH1C c. -64T>C was thought to be a candidate for implementation as
a DNA test in feedlots combined with reduced vitamin A, where carcass traits such as marbling

could reach optimal levels and increase profitability of livestock operations (Ward et al. 2012).

2.5.3. The Galanin Receptor 2 Gene

Galanin receptor 2 (GALR?2) is a G-protein-coupled-receptor that is widely expressed in the
body, which includes hypothalamus, spinal cord and a several other peripheral tissues such as the
gastrointestinal tract (Lang et al. 2007). It is involved in initiating a number of stimulatory

pathways such as the activation of signal transduction cascades (Lang et al. 2007). Another
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pathway influenced by GALR2 is activation of phospholipase C, where Ca?* is released through
Ca®* dependent chloride channels (Lang et al. 2007). Recent research indicates involvement in
processes such as stimulation of the jejunum and the release of growth hormone, as well as
alterations in feeding behavior (Kalra et al. 1999). The GALR2c.-199T>G SNP has been found to
be associated with carcass traits in beef cattle, which includes an increase in average fat, grade,
fat, marbling, cutability and rib-eye area (Madder et al. unpublished data). GALR2 expression
could be altered due to a change in the level of transcription through the introduction of a G
allele instead of a T allele in the promoter region, which inserts a Sp1 transcription factor-
binding site (Dynan and Tjian 1983). Although there is little known about the effects of GALR2,
it’s possible that this SNP contributes some function to the appetite pathway. More research is

needed to establish the mechanism of GALR2c.-199T>G and its function in various pathways.

2.5.4. The Corticotrophin Releasing Hormone Gene

Corticotrophin Releasing Hormone (CRH) is a 41 amino acid neuropeptide whose main
function includes the activation of the stress response pathway (Roche et al. 1988). This gene
contains two exons and has been mapped to chromosome 14 in cattle (Barendse et al. 1997). The
second exon encodes the prepro-CRH, whereas the first exon is not translated, but mMRNA in the
5’untranslated region is encoded (Slominski et al. 2000). It has been identified as a factor
inhibiting feeding behavior in rats (Morley and Levine, 1982) and mice (Rosenthal and Morley,
1989). Its role in stimulating the production and secretion of POMC, ACTH and MSH peptides
has been well described (Miller and O’Callaghan, 2002; Slominski et al, 2000) and CRH has

roles in other processes such as reproduction, the immune response, and appetite and energy
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homeostasis (Slominski et al. 2000; Ingvartsen and Boisclair, 2001). This gene became a
positional candidate for a quantitative trait loci (QTL) identified on chromosome 14 for post-
natal growth (Buchanan et al. 2000). A SNP was identified (CRH c. 77C>G), that resulted in a
non-conservative amino acid change from a histidine to aspartic acid (Buchanan et al. 2000). The
CRH c. 22C>G SNP also resulted in a non-conservative proline to arginine amino acid change
and was associated with an increase in carcass traits such as hot carcass weight (HCW) and REA
in 256 Charolais crossbred steers (Buchanan et al. 2005), where presence of the G allele was

correlated to higher yield.

2.5.5. The Melanocortin-4 Receptor Gene

The G-protein coupled receptor involved in the melanocortin pathway that is essential in
moderating appetite is melanocortin 4 receptor (MC4R), located mainly in the hypothalamus (Du
et al. 2013). Research has shown that MC4R maintains homeostasis and regulates body weight
(Benoit et al. 2000) and has an important function in the appetite pathway, where once the
peptide a-MSH has bound it causes a reduction in feed intake (Pritchard et al. 2002). Two
variants have been identified in the bovine MC4R gene that has been shown to be associated with
carcass traits (Buchanan et al. 2005; McLean and Schmutz, 2011). MC4R ¢.856C>G (changes
the amino acid from leucine at position 286 to a valine) was genotyped in 256 steers with growth
and carcass yield data where there was a trend with HCW (P=0.085; Buchanan et al. 2005). The
variant in MC4R g.989G>A (changes the amino acid at position 330 from a serine to asparagine)
was genotyped in 1367 steers where heterozygous animals had increased grade and back fat

(McLean and Schmutz, 2011). Houston et al. (2004) identified an association with the
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Asp298Asn SNP in pigs with backfat and feed conversion, and other SNPs link MC4R to body

weight and other fat traits in several breeds of cattle (Zhang et al. 2009; Huang et al. 2010).

2.5.6. The Pro-opiomelanocortin Gene

POMC is a prohormone found in a number of different mammalian tissues such as the
arcuate nucleus of the hypothalamus, the pituitary, skin, testis and immune system (Young et al.
1998). It is a complex gene that has many functions, including the stress response and appetite
pathways (Slominski et al. 2000). Once the production of LEP increases due to stimulation by
glucocorticoids, the synthesis and secretion of POMC increases which has the effect of
increasing production of aMSH that once bound to MC4R reduces appetite (Pritchard et al.
2002; Buchanan et al. 2005). POMC encodes a number of peptides, including ACTH, beta-
melanocyte stimulating hormone (B-MSH), gamma-melanocyte stimulating hormone (y-MSH),
and also B-endorphin (B-END; Pritchard et al. 2002). Alpha-melanocyte stimulating hormone is
also encoded by POMC, and plays a significant role in the appetite pathway. A decrease in feed
intake and appetite is due largely to the binding of a-MSH to MC4R or melanocortin 3-receptor
(MC3R). The peptides y-MSH and B-END also function to reduce appetite; however the effect of
this is to a much smaller degree than a-MSH (Pritchard et al. 2002). As POMC passages
through Golgi bodies within the regulated secretory pathway, posttranslational cleavages occur.
Prohormone convertases (PC1 and PC2) cleave POMC and produce a number of bioactive
peptides (Pritchard et al. 2002). A variant (POMC ¢.288C>T) that results in a silent mutation
was genotyped in 256 Charolais crossbred steers where presence of the T allele increased ship

weight and HCW (Buchanan et al. 2005). A second study (n=386) validated these results and

17



also found an increase in REA, with a decrease in average and grade fat with each subsequent T

allele (Buchanan and Deobald, 2011).

2.5.7. The Insulin Growth-like Factor 2 Gene

Insulin Growth-like Factor 2 (IGF2) is part of the insulin growth-like factor family, and is
an important factor in fetal and muscle growth and myoblast proliferation and differentiation (Du
et al. 2013). This 67 amino acid peptide has been mapped to chromosome 29 in cattle and is
imprinted during fetal development where only the paternal allele is expressed (Goodall and
Schmutz, 2007). Previous research has placed IGF2 in an important role in fetal and muscle
growth (Reik and Walter, 2001), it increases muscle mass in pigs due to prenatal hyperplasia
(Clark et al. 2014), and QTLs mapped to the chromosomal location of IGF2 in cattle have been
identified for carcass and milk traits (Casas et al. 2003). Previous research by Goodall and
Schmutz (2007) on the IGF2 c. -292C>T variant assessed whether muscle deposition was being
effected in cattle and how expression of IGF2 was regulated. The IGF2 c. -292C>T SNP does
not result in an amino acid change as it occurs in the 5 region in a non-coding exon. Research
by Goodall and Schmutz (2007) included three separate cattle populations. The first was the
Canadian Beef Reference Herd (CBRH) of 143 animals where 29 were purebred and 114 were
crossbred. The second population consisted of 146 yearling bulls of various breeds and the third
cattle population consisted of 225 crossbred steers (Goodall and Schmutz, 2007). They identified
a significantly larger REA in CC animals in the CBRH cattle that resulted in a 10% increase over
the TT genotype. In the bull population, results indicated that more fat was deposited in CC

animals, although there was no difference between genotypes with REA.
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2.6. Gene Interactions and Methods of Analysis

Genomic selection has accelerated the improvement of quantitative traits in livestock and
increased accuracy by targeting genes associated with a phenotype that producers can make
profitable (Snelling et al. 2012). Analysis of quantitative data increases our knowledge about
gene expression and genotype effect on phenotype to understand the underlying mechanisms that
contribute to complex traits. Through the study of gene interactions, it may be possible to make
predictions with more information to select livestock by carcass attributes and using a

combination of causative polymorphisms (Snelling et al. 2012).

There are a number of factors that contribute to variation observed in phenotypes
amongst individuals from the same population. Phenotypes are dependent on the environment,
which can be altered by management strategy including nutrition and housing as well as the
mating system used (i.e. crossbreeding; Mulder et al. 2008). However, the link found between
phenotype and genotype points to an involved mechanism that is further complicated when genes
interact with one another. Gene variation occurs in the presence of other genes or the effect of
the internal and external environment of an individual (Lewontin et al. 1992). Interactions with
genes and environmental variables can impact gene expression and is referred to as epigenetics
(Anderson et al. 2012; Feinberg, 2007). Such effects may help us understand variability observed
in the genetics of complex traits, as there are factors such as the environment and allele
combinations, which will impact individual phenotypes. The large number of factors
contributing to variability observed in quantitative traits confirms that it is necessary to develop
methods to analyze gene interactions. Assumptions made by current models identify interactions
according to their single gene effect on a trait, which may be overlooking the contribution of

effects from multiple loci on phenotype variation (Templeton et al. 2000).
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Identifying and characterizing gene interactions using standard parametric statistics can
be challenging without an expansive database that enables combinations in genes with low allele
frequency when testing for significance (Gilbert-Diamond and Moore, 2011). A small number
of individuals in a genotype grouping make it difficult to accurately estimate the interaction
effect. Examples using this scenario with logistic regression resulted in larger standard errors and
incidence of type | errors (false positives) (Hosmer and Lemeshow, 2000). It is also possible to
have a higher occurrence of type Il errors (false negatives) with decreased power when genes
with no significant main effect are not tested for an interaction, which can occur in the forward
selection method (Gilbert-Diamond and Moore, 2011). Backward elimination does test all main
effects and interactions, but needs a higher number of degrees of freedom. This is also an issue
using stepwise analysis, but is generally a more flexible approach to the previous methods
(Gilbert-Diamond and Moore, 2011). Although there are many ways to analyze data, it is clear

that identifying significant gene interactions can be a challenge.

Linear regression is a parametric statistical method commonly used to analyze gene
interactions with quantitative traits (Gilbert-Diamond and Moore, 2011). This method has
several advantages, including ease of access and modeling, its defined results and developed
assumptions (Gilbert-Diamond and Moore, 2011). When using linear regression for gene
interaction analysis, a large sample size is necessary for parameter estimation when there are an

increasing number of independent variables (Gilbert-Diamond and Moore, 2011).

There are certain collapsing approaches used in genetic analysis that can be used to test
rare variants in genes that are combined, in the same pathway or in the same region of a
chromosome (Dering et al. 2012). There are models that predict phenotype variation of

multilocus genotypes using a method called the combinatorial partitioning method (CPM;
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Gilbert-Diamond and Moore, 2011). This partitions phenotype variation and compares similarity
between individuals while also looking for differences in partition means of the population to
find causative SNPs that cause phenotype variation in economically important traits (Ma et al.
2008; Gilbert-Diamond and Moore, 2011). The CPM method interprets gene interactions based
on allele combinations that may otherwise be missed by using a model only considering linear
genetic effects (Ma et al. 2008). A threshold level is determined prior to analysis where every
genotype combination set is assessed for the proportion of explained variance for the traits of
interest. This is known as the within- and between-partition variance strategy (Gilbert-Diamond
and Moore, 2011; Nelson et al. 2001). A second threshold level determining minimum sample
size per partition sets is also established to calculate enough degrees of freedom. This obtains
more accurate estimates for the within-partition groupings (Gilbert-Diamond and Moore, 2011).
Once these criteria are met, the partition sets undergo multi-fold cross validation for
confirmation of accuracy. Interpretations about the effect of genotype on phenotype can then be
made using simple parametric statistics from the genotype combination partitions (Gilbert-

Diamond and Moore, 2011).

A computer program that uses some variation of the CPM method called EpiSNP utilizes
genome wide association analysis to identify functional mutations (Ma et al. 2008). This will
expand our knowledge of gene mechanisms and their function in various pathways to improve
economically important traits (Gao et al. 2007). This program follows quantitative genetics
where effects of gene interactions or single genes on complex traits are assessed through use of
Fisher’s (1918), Cockerham’s (1954) and Kempthorne’s (1954) methods. EpiSNP partitions
interaction effects when linear single gene effects do not explain what is happening in the model

(Ma et al. 2008). The mode of the effect between two interacting genes is identified through
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analysis of allele x allele, allele x genotype, genotype x allele, and genotype x genotype
interactions (Ma et al. 2008). This model also includes assumptions for linkage disequilibrium
(LD) and Hardy-Weinberg disequilibrium (HWD) to test for interactions in populations where
these assumptions may be present. These are measurements that interpret the interaction effect
and determine allele combinations that have the most or least effect on the carcass trait. The goal
of this program is to use genome wide analysis to create interaction networks that affect

quantitative traits.

Although there are a considerable number of factors that influence complex phenotypes,
knowledge of genetic mechanisms and gene interaction networks in combination with biological
and molecular pathways can be advanced (Ma et al. 2008). Genomic selection improves traits
and accuracy by identifying mutations that are associated with a trait that will allow a producer
to make informed decisions about marketing livestock. However, more emphasis is needed for
the analysis of gene interactions impacting complex traits. Novel SNPs and our current
understanding of how genes function and interact allow us to understand how underlying

mechanisms impact economically important traits.

2.7 Objectives and Hypothesis

The hypothesis was that marbling and lean meat yield will be simultaneously increased using
a combination of two gene variants to improve overall carcass quality and consistency. The
objectives were to evaluate the four gene variants (LEP, ADH1C, TG and GALR?2) affecting
marbling and the four gene variants (CRH, POMC, MC4R and IGF2) affecting carcass yield and
to access gene variant combinations to determine if it is possible to simultaneously increase both

lean meat yield and marbling.
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The objectives for the chapter investigating the effects of serotonin receptor 1B on beef
carcass traits were to screen the coding regions of HTR1B for gene variants, genotype the most
promising variant in 386 crossbred steers and analyze for an association with carcass traits. Our

hypothesis was that there would be an association between a variant in HTRIB with carcass traits.
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3.0 AN INVESTIGATION OF GENE INTERACTIONS FOR BEEF CARCASS TRAITS

3.1 Introduction

Consumer satisfaction of Canadian beef is dependent on several factors, and includes
intramuscular fat (IMF) or marbling, which contributes to overall eating quality (Corbin et al.
2014; Wheeler et al. 1994). Cattle producers have an opportunity to market their cattle at a
premium if beef carcasses achieve high grades with optimal levels of fat cover (Pickworth et al.
2011). However, uniformity of beef carcasses going to market continues to be a challenge for the
industry (Nichols et al. 2014). Carcass consistency and quality is impacted by a number of
factors. Fat deposition for example, is dependent on nutrition and management, maturity, breed,
gender and genetics (Corbin et al. 2014). These variables may also impact meat and fat color,

carcass muscling, and fat coverage.

Analysis programs such as EpiSNP enable genome wide association analysis, which
allows for the identification of mutations that will expand our knowledge of gene function to
improve economically important traits (Gao et al. 2007). Epigenetic effects may help explain the
variability observed in the genetics of complex traits, as there are factors such as the environment
and allele combinations, which will impact individual phenotypes (Ma et al. 2008). Several
quantitative genetics methods assessed the effects of gene interactions or single genes on
complex traits (Fisher 1918; Cockerham 1954; Kempthorne 1954). Although there are a
considerable number of factors that influence complex phenotypes, using knowledge of
epigenetics and gene interaction networks in combination with molecular pathways may increase

our understanding of genetics and its principle mechanisms (Ma et al. 2008).
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Past research indicates the association of numerous candidate genes with yield and fat
traits in beef cattle. Leptin (LEP; Buchanan et al. 2002), alcohol dehydrogenase 1C (ADH1C;
when vitamin A is restricted, Ward et al. 2012), thyroglobulin (TG; Bennett et al. 2013), and
galanin receptor 2 (GALR?2) are genes that influence marbling. Genes that affect lean meat yield
are corticotrophin-releasing hormone (CRH; Buchanan et al. 2005), pro-opiomelanocortin
(POMC; Buchanan et al. 2005; Deobald and Buchanan 2011), melanocortin 4 receptor (MC4R;

Buchanan et al. 2005) and insulin like growth factor 2 (IGF2; Goodall and Schmutz, 2007).

The beef industry could benefit from DNA tests using single genes, or through the use of
a subset of genes that interact with one another. To determine gene effects on meat quality and
quantity, we need to improve our understanding of molecular and biological mechanisms before

we are able to improve carcass uniformity on commercial livestock operations (Gao et al. 2007).

3.2 MATERIALS AND METHODS
3.2.1 Animals

3.2.1.1. Pound-Maker Population

The Pound-Maker group of animals contained 386 crossbred steers that were purchased
at an auction near Saskatoon, Saskatchewan in 2005. They were housed at the University of
Saskatchewan (U of S) beef research facility during the backgrounding phase and at Pound-
Maker Agventures (Lanigan, SK) for finishing before being slaughtered at XL Beef in Moose
Jaw (Pugh et al. 2007). All steers received the same diets. Data used for analysis included

carcass data namely hot carcass weight (HCW), average fat, grade fat, and ribeye area (REA).
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Average fat is the average of three fat measurements collected along the 12" rib longissimus

dorsi muscle and grade fat is the narrowest fat depth on the fourth quadrant.

3.2.1.2. Cattleland Feedyards Ltd. Population

A group of 2000 British crossbred steers were obtained at auction at an average weight of
274 kg. A group of 1000 animals were implanted with Component TE 100 and 1000 were non-
implanted. Animals were shipped for slaughter to JBS Food Canada (Brookes, AB) when pen
weight reached an average of 612 kg between June 3 and July 31%, 2014. Data used for analysis

included Vision Grade Marbling grade, REA, and fat thickness.

3.2.2. DNA Extraction

For the Pound-Maker animals a blood sample was collected from each animal (Pugh et
al. 2011) and the DNA was extracted as described by Montgomery and Sise (1990). For the
Cattleland Feedyards steers the ear tissue tag and DNA extraction method from Quantum
Genetix (Saskatoon, SK) was utilized (Kononoff et al. 2013). Briefly tissue collected from the
animals was cut into deep 96 well plates, where solution A consisting of 0.2 M NaOH was
added. Plates were then incubated for 15 minutes at 58-62°C, and then solution B, which
consisted of 1.6% concentrated HCI and 0.1M Tris, was added to each well. The plates were then
spun to ensure sufficient mixing of the solutions. DNA could then be used for subsequent PCR

reactions.
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3.2.3. Genotyping

Published gene variant tests in LEP, ADH1C, TG, GALR2, CRH, POMC, MC4R and
IGF2 (Table 3.1) were used, that had previously been shown to have an association with either
lean meat yield or fat traits. These genes are not linked, and are inherited independently. Gene
variants were first assessed in the Pound-Maker population of steers before proceeding to the

2000 head from Cattleland Feedyards Ltd.

Table 3.1. Published gene variant tests and their allele frequencies.

Gene Gene variant Allele Frequencies Reference
LEP LEP ¢.73C>T T=0.55 Buchanan et al.
C=045 2002
ADH1C ADHI1C c. -64T>C T=0.70 Ward et al. 2012
C=0.30
TG TG5 T=0.70 Barendse et al. 1999
C=0.30
GALR2 GALR2 c. -199T>G G=0.56 Madder et al
T=0.44 Unpublished.
CRH CRH c. 22C>G G=0.55 Pugh et al. 2011
C=045
POMC POMC c. 288C>T C=0.75 Thue and Buchanan
T=0.25 2003
MC4R MCA4R c. 856C>G C=0.66 Buchanan et al.
G=0.34 2005
IGF2 IGF2 c. -292C>T Cc=0.72 Goodall and
T=0.28 Schmutz 2003

3.2.3.1. PCR-RFLP

The PCR primers and conditions along with restriction enzymes used for LEP ¢.73C>T,
ADH1C ¢.-64T>C, GALR2 ¢.-199T>G, POMC c. 288C>T, and MC4R c. 856C>G are listed in
Table 3.2. The total reaction volume was 25 pl and the PCR cocktail included 10X Taq NH4SO,

Buffer (Fermentas, Burlington, ON), 0.2 uM dNTPs (Burlington, ON), 2 M MgCl,, 0.16 pmol of
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the forward and reverse primers (Integrated DNA Technologies, Coralville, 1A), 0.2 units Taq

polymerase (Fermentas, Burlington, ON), and 100 ng of DNA template. The additives 1 M

Betaine (Sigma-Aldrich, Oakville, ON) or 0.5 mg/ml BSA (New England Biolabs, Pickering,

ON) were used (Table 3.2). A T100 Thermal Cycler (Biorad, Mississauga, ON) was used for

PCR amplification. Initial denaturation occurred at 94°C for 2 minutes. There were 35 cycles of

30 seconds at 94°C, with 30 seconds at the annealing temperature (Table 3.2), and 45 seconds at

72°C. A final extension at 72°C occurred for 10 minutes, which finished with a hold at 4°C. The

products from the PCR amplification were digested with a restriction endonuclease (Table 3.2)

followed the manufacturers’ protocols before being separated on a 3% agarose gel.

Table 3.2. PCR-RFLP primers and genotyping protocols.

Gene Forward and Reverse Primers Additive  Annealing  Restriction
Variant Temperature ~ Enzyme
(O
LEP ATGCGCTGTGGACCCCTGTATC BSA 56 BspEl
c.73C>T TGGTGTCATCCTGGACCTTCC
ADH1Cc. CAGGGCTTAAAGATCCCAGA BSA 54 BslI
-64T>C TAGCCAATGCTTGTCTCTCG
GALR2 c. AGGGCCAGGGAGCAGGAAC Betaine 58 Bccl
-199T>G GGACACCGAGGACACGAG
POMCc. GATGAGCAGCCGCTGACT Betaine 52 Bts“l
288C>T GTCAGCTCCCTCTTGAATTCGAG
MC4Rc. TACCCTGACCATACTGATCG Betaine 52 Tail
856C>G AGAGCAACAAATGATCTCTTTG

3.2.3.2. Real time PCR

A LightCycler 480 system (Roche Molecular Biochemicals) was used to perform the real

time PCR of CRH c. 22C>G and IGF2 c. -292C>T (Table 3.3) at Quantum Genetix (Saskatoon,

SK). A duplex assay mix allowed for the simultaneous amplification of the gene variants. The
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total master mix volume was 4 ul per reaction. This consisted of 5 U/ul of FroggaBio FastStart
Tagq DNA Polymerase (FroggaBio, Toronto), 10X PCR Buffer with MgCl,, 10 mM dNTPs, 50
mM MgCl,, 10 mM forward and reverse primer/4 mM TEX Cy5, 10 mM forward and reverse

primer/4 mM FAM HEX, distilled water and 1ul of DNA.

The PCR conditions were as follows: denaturation at 95°C for 10 minutes followed by
cycles of 30 seconds at 95°C, 30 seconds at 58°C and 45 seconds at 72°C. There was no final

extension for these reactions.

Table 3.3._Real time PCR primers and probes.

CRH c. 22C>G

Forward Primer CGCCCGCTAAAATGCG

Reverse Primer CCA CCA GCAGGACGC

Probes Texas Red - ACT GCC GCT GCT CGT - BHQ2

Cy5 - ACT GCG GCT GCT CGT - BHQ2

IGF2 c. -292C>T

Forward Primer CCACCTGGC AGTCGAG
Reverse Primer CCC TGG GCG GTG GGT AAA GAG
Probes FAM - ACC AGC GAC GTC CAG -BHQ1

HEX - CAC CAG TGA CGT CCA G-BHQ2

3.2.4. Statistical Analysis

3.2.4.1. Pound-Maker Population

To analyze the association between gene variants with carcass data, the MIXED

procedure of SAS was used, where means were separated using the PDIFF statement.

Yij = p + GeneAi + GeneBj + GeneA x GeneBij + eijk
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Where Yij is the dependent variable for the it observation, p represents the mean of the

dependent variable, and eij represents the random error for each animal observed.

3.2.4.2. Cattleland Feedyards Population

The 2000 Cattleland Feedyards Ltd. (CFL) steers were randomly grouped by implant
status, ADH1C genotype and two treatment levels of vitamin A (50% and 100% of the
recommended NRC value), however, only an effect of implant status was observed. A separate

analysis was conducted for each group; 1000 steers implanted and 1000 non-implanted.

3.2.4.2.1. Multivariate ANOVA

Gene variants that showed significance (P<0.05) for main effects (Appendix A) using the
same equation conducted on the Pound-Maker steers were then analyzed at each carcass trait
using a T-test to pool genotypes that were not significantly different. The pooling of genotypes
was indicative of a dominant allele. Interactions could then be analyzed using the multivariate
ANOVA GLM procedure of SPSS (IBM SPSS Statistics version 20). Gene interactions were
established by pairing a gene significant for a fat trait with a gene significant for a lean yield
trait. The T-test results were used to determine whether multivariate analysis would be conducted
on a 2x2 (both genes had pooled genotypes), 3x2 (one gene had a pooled genotype) or 3x3
(neither gene had pooled genotypes) design. Means were separated using the REGWF (Ryan-
Einot-Gabriel-Welsh F) test when neither gene had a pooled genotype. Significance was declared

at P<0.05.
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3.2.4.2.2. EPISNP

New programs such as EPISNP that are specific for gene interaction analysis have
recently become available (Ma et al. 2008). To assess additive and dominance interaction effects
for gene variants in the non-implanted and implanted steers, the serial computing program
epiSNP1 was used. EPISNP1 statistics includes a general linear model with a two-step least
squares analysis that tests individual and interaction SNP effects on carcass traits. The

significance was tested using the F-test for single locus effects, and the model was as follows:

Yij=pu+SNP +e

Where Yij is the dependent variable, p represents the mean of the dependent variable, the SNP is
the single locus genotype effect and e represents the random error. To determine the mode of
effect for gene interactions, the single locus analysis results were partitioned into additive (A)
and dominance (D) effects using the Cockerham and Kempthorne (1954) method. This allows us
to interpret the gene combination effect between allelic means for each interaction. The model

for testing interaction effects is as follows:

Yij = p + GeneA + GeneB + GeneA x GeneB + e

Interaction effects were partitioned into AxA, AxD, DxA and DxD effects (Cockerham and
Kempthorne, 1954), and significance was tested with a T test. The top 13 most significant
interactions were selected to input into EPINET, a program found within EPISNP, which is used

for the visualization of interaction networks between SNPs and carcass traits.
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3.3. Results
3.3.1. Pound-Maker Population

3.3.1.1. Gene Variant Association Study

The Pound-Maker population was genotyped with the eight gene variants for the main
purpose of selecting a subsample of genes to proceed with in the 2000 CFL steers. LEP ¢.73C>T
significantly affected average fat (P=0.003; Figure 3.1) and grade fat (P=0.002). Animals
homozygous for the T allele had significantly higher average fat and grade fat. However, it
appears that the C allele was dominant as there was no significant difference between the CT and
CC genotypes. Steers with both CT and CC genotypes had significantly lower fat in both traits
compared to TT. The TT genotype for grade fat had a measurement of 9.30 mm, whereas CT and

CC graded at 8.27 mm and 7.50 mm respectively.

LEP ¢.73C>T
129 " P=0.003

10 4

Average Fat (mm)

0 +—

—

Figure 3.1. Least square mean (LSM) values for LEP c.73C>T genotypes with average fat in the
Pound-Maker steers. The number of animals with each genotype is in each bar and standard
error is shown.

GALR2 c. -199T>G was significantly associated with REA (P<0.001; Figure 3.2). Each

G allele increased REA, where the GG genotype was approximately 11 cm? larger than the TT
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genotype. Cattle in each genotype class were significantly different from one another, with the
heterozygotes fell at an intermediate value between the homozygotes. This suggests an additive

effect, where each addition of the G allele increased the size of REA.

POMC c. 288C>T was significantly associated with hot carcass weight (CC= 210, CT=
151 TT=25; P=0.04). The significant difference was only between cattle with the CT and CC
genotypes with weights of 381.41 kg and 373.64 kg respectively. Cattle with a TT genotype with
a weight of 377.20 kg were not different from either the CT or CC steers, possibly due to the

small number of animals present in that grouping (n=25) and the higher standard error of 1.47.

GALR? c. -199T>G

108
106 - T P<0.001
104 -
102 -
100 -
98 -
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REA (cm?)

Figure 3.2. Least square mean (LSM) values for GALR2 c. -199T>G genotypes with REA in the
Pound-Maker steers. The number of animals with each genotype is each bar and standard error

is shown.

There were several significant gene interactions and others that showed trends with traits.
The P-values for gene interactions are depicted in Appendix B. The POMC c. 288C>T and
GALR2 c. -199T>G interaction was significant for average fat (P=0.01; Figure 3.3) and grade fat

(P=0.05; graph not shown). The favorable genotype combinations were POMC CC and GALR2

33



TG and TT, POMC CT and GALR2 TT, and with POMC TT and GALR2 TT and TG. The
ADH1C c. -64T>C and POMC c. 288C>T interaction was significant for average fat (P=0.05;
Appendix C) and grade fat (P=0.03; graph not shown). The favorable genotype interaction
between these two variants was TT for POMC and CT for ADH1C, however due to allele
frequencies, there were only 11 animals in this group. The GALR2 c. -199T>G and CRH c.
22C>G interaction was only a trend with average fat (P=0.10; Appendix C). These graphs are
obviously not easy to interpret and there are very low numbers of animals with the combined

genotypes.

14 - P=0.01
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2 4 =TT
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CcC CT TT

POMC c. 288C>T

Figure 3.3. Least square mean (LSM) values for GALR2 c. -199T>G and POMC c. 288C>T with
average fat in the Pound-Maker steers. The number of animals with each genotype is in each bar
and standard error is shown.

Seven of the eight gene variants were selected to proceed with in the CFL steers, as they
either had a trend, effect or were involved in gene interactions influencing a trait that

demonstrated a trend which could possibly lead to significance in the CFL steers. Therefore the
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only gene not selected to genotype was thyroglobulin, as it did not demonstrate any effect in the

Pound-Maker steers.

3.3.2. Cattleland Feedyards Population

The allele frequencies for the gene variants genotyped in the CFL population are reported
in Table 3.4. Several genes had moderate allele frequencies, such as LEP ¢.73C>T, GALR2 c. -
199T>G and CRH c. 22C>G. The remaining gene variants have frequencies that are skewed

towards one allele.

Table 3.4. Calculated allele frequencies for gene variants genotyped in the 2000 steer CFL
population

Gene Gene variant Allele Frequencies
Leptin LEP c.73C>T T=0.55
C=045
ADH1C ADHI1Cc. - T=0.74
64T>C C=0.26
GALR2 GALR2 c. - G=051
199T>G T=0.49
CRH CRH c. 22C>G G=051
C=049
POMC POMC c. C=0.75
288C>T T=0.25
MC4R MC4R c. C=0.70
856C>G G=0.30
IGF2 IGF2c. - C=0.80
292C>T T=0.20

3.3.2.1. Association Study

3.3.2.1.1. Non-implanted steers

Four gene variants significantly affected carcass traits in the non-implanted steers. The

GALR2 c. -199T>G variant was significantly associated with vision grade marbling score and fat
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thickness (Table 3.5). Cattle with the TT/TG genotypes, which demonstrate a dominance effect
of the T allele, show a 7.6% increase in marbling score. Fat thickness follows the same pattern,
where a 1.1 mm greater fat thickness was observed in the TT/TG steers compared to steers with

the GG genotype.

Table 3.5. Least square mean (LSM) values for GALR2 c. -199T>G genotypes with Vision grade
marbling and fat in the Cattleland Feedyards non-implanted steers.

GALR2 c. -199T>G

Variable TT/TG (n=643) GG (n= 236) SEM p?
VGMARB 463.52° 430.90° 2.93 <0. 001
Fat (mm) 10.232 0.14° 0.16 0.006

'Significance is P<0.05. Only traits with a significant main or interaction effect are displayed.
VGMARB=Vision Grade Marbling Score; Fat=Fat thickness; GALR2=Galanin receptor 2

A significant difference between steers with the TT/CT and CC genotypes for IGF2 c. -
292C>T was observed for REA (P=0.01; Figure 3.4) where the T allele was dominant for this
carcass trait. Steers that were CC at this locus had an increase of 1.94 cm? REA when compared
to TT/CT steers. POMC c. 288C>T was significantly associated with fat thickness (P=0.001;
Figure 3.5) between the TT/CT and CC genotypes. There was no significant difference between
the TT/CT steers again indicating the T allele was dominant, which enabled them to be pooled
together for analysis. The CC steers demonstrated a 1.24 mm increase in comparison to TT/CT

steers.
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Figure 3.4. Least square mean (LSM) values for IGF2 c. -292C>T with rib eye area in the CFL
non-implanted steers. The number of animals with each genotype is in each bar and standard

error is shown.
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Figure 3.5. Least square mean (LSM) values for POMC c. 288C>T with fat thickness in the CFL
non-implanted steers along with their main effect P-values. The number of animals with each
genotype is in each bar and standard error is shown.
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The MCA4R c. 856C>G variant showed a significant association with fat thickness
(P=0.034; Figure 3.6). There was no significant difference between steers with the GG/CG
genotypes. The CC steers demonstrated a 0.84 mm increase when compared to animals with the

GG/CG genotype.

MCH4R c. 856C>G P=0.034
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Figure 3.6. Least square mean (LSM) values for MC4R c. 856C>G with fat thickness in the CFL
non-implanted steers along with their main effect P-values. The number of animals with each
genotype is in each bar and standard error is shown.

The first of three interactions occurred between LEP ¢.73C>T and IGF2 c. -292C>T with
fat thickness (P=0.05; Figure 3.7). The T allele for both variants was dominant; therefore the TT
and CT genotypes for both variants could be pooled and analyzed as a 2x2 interaction. The
favorable genotype was IGF TT/CT and TT/CT at LEP having significantly higher fat thickness

with an increase of 1.83 mm from the smallest fat thickness measurement.
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Figure 3.7. The LEP ¢.73C>T and IGF2 c. -292C>T interaction with fat thickness in the CFL
non-implanted steers. The number of animals with each genotype is in each bar and standard
error is shown.

The second interaction occurred between POMC c. 288C>T and MC4R c. 856C>G with
vision grade marbling score (P=0.05; Figure 3.8). The T allele for POMC c. 288C>T and the G
allele for MCA4R c. 856C>G were identified as dominant and analyzed as a 2x2 interaction. The
most favorable allele combination occurred at a score of 472.54 with CT/TT of POMC and steers
with the CC genotype from MC4R, which had a score 6.8% higher than the lowest score of
442.53. There was no significant difference between cattle that had POMC CC and MC4R

CC/CG/GG genotypes, or POMC TT/CT and MC4R GG/CG genotypes.
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Figure 3.8. The MC4R c. 856C>G and POMC c. 288C>T interaction with vision grade
marbling score in the CFL non-implanted steers. The number of animals with each genotype is in
each bar and standard error is shown.

The last interaction occurred between GALR2 c. -199T>G and POMC c. 288C>T with
REA (P=0.034; Figure 3.9). The T allele for GALR2 c. -199T>G was identified as dominant
however, POMC c. 288C>T genotypes were not pooled together as no dominance pattern was
present; therefore these variants were analyzed as a 3x2 interaction. The favorable allele
combination appears to be TT/CT for POMC c. 288C>T and GG for GALR2 c. -199T>G, with
an increase of 9.68 cm? when compared to the lowest REA measurement of 78.58 cm?. Cattle
with the GALR2 TT/TG in combination with CT or TT POMC genotypes shows a decreased
REA when compared to steers with the GG genotype for GALR2 with a T allele for POMC.
When GALR2 GG interacts with the POMC CC genotype, we see the same decreased REA as

with the GALR2 TT/TG genotype interactions with no significant difference present.
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Figure 3.9. The GALR2 c.-199T>G and POMC c. 288C>T interaction in the CFL non-
implanted steers. The number of animals with each genotype is in each bar and standard error is
shown.

3.3.2.1.2. Implanted steers

In this group of steers we observed five gene variants associated with traits. GALR2 c. -
199T>G was found to be significantly associated with vision grade marbling score (P=0.0001),
fat thickness (P=0.001) and REA (P=0.002; Table 3.6). There was no significant difference
between steers with the TT/TG genotypes for marbling score and fat thickness, therefore they
were pooled together for analysis. Cattle with TT/TG genotypes for the marbling score is 5.2%
higher and has about 1 mm thicker fat than cattle with the GG genotype. It is interesting to note
that the fat traits are showing dominance of the T allele, but does not follow the same pattern for
the REA trait, which was demonstrating an additive effect. For REA, the GG genotype in steers

gives the largest measurement and in comparison to the TT steers results is a nearly 3.23 cm?

difference.
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Table 3.6. Least square mean (LSM) values for GALR2 c. -199T>G genotypes with Vision grade
marbling, fat and REA in the Cattleland Feedyards implanted steers along with their main effect
P-values

GALR2 c. -199T>G

Variable TT/TG (n=670) GG (n=242) SEM p!
VGMARB 397.83° 378.27° 1.96 0.0001
Fat (mm) 8.38° 7.31° 0.13 0.001
TT TG GG
(n=235) (n=457) (n=251)
REA (cm?) 83.74° 84.32%® 86.90° 0.06 0.002

! Significance is P<0.05. Only traits with a significant main or interaction effect are displayed.
VGMARB=Vision Grade Marbling Score; Fat=Fat thickness; GALR2=Galanin receptor 2;
REA=ribeye area

The vision grade marbling score was significantly associated with the LEP ¢.73C>T
variant (P=0.04; Figure 10). Dominance of the T allele was observed for this trait, which was

associated with a 2.8% increase in VGMARB compared to steers with the CC genotype.

IGF2 c. -292C>T was significant for fat thickness (P=0.01) and vision grade marbling
score (P=0.007; Table 6). Fat thickness showed a difference of 0.66 mm between genotype
groupings, with TT/CT animals having the larger measurement. The T allele for this trait showed
dominance but when looking at the marbling score it became additive. The TT genotype has the

largest marbling score when compared to CC, which has 7.1% less intramuscular fat than TT.

42



LEP c.713C>T
400 - P=0.04

[F]
O
wn

o8]
O
o

L9
o]
wn

98]
o0
o

Vision Grade Marbling Score

TT/CT

Figure 3.10. Least square mean (LSM) values for LEP ¢.73C>T in the CFL implanted steers
along with their main effect P-values. The number of animals with each genotype is in each bar
and standard error is shown.

Table 3.7. Least square mean (LSM) values for IGF2 c. -292C>T genotypes with Vision grade
marbling and fat in the Cattleland Feedyards implanted steers along with their main effect P-
values

IGF2 c. -292C>T

Variable TT/CT (n= 358) CC (n=576) SEM P!
Fat (mm) 8.48° 7.82° 0.13 0.01
Variable TT (n=48) CT (n=326) CC (n=597)

VGMARB 415.80° 394,11% 388.15" 1.96 0.007

! Significance is P<0.05. Only traits with a significant main or interaction effect are displayed.
VGMARB-=Vision Grade Marbling Score; IGF2= Insulin Growth-like Factor 2

The POMC c. 288C>T variant was found to be significantly associated with REA
(P=0.02; Figure 3.11). The C allele demonstrated a dominance effect. The 56 cattle with the TT
genotype exhibited a larger REA measurement by 3.74 cm?. The CRH c. 22C>G variant was
significantly associated with vision grade marbling score (P=0.02; Figure 3.12). Dominance was

observed with the G allele, but it is the CC genotype that had the highest marbling score, which
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was 3.1% greater than GG/CG. Again, no interactions were observed between gene variants in

the implanted steer population.
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Figure 3.11. Least square mean (LSM) values for POMC c. 288C>T with REA in the CFL
implanted steers along with their main effect P-values. The number of animals with each
genotype is in each bar and standard error is shown.
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Figure 3.12. Least square mean (LSM) values for Vision Grade Marbling Score and CRH c.
22C>G in the CFL implanted steers along with their main effect P-values. The number of
animals with each genotype is in each bar.
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3.3.2.2. EPISNP

The following gene interaction networks were created using EPINET based on pairwise
analysis result output from EpiSNP1. Each colored node indicates different levels of
significance, where blue and grey are P<0.05 and P<0.10 respectively. Lines connecting nodes
represent the following modes of interaction for carcass traits: green (DxD), blue (DxA), red
(AxA) and purple (AxD). Directions of the interaction mode between each gene variant are listed

in Appendix D. The term fat refers to fat thickness.

The non-implanted steer network (Figure 3.13) revolves around four significant central
interconnected gene variants which include GALR2 c. -199T>G, POMC c. 288C>T, MC4R c.
856C>G and CRH c. 22C>G. GALR2 c. -199T>G and MC4R c. 856C>G interact with fat
thickness (AxA) and REA (DxA). GALR2 c. -199T>G and POMC c. 288C>T are connected by
the traits vision grade marbling (AxD) and REA (AxD). GALR2 c. -199T>G is connected to
CRH c. 22C>G for the carcass trait fat thickness (AxD). MC4R c. 856C>G is the only variant to
interact with IGF2 c. -292C>T, and does so for the traits vision grade marbling and fat thickness
(where both are AxD). MC4R c. 856C>G is also connected to CRH c. 22C>G, with an AxA

mode of interaction for fat thickness.

CRH c. 22C>G is the only variant to interact with ADH1C c. -64T>C (DxD). Also, unlike
all other variants in this network, ADH1C c. -64T>C is not significant, but was a trend. The
variant CRH c. 22C>G is connected to POMC c. 288C>T through carcass traits REA (AxA) and
fat thickness (AxA). The last interaction in this network is the only one to include LEP ¢.73C>T

and occurs with POMC c. 288C>T for REA (DxD) and vision grade marbling score (DxA).
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Figure 3.13. The top 13 most significant EPISNP results for interactions in LEP, ADH1C,
POMC, CRH, GALR2, MC4R and IGF2 with the Cattleland Feedyards steers. (A) SNP
interaction network in the non-implanted steers (B) SNP interaction network in the implanted
steers. Node colours indicate significance levels: blue (P<0.05) and grey (P<0.10). Lines
connecting nodes represent modes of interaction for carcass traits: green (DxD), blue (DxA), red
(AxA) and purple (AxD).

The implanted steer network contains interactions that occur less centrally around a
subset of genes, but instead interacts more broadly with a larger number of variants. GALR2 c. -
199T>G interacts with three genes: IGF2 c. -292C>T through a significant connection with REA
(AxA), with ADH1C c. -64T>C for fat thickness (AxD) and with CRH c. 22C>G (DxA) for fat
thickness. IGF2 c. -292C>T interacts with MC4R c. 856C>G for vision grade marbling score
(DxA) and fat thickness (AxD). ADH1C c. -64T>C and MC4R c. 856C>G have significant traits
vision grade marbling score (AxD) and REA (DxA) connecting them. LEP ¢.73C>T is the only
variant in this network that occurs in a single interaction. This occurs with MC4R c. 856C>G for
vision grade marbling score (AxD) and fat thickness (AxA). CRH c. 22C>G interacts with

POMC c. 288C>T (AxD) and IGF2 c. -292C>T (AxD) for fat thickness, as well as with MC4R c.
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856C>G for vision grade marbling score (DxD). POMC c. 288C>T and IGF2 c. -292C>T

interact with one another for vision grade marbling score with an AXA mode.

Interactions that occur between the same variants in both the non-implanted and
implanted networks include GALR2 c. -199T>G and CRH c. 22C>G for fat thickness, although
the mode of the interaction differs, where it was AxD in the non-implanted steers, and DxA in
the implanted steers. MC4R c. 856C>G and IGF2 c. -292C>T interact in both networks for
vision grade marbling and fat thickness, where the mode was AxD in the non-implanted animals
for both traits, but vision grade marbling score becomes DxA in the implanted steers. Finally,
MCA4R c. 856C>G and CRH c. 22C>G interact for fat thickness, being AXA in the non-implanted
network, but the carcass trait changes in the implanted steers to vision grade marbling score, with

DxD being the mode of the interaction.

Interestingly, comparisons made between the two networks for the non-implanted and
implanted steers demonstrates differences in interactions within the same subset of gene variants.
The mode of the interaction can differ between the two populations for the same carcass trait.
GALR?2 c. -199T>G and CRH c. 22C>G for example, are both significant for fat thickness, but in
the non-implanted steers demonstrates an AXA mode, whereas this changes to DXA in the
implanted steers. Also, the interaction between two of the same genes holds but the carcass traits
affected changes. An example of this occurs between MC4R c. 856C>G and CRH c. 22C>G in
the non-implanted steers with fat thickness but in the implanted steers the trait changes to vision
grade marbling score. Also, both networks produced nodes for two different variants that were
not significant and were only trends. In the non-implanted network, the trend was with ADH1C

c. -64T>C, whereas in the implanted population it occurred with LEP ¢.73C>T.
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MCA4R c. 856C>G interacts with IGF2 c. -292C>T in both networks for vision grade
marbling and fat thickness. The mode of interaction for both of these traits is AxD in the non-
implanted animals, but in the implanted steers, vision grade marbling score becomes DxA. The
last interaction to occur in both networks is MC4R c. 856C>G and CRH c. 22C>G. The carcass
traits connecting the variants in both networks differ. Fat thickness is significant and AxA in the
non-implanted network, but in the implanted steers the carcass trait is vision grade marbling,

which is a DxD mode of interaction.

3.4.3. Discussion

Genotyping of the Pound-Maker population determined which genes were selected to
analyze in the CFL steers. Both populations were composed of British crossbred steers that were
maintained on the same diet. A group of 1000 CFL and Pound-Maker animals were implanted in
comparison to the 1000 non-implanted CFL steers. There were several main effects and
interactions in the Pound-Maker population. The 3 by 3 interactions were hard to discern and the
combined genotypes often resulted from a small number of animals due to skewed allele
frequencies, for example between GALR2 c. -199T>G and POMC c. 288C>T with average fat
(Figure 3.3). Others were associated with average fat but not grade fat. That was a concern, as
typically both should be affected. There was also an interaction that was a trend (i.e. between
GALR2 c. -199T>G and CRH c. 22C>G with average fat P=0.10; Appendix B) that we thought

might become significant in a larger population.

There were a number of significant associations in the CFL steers that resulted in an

increase in REA and fat thickness. These measurements can have a direct impact on yield grade
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of the carcass. For example, an increase in fat thickness of the fourth quarter of the REA by 2.54
mm will impact the yield grade by 25% (Canadian Beef Grading Agency; United States
Department of Agriculture, 2016). The yield grade is also affected, as REA size increases by
6.45 cm?, a change in the yield grade occurs by approximately 30% (United States Department

of Agriculture, 2016), directly affecting carcass value.

Cattle with a TT genotype at LEP ¢.73C>T showed a significantly increased level of
average fat and grade fat compared to those with the dominant C allele. These results
correspond with previous research where the T allele was associated with increased fat and the C
allele with a leaner carcass (Buchanan et al. 2002). In the CFL implanted steers, the vision grade
marbling score was associated with the LEP ¢.73C>T variant, but in this population the CT and
TT genotypes were not significantly different which indicates dominance of the T allele. These
results differ from the findings in the Pound-Maker population (C allele was dominant) and
earlier studies (additive) performed on this variant (Buchanan et al. 2002; Woronuk et al. 2012).
This research and previous literature supports that the T allele for LEP ¢.73C>T and the TT

genotype is associated with a larger fat measurement the implanted steers.

GALR2 c. -199T>G was significantly associated with REA in the Pound-Maker steers
and the implanted steers. An additive effect of each G allele was observed which increased the
size of the REA. In both the non-implanted and implanted steers there was an association with
vision grade marbling score and fat thickness where the T allele (exhibited dominance) increased
marbling score and fat thickness. Although the 1.1 mm increase in fat thickness is statistically
significant, it does not represent an economically significant value of 2.54 mm, according to the
United States Standards for Grades of Carcass Beef. There is potential for expression of GALR2

to be altered due to a change in the level of transcription through the introduction of a G allele at
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the expense of a T allele in the promoter region, which inserts a Sp1 transcription factor-binding
site (Madder et al. Unpublished; Dynan and Tjian, 1983). Although there is little known about
the effects of GALR2, it’s possible that this SNP contributes some function to the appetite
pathway, allowing binding of galanin in the hypothalamus, stimulating feed intake (Parker and

Bloom, 2012).

Cattle with a CC genotype in the non-implanted steers at POMC c. 288C>T showed a
significantly increased level of fat thickness compared to cattle with a T allele. The implanted
steers with a TT genotype at POMC c. 288C>T showed a significantly larger REA than cattle
with a C allele. The TT/CT were pooled for fat thickness in the non-implanted (T allele
dominance) while CC/CT were pooled for REA in the implanted cattle (C allele dominance).
These results may indicate a role for POMC in metabolism and fat distribution (Forbes et al.
2001). The POMC c. 288C>T effect on REA in the CFL implanted steers resulted in TT steers
having a larger REA by 3.74 cm?. This may have a small impact on improving value of the
carcass by increasing the yield grade of TT animals by approximately 15% (United States
Department of Agriculture, 2016), however the frequency of this genotype is low and it may not

be worthwhile to use MAM to select and manage these animals differently.

IGF2 c. -292C>T had a significant effect on REA in the non-implanted steers, where the
CC genotype increased this trait. This finding was also reported in a crossbred steer population
(n=135) and the Canadian Beef Reference Herd (CBRH; n=143) by Goodall and Schmutz
(2007). The crossbred steers from this previous study demonstrate dominance of the C allele
while in our study it was the T allele and in the CBRH there was an additive action. Increasing
the size of the REA has potential to improve grading of the carcass by increasing lean yield,

which would be economically beneficial to the producer (Goodall and Schmutz, 2007).
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However, it is unlikely that 1.94 cm?would greatly increase the yield grade and value of the
carcass. The CFL implanted steers demonstrated significance of IGF2 c. -292C>T with fat
thickness, where the T allele was dominant, but the mode of inheritance becomes additive for the
marbling score. Although this represents a significant difference in marbling that change from
small to modest AAA, it does not result in a grade change to Prime beef. Goodall and Schmutz
(2007) did not find any correlations to grade fat or marbling score in any of their studied cattle
populations, although results from their bull population indicated percent fat to be associated

with CC bulls, which does not align with our findings.

MCA4R c. 856C>G only showed significance in the CFL non-implanted steers and was
associated with fat thickness. It is possible that this difference in fat thickness between genotypes
could impact the yield grade and therefore value of the carcass. However the CC steers only
demonstrated a 0.84 mm increase when compared to animals with the GG/CG genotype, which
may not be economically significant. Previous research identified this variant as a valine to
leucine amino acid substitution, but only used growth and carcass yield data where a trend was
found with HCW (Buchanan et al. 2005). However, another variant (MC4R g.989G>A) was
associated with increased grade and back fat was found in a population of cattle heterozygous for
the mutation (McLean and Schmutz, 2011), which supports the potential for MC4R to be used to

improve fat traits in beef cattle.

The CRH c. 22C>G variant was only found to be significantly associated with vision
grade marbling score in the CFL implanted steers, although the difference between genotypes is
not enough to have any impact on changing quality grade to increase carcass value. A study
conducted in 256 Charolais crossbred steers identified an association between CRH c. 22C>G,

ribeye area and hot carcass weight (Buchanan et al. 2005), where presence of the G allele was
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correlated to higher yield. Data for marbling or fat was not collected in this study, so direct
comparisons cannot be made with the implanted steers. However, presence of the CC genotype
in implanted steers and its correlation to increased fat and marbling does suggest that the GG

genotype would increase yield.

3.4.1. Interaction Effects

Significant gene interactions were only observed in the CFL non-implanted steers. It is
possible that interactions were not observed in the implanted steers because growth hormones
induced changes in metabolic pathways, thereby altering gene regulation and function. A study
conducted by Becker et al. (2010) analyzed the effect of trenbolone acetate plus estradiol on
metabolic pathways and transcription in livers of Nguni heifers. Interestingly, their results
indicated the down-regulation of IGF2 and IGF2 binding protein mRNA levels, which they
suggest could increase movement of smooth muscle cells and disrupt lipid content. Research by

Kononoff et al. (2013) identified an interaction between leptin and the 3 -adrenergic agonist

Zilpaterol Hydrochloride (ZH). Where leptin would otherwise improve marbling scores for
animals with the TT genotype, the ZH growth promotant acted as an inhibitor, and no difference
in marbling score was observed between CT and TT genotypes. CC steers were not affected by

ZH feeding.

Collapsing approaches used to predict phenotype variation of multilocus genotypes can
be used where traditional analysis methods such as logistic regression provide less accurate
results (Dering et al. 2012; Gilbert-Diamond and Moore, 2011). The dominant T allele for both

LEP ¢.73C>T and IGF2 c. -292C>T enabled the TT and CT genotypes for both variants to be
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pooled and analyzed together as a 2x2 interaction. A 1.83 mm increase in fat thickness was
found to be associated with the LEP ¢.73C>T and IGF2 c. -292C>T interaction with TT/CT for
leptin and TT/CT for IGF2, where 22.3% of steers in this population had the favorable genotype
combination. This has potential to have an effect on yield grade, where a 2.54 mm increase

represents a significant change of 25% (United States Department of Agriculture, 2016).

Analysis of POMC c. 288C>T and MC4R c. 856C>G took into account allele dominance
by pooling genotypes. The interaction between these variants was significantly associated with
vision grade marbling score. The TT/CT genotypes of POMC and the CC genotype from MC4R
had a significantly higher marbling score of 472.54, which is classified as an AAA carcass grade.
Within the non-implanted steers, 20.5% had the favorable genotype combination. By selecting
the favorable allele combinations, producers could use the grid pricing marketing strategy that
evaluates carcass quantity and quality (Parish et al. 2009), and consistently provide AAA cattle
that exceed the set carcass standards to obtain premiums and minimize variation in pens sent for

slaughter (Parish et al. 2009).

The dominant T allele of GALR2 c. -199T>G allowed for pooled genotypes while the
POMC c. 288C>T genotypes were additive and hence these two variants were analyzed as a 3x2
interaction. The TT and CT of POMC c. 288C>T combined with GG at GALR2 c. -199T>G
steers (n=19 and 98 respectively) increased REA by approximately 9.68 cm? when compared to
significantly different genotype combinations. This surpasses the 6.45 cm? standard that alters
the yield grade by approximately 30% by a measure of 3.23 cm? (United States Department of

Agriculture, 2016), and directly impacts carcass value.
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POMC c. 288C>T had not previously been associated with REA (Buchanan et al. 2005).
However, this trait was independently associated with POMC c. 288C>T and GALR2 c. -
199T>G SNPs in the CFL implanted steers. Both alleles for GALR2 c. -199T>G are moderately
heritable making this SNP a good candidate for use as a DNA test, due to its significance for
both yield and fat traits. Low frequency of the T allele for POMC c. 288C>T does not make it an
ideal candidate for DNA testing, however GALR2 c. -199T>G could be used as a single gene
test. Producers could select GG cattle for GALR2 c. -199T>G to increase yield grade from a
larger REA and reduce days on feed, or select TT/TG steers to improve fat traits. Specific
markets could be targeted and uniformity per pen could be improved (Van Eenennaam and

Drake, 2012).

3.4.2. EPISNP

The non-implanted and implanted steer data was used with the EPISNP program to
produce gene interaction networks to identify the mode of interaction occurring between each
gene variant. Interestingly, the EPISNP networks supported the mode of action observed
between gene variants using the multivariate analysis of the pooled genotypes in the CFL steers.
Pooling the genotypes resulted in a larger number of animals with the combined genotypes and
simplified the interactions. The Additive-Dominance mode of GALR2 c. -199T>G and POMC c.

288C>T for REA was observed in both multivariate analysis and EPISNP.

Changes in how gene variants are interacting with one another may be explained by the
effect that occurs when alleles from one gene are combined with alleles from the second gene.
This occurs in EPISNP as an extended version of the Cockerham and Kempthorne (1954)

methods, where interaction effects are partitioned when linear single gene effects do not explain
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what is happening in the model (Ma et al. 2008). This method determines the mode of the effect
between two interacting genes through analysis of allele x allele, allele x genotype, genotype x
allele, and genotype x genotype interactions (Ma et al. 2008). The mode of the interaction is also
dependent on allele and genotype frequency, which will change depending on the combination of
alleles occurring between genes in an interaction for a certain trait. These measurements interpret
the interaction effect and determine allele combinations that have the most or least effect on the

carcass trait (Ma et al. 2008).

Differences in how genes are interacting with one another may be due to the implant
effect that is stimulating changes in metabolic pathways and changing gene function. This was
observed with trenbolone acetate plus estradiol on metabolic pathways and transcription in livers
of Nguni heifers (Becker et al. 2010) and the inhibition that occurs between leptin (TT genotype)
and Zilpaterol Hydrochloride (a beta agonist), where no difference was observed between
genotypes for the marbling scores between all genotypes when fed ZH for 21 days (Kononoff et
al. 2013). However, more work with gene interactions and networks needs to be conducted to

decisively conclude what is occurring between genes and complex carcass traits.

Changes in action can due to epigenetics (Anderson et al. 2012; Feinberg, 2007), which
has potential to explain the variability seen between the Pound-Maker, non-implanted and
implanted steers, as there are factors such as the environment and genotype combinations that
effect individual phenotypes. It is possible that a combination of effects from multiple loci is

contributing to variation occurring with carcass traits within and between cattle populations.

The complexity of phenotype variation is influenced by a number of factors that include

gene interactions. The EPISNP networks identified associations between gene variants and

55



carcass traits, which furthers our understanding of quantitative traits and their underlying genetic
mechanisms. However, the beef industry may find that there is a greater benefit through use of
MAM with single gene tests versus interactions, which contain multiple genes and small animal
numbers for favorable allele combinations. Further assessment of gene interaction use in a
commercial setting should consider genes with moderate and equal allele frequencies to avoid
small subsets of animals. This could be beneficial in identifying useful interactions that
accurately estimate the effect of genes on carcass traits, therefore improving our ability to

genetically select cattle.
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4. AN INVESTIGATION OF SEROTONIN RECEPTOR 1B (HTRIB) ON
BEEF CARCASS TRAITS

4.1 Introduction

Currently, marketing beef in North America is largely determined by either live or
dressed weight, which may have a detrimental effect on meat quality (Tronstad et al. 2005).
There has been a drive within the industry to improve animal performance in the feedlot and to

provide consistent meat quality characteristics that are considered desirable to the consumer.

DNA tests are beneficial to the beef industry and enable the producer to improve
efficiency of their operations. This is achieved by reduced variability in pens and decreasing
days on feed by grouping their cattle to target different markets (VVan Eenennaam and Drake,
2012). Mutations found in cattle DNA that impact meat quality can be amenable to genotype
selection and precision management. A single nucleotide polymorphism (SNP) positively
associated with a carcass trait allows for the sorting of animals to achieve different strategies of
marketing cattle (Gao et al. 2007). The serotonin receptor 1B (HTR1B) may prove useful as a
candidate gene for MAM by improving meat quality and quantity, as serotonin has been linked

to behaviors such as sleep, mood and appetite (Zifa and Fillion, 1992).

The monoamine serotonin (5-Hydroxytryptamine) is involved in energy metabolism and
the release of neurotransmitters such as acetylcholine, dopamine and glutamate (Baldinger et al.
2015; Savli et al. 2012). Receptors control levels of these neurotransmitters and serotonin
through excitatory or inhibitory responses (Baldinger et al. 2015). Serotonin receptor 1A
(HTR1A) for example, produces an inhibitory response on the serotonergic system through the
prevention of postsynaptic cell firing and therefore the release of serotonin (Savli et al. 2012),
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which is synthesized from the amino acid L-tryptophan, and forms 5-hydroxytryptophan after
undergoing a rate-limiting step catalyzed by tryptophan hydroxylase (Laporta and Hernandez,
2015). Lastly, 5-hydroxytryptophan is converted to the final product, serotonin (Laporta and
Hernandez, 2015). Past research has focused on neural functionality of serotonin, and its impact
on behavior and stress. Serotonin production is widespread in the body and serotonin receptors
are expressed in many tissues and organs, including the liver (Laporta and Hernandez, 2015).
There are seven classes of serotonin receptors in mammals that regulate various functions, signal
through G-protein coupled receptor pathways and ligand gated ion channels (Dass and

Sudandiradoss, 2012; Laporta and Hernandez, 2015).

HTRIB is found within the G-protein coupled receptor family and regulates uptake and
release of serotonin from the dorsal raphe nucleus (Baldinger et al. 2015; Mekli et al. 2011).
Like many other serotonin receptors, HTR1B has been linked to appetite (Levitan et al. 2001),
sleep and mood behaviors in humans (Ickowicz et al. 2007), but is also involved in regulating the
activity of HTR1A (Savli et al. 2012). HTR1B is able to impact cattle performance, and
associations with behavior and energy homeostasis have been established (Zhang et al. 2008). In
mice (Rocha et al. 1998) and humans (Lerer et al. 2006) it has been linked to addiction behaviors
and in people with bulimia nervosa, body mass index and appetite (Levitan et al. 2001). Through
use of in situ hybridization, Bruinvels et al. (1993) was able to detect HTRIB mRNA levels in the
caudate-putamen and cortex, as well as in the hippocampus, cerebellum and cerebral arteries of
rodents. The bovine HTR1B gene is located on cattle chromosome 9 and encodes a 389-amino

acid polypeptide (Zhang et al. 2008).

In humans, there have been many HTR1B polymorphisms identified in the coding

sequence and untranslated regions with linkage to a schizophrenia susceptible gene (Sanders et
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al. 2002) and a number of psychiatric conditions, such as depression, anxiety and eating
disorders (Savli et al. 2012). The HTR1B G861C polymorphism for example, was found to be
associated with minimum lifetime body mass index in women diagnosed with bulimia nervosa
(Levitan et al. 2001). Polymorphisms identified in the serotonergic system have also been found
to occur in other species such as the dog (Berga et al. 2004) and in horses where a possible link
with gastrointestinal disorders was identified (Prause et al. 2007). In studies where the HTR1B
gene was knocked-out, mice demonstrated behaviors such as increased food intake and weight
gain (Bouwknecht et al. 2001). These mice also showed an increase in aggressive behavior

(Saudou et al. 1994).

Previous research of HTR1B gene function demonstrates an association between animal
behavior and energy homeostasis (Zhang et al. 2008), and has potential to impact livestock
carcass traits. The aims for this chapter were to screen coding regions of the candidate gene
HTR1B for gene variants, devise a DNA test to genotype 386 cross breed steers and analyze for

an association with carcass traits.

4.2 Materials and Methods

4.2.1. Animals
This group of animals consisted of 386 crossbred steers that were bought at auction near

Saskatoon, Saskatchewan in 2005. They were housed at the University of Saskatchewan (U of
S) beef research facility and at Pound-Maker Agventures during backgrounding and finishing
respectively. DNA had previously been extracted from a blood sample collected from these
animals and followed the protocols of Montgomery and Sise (1990) and Pugh et al. (2011). All
steers received the same diet and were slaughtered at XL Beef in Moose Jaw (Pugh et al. 2007).
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Data used for analysis included hot carcass weight (HCW), average fat, grade fat, REA, and
cutability. The average fat carcass trait is comprised of taking three fat measurements of the 12
rib longissimus dorsi muscle. Grade fat is measured by looking at fat depth of the fourth

quadrant for the narrowest section, and cutability is an estimate of carcass yield.

4.2.2. Gene variant identification

Genomic sequence of the HTR1B gene (1,167 base pairs) was amplified and sequenced
in 16 animals. Primer3 software (Untergrasser et al. 2012) was used to design primers with the
Bos taurus genomic reference sequence found in GenBank (shotgun sequence; NC_007307.6).
Sequencing was conducted at the Plant Biotechnology Institute (Saskatoon, SK) and was

analyzed for SNPs using Sequencher 4.9 (Genecodes, Ann Arbor, MI) software.
4.2.2.1. Genotyping HTR1B ¢.205G>T

HTRIB ¢.205G>T was genotyped using sequence. The total reaction volume was a 25
PCR cocktail that included 10X Taq NH4SO,4 Buffer (Fermentas, Burlington, ON), 0.2 uM
dNTPs (Burlington, ON), 2 nM MgCl,, 0.16 pmol of the forward (5°CCA GAC TGG GCT TTC
TCA AG 3’) and reverse (5’CTA ACT GCG TGG TGA AAC ACC 3’) primers (Integrated
DNA Technologies, Coralville, 1A), 0.2 units Tag polymerase (Fermentas, Burlington, ON), and
100 ng of DNA. The additive 1M Betaine (Sigma-Aldrich, Oakville, ON) was used in this
reaction. A T100 Thermal Cycler (Biorad, Mississauga, ON) was used for PCR amplification.
Initial denaturation occurred at 94°C for 2 minutes. There were 35 cycles of 30 seconds at 94°C,

with 30 seconds at the annealing temperature 56°C, and 45 seconds at 72°C. A final extension at
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72°C occurred for 10 minutes, which finished with a hold at 4°C and was stored at -20°C. The
amplicons were then separated on a 1% agarose gel for quantification using a low mass DNA
ladder (Invitrogen), and 10 ul of the remaining product was combined with 1ul exonuclease 1
and 2 ul saspAP, and DNA was sent for sequencing at Plant Biotechnology Institute (Saskatoon,
SK). The sequence was then analyzed using Sequencher 4.9 (Genecodes, Ann Arbor, MI)

software to determine animal genotypes.

4.2.3. Statistical Analysis

To analyze the association between the HTRIB ¢.205G>T variant and carcass data, a one-
way analysis of variance (ANOVA) was conducted using the General Linear Model (GLM)
procedure of SPSS to determine the least-square (estimated marginal) means. Means were

separated using the Ryan-Einot-Gabriel-Welsh F (REGWF) test.

The following model was used to test the effect of the HTR1B genotypes on carcass

traits:

Yij =y + HTR1Bi + eij

Where Yij is the dependent variable for the it observation, u represents the mean of the
dependent variable, and eij represents the random error for each animal observed. HTR1Bi is the
effect that HTR1B genotypes have on the dependent variable. Significance was declared at

P<0.05.
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4.3. RESULTS

4.3.1. HTR1B ¢.205G>T

Two SNPs were identified in HTR1B’s single exon that is 1,167 base pairs long. The first
SNP located 205 base pairs from HTR1B's start codon. This resulted in a guanine to thymine
base pair change. The second SNP, located 546 base pairs from the start codon altered the
sequence from a cysteine to a guanine. The HTRIB ¢.205G>T was selected for genotyping in the
386 steers. This decision was based on the allele frequency observed in the 16 animals that were
sequenced and because it was a missense mutation. The change in sequence results in a non-
conserved amino acid change from alanine (nonpolar) to a serine (polar) at amino acid 69. The
second SNP was a silent mutation as it did not result in an amino acid change; therefore it was
not selected for genotyping. The allele frequencies for HTRIB ¢.205G>T were 0.67 and 0.33 for
the G and T allele respectively. Genotype frequencies were 0.44 for GG (n=130), 0.45 for GT

(n=177) and 0.11 for TT (n=21).

4.3.1.1. Association Study

HTRIB ¢.205G>T was significantly associated with average fat (P=0.001), grade fat
(P=0.007), cutability (P=0.001) and there was a trend with REA (P=0.061; Table 4.1). The T
allele is acting dominantly in all of these traits as there is no difference between GT or TT
genotypes. Cutability was significantly increased in steers with one or two T alleles compared to
GG. Carcass REA was also numerically larger when a T allele was present. The recessive

genotype (GG) significantly increased average and grade fat measurement. The TT and GT
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genotypes for the fat traits were statistically different from GG, but are not statistically different
from one another. Presence of a T allele decreases average and grade fat significantly when
compared to the presence of both G alleles. For optimal measurements in fat traits, GG is the

genotype of choice, whereas having one or both T alleles seems to be favorable to improve yield.

Table 4.1. Least square mean (LSM) values for HTR1Bc.205G>T in the steers along with their
main effect P-values

HTR1Bc.205G>T
Variable GG GT TT SEM P-Value™
n=130 n=177 n=21
Average Fat 10.53 9.35° 8.14° 0.198 0.001
(mm)
Grade Fat 8.94° 7.88° 6.95° 0.197 0.007
(mm)
Cutability 60.43° 61.61° 62.10° 0.173 0.001
(%)
REA (cm?) 99.54 102.48 103.86 0.652 0.061
! Significance is P<0.05.

4.4. Discussion

The SNP is a G to T transversion 205 base pairs from the start codon and elicits a non-
conserved amino acid change from alanine (nonpolar) to a serine (polar). Zhang et al. (2008)
previously identified this SNP in Chinese Holsteins. Although this is not a novel variant,
identifying it in beef cattle and finding associations with carcass traits is valuable. The alanine to
serine amino acid change likely alters the folding of the HTR1B protein affecting its bioactivity.
The 69™ amino acid is located early in the transmembrane region, and alanine is conserved in

other mammalian species, such as the dog, human, horse and pig (Zhang et al. 2008).
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Allele frequencies for HTRIB ¢.205G>T in the steer population was 0.67 and 0.33 for the
G and T allele respectively. Zhang et al. (2008) reported allele frequencies of 0.75 for the G
allele and 0.25 for the T allele in 61 Chinese Holsteins. The differences in allele frequencies

between both populations are small and likely reflect breed differences.

Traits important to carcass quality that were significantly associated with the HTRIB
€.205G>T variant included average fat (P=0.001) and grade fat (P=0.007), which both decrease
significantly when there was a T allele present. The TT and GT genotypes for traits average and
grade fat show nearly 2 mm less fat than the GG genotype. Fat thickness is an important trait
when estimating composition of the carcass or yield grade (May et al. 2000; Williams 2002).
Previous research by Cianzio et al. (1982) indicated a high association of total carcass fat and fat
thickness between the 12™ and 13" ribs. The effect observed with the GG genotype on the
HTR1B variant on average and grade fat, would likely have an impact on yield grade, with
potential to have positive implications for the producer and packer, as animals may be ready for

slaughter at an earlier date.

Cutability or the per cent of lean yield on a beef carcass is a significant trait of
importance. The HTRIB ¢.205G>T SNP was shown to have a significant association with
cutability (P=0.001). The presence of a T allele(s) for cutability increases carcass yield by
approximately 2%, over the GG genotype. Our data suggests that presence of the T allele or the
TT genotype improves production and carcass traits associated with yield. While the allele
frequency for the TT genotype is low, the GT genotype is moderate. Therefore selecting animals
with the intention of improving yield traits such as cutability can be accomplished effectively.
Polymorphisms found within the HTR1B gene in mice has previously shown to increase growth

and feed intake (Sanders et al. 2002). It is possible that this is also an explanation for the
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increased yield measurements observed in this study, where steers with a T allele are consuming

more feed, resulting in a larger cutability percentage.

During carcass grading, REA is an essential component considered in determining the
final grade. A trend was observed (P=0.061) between the HTRIB ¢.205G>T SNP and REA. The
relatively large SEM (0.652) and low number of TT animals (n=21) likely explains the lack of
significance. The TT and GT genotypes again had the larger REA measurements. This trait is
important for determining the yield grade of the carcass and could result in a higher percentage

of red meat, which would increase profitability.

It would be beneficial to study the HTRIB ¢.205G>T SNP in a larger population that
would include in addition to the data already studied: marbling, days on feed and feed intake data
to determine if this SNP could reduce time spent in the feedlot. Allele frequency for the TT
genotype is low, therefore pooling genotypes for the TT and GT cattle may be beneficial for
analysis, as the significant carcass traits demonstrate dominance of the T allele. This is beneficial
for traits such as cutability and potentially REA, where the presence of a T allele improves
carcass yield. Implementation of a test using the HTRIB ¢.205G>T variant would allow
producers to more easily select and manage cattle according to their genotype, as they would
only need to sort their cattle into two groups. They would be able to send and market their cattle
based on either marbling using grid pricing or yield traits using live weight to obtain the best

value for their beef cattle.

More research with a larger cattle population would be required to further evaluate the
effects of the HTRIB ¢.205G>T variant on beef carcass traits. It would be beneficial to use

camera grading to determine if HTR1B impacts the marbling score, as it does with average and

65



grade fat. Our knowledge about the bovine HTR1B gene is limited, so it would be beneficial to

further explore its impact on animal performance and behavior in different cattle breeds.

A new significant association was found between the HTRIB ¢.205G>T SNP with
average fat, grade fat and cutability. A trend was observed with carcass REA. There is mounting
evidence that polymorphisms occurring in the HTR1B gene impact behaviors such as appetite
and weight, found by researchers in mice (Sanders et al. 2002), BMI in women, (Levitan et al.
2001) and energy homeostasis (Zhang et al. 2008). Although finding significance in several
economically important carcass traits in crossbred beef breeds is novel, validating the effects of

the HTRIB ¢.205G>T SNP in a larger cattle population would be beneficial.

5.0 GENERAL DISCUSSION

There were three significant interactions occurring in the non-implanted steers: the LEP
€.73C>T and IGF2 c. -292C>T for fat thickness, the MC4R c. 856C>G and POMC c. 288C>T
for vision grade marbling score and the GALR2 c. -199T>G and POMC c. 288C>T interaction
for REA. Fat thickness was found to be associated with TT/CT for LEP and TT/CT for IGF2,
which led to a 1.83 mm increase compared to the smallest measurement. This interaction
improves fat traits for IGF2 c. -292C>T and has potential for cattle to reach finishing stages

earlier at an economic benefit to the producer (Goodall and Schmutz, 2007).

The TT/CT genotypes of POMC and the CC genotype from MC4R was found to be
associated with vision grade marbling score, with a score of 472.54 which is a AAA carcass

grade. Using this interaction as a DNA test may allow producers to target the grid pricing
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marketing strategy, where the favorable allele combination could obtain premiums and minimize

variation in pens sent for slaughter (Parish et al. 2009).

Favorable allele combinations for the final interaction includes TT for POMC c. 288C>T
and GG for GALR?2 c. -199T>G, where there was a significant increase of 9.68 cm? in REA. The
allele frequency for both alleles in GALR2 c. -199T>G are moderately heritable, but due to its
significance for both yield and fat traits, this SNP could a good candidate for use as a DNA test.
This could be a single gene DNA test or utilize the interaction with POMC c. 288C>T, while the
T allele is rare, both CT and TT genotypes positively impact REA. Producers could select GG
cattle for GALR2 c. -199T>G and TT/CT genotypes for POMC c. 288C>T to increase yield

grade for a larger REA, or could select GALR2 TG/TT cattle to improve fat traits.

Significant associations were identified between HTRIB ¢.205G>T SNP with carcass
traits namely: average fat, grade fat and cutability and there was a trend with REA. Although
finding significance with several economically important carcass traits in crossbred beef breeds
is novel, validating the effects of the HTRIB ¢.205G>T SNP in a larger cattle population would

be beneficial.

Many researchers will agree that gene interactions are not only complex, but also their
analysis presents different challenges (Gilbert-Diamond and Moore, 2011). Through the
discovery of SNPs associated with economically important carcass traits, we can use genomic
selection, which will increase accuracy and minimize variability between animals when they are
sent to market. It is clear that based on results from chapter three that gene interactions are
complex, and many factors influence important phenotypes. However, large interaction networks

have many benefits, and may allow us to improve predictions made for genetic selection and
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increase our knowledge pool. The EPISNP networks identify associations between gene variants
and carcass traits, so this can be used with our existing knowledge of molecular pathways and
biology to further our understanding of quantitative traits and their underlying genetic
mechanisms. However, from a producer or industry standpoint, it may be more beneficial to use
MAM with single gene tests instead of interactions that contain multiple genes, which would be

more beneficial when it comes to managing and sorting animals.

5.1. Future Research

Future research on gene interactions should assess genes with moderate and relatively
equal allele frequencies to prevent high standard errors that come with multiple genotype
combinations that include a small subset of animals, if they are to be used in a commercial
setting. This would identify useful interactions and also accurately estimate the effect of the
interaction, which will improve our ability to genetically select cattle based on their improved

carcass traits.

The significant association found between the HTRIB ¢.205G>T SNP with average fat,
grade fat and cutability warrants validation in a larger cattle population. Evidence indicates that
the SNP impacts cattle performance, therefore future research should focus on other
economically important carcass traits and its role in the appetite pathway. It may also be
beneficial to pool dominant alleles for analysis of HTRIB ¢.205G>T to account for low

frequency of the T allele.
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Appendix A

Non-implanted CFL Steers (n=1000)

Carcass Trait GALR2 | ADH1C | LEP | IGF2 | POMC | MC4R | CRH4
VGMARB <.0001 0.60 0.01 0.30 0.87 0.00 0.35
REA (cm®) 0.003 0.30 0.16 0.02 0.00 0.56 0.22

Fat Thickness (mm) 0.01 0.16 0.02 0.02 0.00 0.03 0.77
Implanted CFL Steers (n=1000)

Carcass Trait GALR2 | ADHIC | LEP | IGF2 | POMC | MC4R | CRH4
VGMARB <0001 | 094 | 0.04 | 001 | 056 | 007 | 0.02
REA (cm?) 0002 | 007 | 028 | 063 | 002 | 059 | 0.09

Fat Thickness (mm) 0.001 0.84 0.07 0.01 0.65 0.13 0.39

The MIXED procedure of SAS used for main effect p-values of carcass traits, where means were
separated using the PDIFF statement.
VGMARB-=Vision Grade Marbling Score; REA=Ribeye Area
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Appendix B

Carcass Trait GALR2 X CRH4 GALR2 X MC4R GALR2 X POMC GALR2 X IGF2
Ave. Fat (mm) 0.10 0.29 0.01 0.46
Grade Fat (mm) 0.19 0.06 0.05 0.25
REA (cm?) 0.33 0.03 0.34 0.23
. ADH1C X POMC ADH1C XCRH4 ADH1C X MC4R TG X POMC
Carcass Trait
Ave. Fat (mm) 0.05 0.84 0.49 0.63
Grade Fat (mm) 0.03 0.63 0.37 0.63
REA (cm?) 0.82 0.83 0.79 0.64
. TG X CRH4 TG X MC4R LEP X IGF2 ADH1C X IGF2
Carcass Trait
Ave. Fat (mm) 0.49 0.92 0.92 0.13
Grade Fat (mm) 0.64 0.92 0.79 0.10
REA (cm?) 0.45 0.32 0.38 0.38
: TG X IGF2 LEP X POMC LEP X CRH4 LEP X MC4R
Carcass Trait
Ave. Fat (mm) 0.58 0.08 0.28 0.38
Grade Fat (mm) 0.43 0.06 0.48 0.32
REA (cm?) 0.86 0.61 0.29 0.05
LEP X CRH77 ADHIC X TG X CRH77
: CRH77
Carcass Trait
Ave. Fat (mm) 0.30 0.80 0.84
Grade Fat (mm) 0.38 0.46 0.95
REA (cm?) 0.05 0.61 0.53

Pound-Maker gene variants P-Values with carcass data using the MIXED procedure of SAS

REA=Ribeye Area Ave. Fat=Average Fat
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Appendix C

s 5 . P=0.10
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GALR2 ¢.-199T>G and CRH c. 22C>G interaction trend for Ave. Fat in the Pound-Maker steers.
Animal numbers are in the bars and standard error is shown.
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ADHI1C ¢.-64T>C and POMC c. 288C>T interaction for Ave. Fat in the Pound-Maker steers.
Animal numbers are in the bars and standard error is shown.

88



Appendix D

Top 13 most significant EPISNP Interaction mode results and P-Values for carcass traits in the
Non-implanted Cattleland Feedyards Steers

EPISNP Non-implanted Cattleland Feedyards Steers
Gene 1 Gene 2 | Carcass Trait | Interaction Mode P-Value
Leptin POMC REA (cm?) DD 0.004
Leptin POMC VGMARB DA 0.07
Fat Thickness
POMC CRH (mm) AA 0.03
POMC CRH REA (cm?) AA 0.07
POMC GALR2 VGMARB AD 0.01
POMC GALR?2 REA (cm°) AD 0.06
Fat Thickness
CRH GALR? (mm) DA 0.00
Fat Thickness
CRH MC4R (mm) AA 0.05
Fat Thickness
ADH1C CRH (mm) DD 0.06
GALR?2 MC4R REA (cm°) DA 0.02
Fat Thickness
GALR? MC4R (mm) AA 0.04
MC4R IGF2 VGMARB AD 0.02
Fat Thickness
MC4R IGF2 (mm) AD 0.03
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Top 13 most significant EPISNP Interaction mode results and P-Values for the Implanted
Cattleland Feedyards Steers

EPISNP Implanted Cattleland Feedyards Steers
Interaction
Gene 1 Gene 2 Carcass Trait Mode P-Value
ADH1C GALR2 Fat Thickness AD 0.09
(mm)
ADHI1C MC4R REA (cm?) DA 0.07
ADH1C MC4R VGMARB AD 0.01
CRH4 GALR?2 Fat Thickness DD 0.08
(mm)
CRH4 MC4R VGMARB DD 0.06
CRH4 IGF2 Fat Thickness AD 0.03
(mm)
GALR?2 IGF2 REA (cm?) AA 0.04
Leptin MC4R VGMARB AD 0.09
Leptin MCA4R Fat Thickness AA 0.09
(mm)
MC4R IGF2 VGMARB DA 0.08
MC4R IGF2 Fat Thickness DD 0.06
(mm)
POMC CRH4 Fat Thickness AD 0.07
(mm)
POMC IGF2 VGMARB AA 0.01
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