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It has been reported that bovine chromosome 14 (BTA14) is rich in quantitative trait loci
(QTL) that are responsible for many economically important traits in cattle. Therefore,
the goal of this project was to comparatively annotate the chromosome based on its
current genome assembly and explore new potential candidate genes underlying beef
carcass, meat quality and eating quality using a Wagyu x Limousin F, population. First,
we reviewed all reported QTL studies previously conducted on BTA 14, standardized the
QTL locations and linked the QTL to functional gene regions. We believe that such an
anchored QTL map would further improve our ability to understand the genetic
complexity of economically important traits located on BTA14 in both dairy and beef
cattle. Second, we developed a sequence-based comparative map of BTA14 using human
chromosome 8 (HSAS) as an anchor to increase the efficiency and accuracy of
identifying and characterizing promising positional candidate genes. Last, we performed

a chromosome wide analysis using two different methods, a single gene association with

v



multiple comparison tests and an interval mapping, to target candidate genes on BTA14
responsible for these economically important traits in cattle. Our study provided a unique
set of genetic markers for genomic improvement of carcass, meat quality and healthier
products in beef cattle. Such a breeding program based on a marker assisted selection has
the potential for a more accurate and rapid animal improvement by predicting genetic
merits based on genotypes and using genomic information to design precision breeding
systems. More importantly, our work offers new opportunities and tools to develop
precision management programs for optimizing meat products based on an animal’s

genotype, thus leading to consumers’ satisfaction for their diet and health.
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Chapter One:

INTRODUCTION



The beef industry is a major component of the U.S. agricultural economy. It is estimated
that the U.S. beef industry is worth $175 billion, and is run by approximately 800,000
ranchers and cattlemen. They conduct business in all 50 states and contribute

economically to nearly every county in the nation (http://www.beefusa.org). Statistics

show that in January 2004, there were 94.9 million cattle in the United States. Beef is the
number one protein source in American diets according to 2003 USDA consumption data
and the demand for beef continues to grow. The bottom line is consumers are willing to
pay more for the beef they love. Specifically, consumers in general prefer, and will pay
more, for steaks that are tastier, juicier, tenderer and more flavorful. However, carcass,
meat quality and eating quality in beef are quantitative in nature because they are
influenced by complex interactions between numerous environmental factors and alleles
of many genes. Furthermore, selection of breeding animals based on any carcass traits
requires tremendous effort, expense and time given that measurements must be made on
relatives of the animals undergoing selection. Therefore, genomic technology may lead
to more accurate and rapid animal improvement for those phenotypic traits that are

difficult to measure (Green et al., 2007).

In fact, the bovine genome mapping community began to map quantitative trait loci
(QTL) for these economically important traits as early as 1995 when George et al.
published one of the first QTL studies in cattle whose impact was very profound in
identifying and characterizing QTL and positional candidate genes. Among 29
autosomes and a pair of sex chromosomes in the bovine genome, Bos Taurus 14

(BTA14) took our attention because it was reported in many studies to harbor many QTL



for important traits in cattle. Recently, we found that there are more than 40
investigations dealing with QTL or genes for various traits on BTA14, which reported a
total of 126 QTL spanning the chromosome alone in both dairy and beef cattle.
Unfortunately, although many strong positional or physiological candidate genes have
been proposed, the results from different reports are still inconclusive. Therefore, the goal
of this project was to pursue a comparative annotation of BTA14 and apply a
chromosome wide analysis in order to further characterize and identify potential geneshat
are responsible for carcass, meat quality and eating quality in a Wagyu x Limousine F2

cattle population.

In order to achieve the goal described above, we proposed four objectives as followings.
The first objective was to review QTL investigations on BTA14 to standardize QTL
locations and link the QTL to the functional gene regions (chapter 2). We believe that
such an anchored QTL map would further improve our ability to understand the genetic
complexity of economically important traits located on BTA14 in both dairy and beef
cattle. The second objective was to develop an in-silico comparative map of BTA14
using HSAS as an anchor to provide a solid foundation to increase the efficiency and
accuracy of identifying and characterizing promising positional candidate genes these
traits (chapter 3). Moreover, our third objective was to identify and characterize a strong
positional candidate gene on BTA14 (chapter 4). Finally the last objective was to perform
a chromosome wide analysis using two different methods, single gene association tests
and interval mapping, to discover or confirm more QTL on BTA14 for many

economically important traits in cattle (chapter 5). We believe that identification of



genetic markers that could pinpoint animals with superior carcass, beef quality and eating
quality would ultimately lead to products with higher consumer satisfaction. In fact, as
early as in 1998, the U.S. beef industry initiated a Carcass Merit Project to validate
markers for economically important carcass and customer satisfaction traits, such as
marbling, tenderness and composition and thus provide the tools and mechanisms to
genetically identify superior animals in the U.S. beef population which would produce
progeny with the greatest potential for meeting the demands of the consumers of today

and tomorrow.



Chapter Two:

LITERATURE REVIEW



2.1 Introduction

Livestock species, especially cattle, play an important role in economic development
worldwide (Williams et al. 2002). To increase profitability, cattle with superior,
economically important traits such as growth, milk production and meat quality, have
been selected and used as breeding stock. Traditionally, phenotypic and pedigree data
have been used to select and pair the best sires and dams, which would in many cases
result in offspring with improved phenotype values over the previous generation. This
simple method of data collection and selection tripled the U.S. milk production from
1940-1991 with fewer cows (Ashwell et al. 2002). Therefore, any sophisticated
techniques to choose sires and dams that are genetically superior will further enhance the

process with more improvement and economical gain.

Finding genes responsible for these economically important traits, however, is
challenging because they are quantitative in nature (Guitierrez-Gill et al. 2001; Zhang et
al. 1998). In other words, these traits are polygenic and are controlled by the
accumulative action of many Mendelian genes. Moreover, the number of genes involved
is unknown, and environmental factors can also complicate the process because they can
have a confounding effect on phenotypes (Boichard et al. 2003; Zhang et al. 1998;
Guitierrez-Gill et al. 2001; Heyen et al. 1999). Nonetheless, recent developments in
molecular biology and statistical methodologies allow the possibility to localize
regions/genes in the genome or chromosome that are responsible for traits of interest

(Kim et al. 2003; MacNeil et al. 2002; Casas et al. 2003).



To date, bovine chromosome 14 (BTA14) has been one of the most widely studied
chromosomes for quantitative trait loci (QTL) related to many economically important
traits in cattle (Marques et al. 2007). There are more than 40 investigations dealing with
QTL or genes for various traits, which reported a total of 126 QTL spanning the
chromosome alone. In the present review, we reviewed some aspects related to QTL
mapping and then surveyed QTLs or genes on BTA14 discovered in both dairy and beef
cattle. Since many of these studies used different sets of markers, mostly microsatellites,
we integrated them into the current genome assembly (Btau 4 0)
(http://www.ncbi.nlm.nih.gov/projects/genome/guide/cow/) in order to standardize QTL
locations. Such a genome assembly anchored QTL map provides the best view on QTL
density for each phenotype and the potential links between QTL and functional genes for

future study.

2.2 QTL mapping: basics

Generally speaking, developing an accurate genetic map and performing an unbiased
statistical analysis on the population data are the heart of QTL analysis study. There are
many programs available that can be utilized for analyzing a research data. The main
practical problem in the past, nonetheless, had been the availability of genetic markers
(Erickson et al. 2004, Doerge et al. 1997). The advancement of genetic markers in the last
ten years, therefore, is truly the one that results in the explosion of QTL studies in many
species. Besides the availability of genetic markers and statistical software to analysis the
data, there are two other main factors that can influence the data analysis: population size

and the experimental design that will also be described briefly in this chapter.



2.2.1 Genetic markers

There are, in general, two kinds of genetic markers that have been widely used in the
QTL mapping study: codominant and dominant markers. The former markers, such as
microsatellite markers and SNPs, can reveal the identity of all three genotypes. The latter
markers, on the other hand, such as amplified fragment length polymorphisms (AFLPs)
and random amplified polymorphic DNA (RAPDs), cannot distinguish the heterozygous
from the dominant homozygous genotypes. Hence, this method only recognizes the
dominant type (the presence) and the recessive homozygous genotype (the absence). As
the result of masking one of the genotype states, using dominant markers needs to
increase the sample size for the analysis. In an F, intercross design, for instance, using
dominant markers in the repulsion phase, as many as 20 times more individuals must be
used in comparison of employing the counterpart codominant markers (Erickson et al.
2004). Not only the types of the genetic markers used in the experiment will affect the
QTL study, but the distribution of the markers also influences the accuracy of locating a
QTL and the effect of it. More markers added in the experiment analysis increase the
accuracy and precision in locating the QTL. Nevertheless, more markers also mean less
genetic interval and fewer recombination events between a pair of markers that result in

the un-replicated genotypes problem (Erickson et al. 2004).

2.2.2. Reference population
When developing a reference population for QTL mapping, crossbreeding of inbred lines

is one of the best methods because it results in, not only maximizing linkage



disequilibrium between allele markers and the QTL, but also ensuring that only two QTL
alleles segregate (Mackay et al. 2001). This reference population can be acquired by
backcrossing an F; generation with the inbred parental lines or intercrossing and crossing
the F, population. Developing an inbred population, however, can be impractical because
of generation times, for instance, and limit the number of alleles at anyone of the QTL
locations (Erickson et al. 2004). Therefore, outbred population, such as outcrossed
designs and sib-pair method, is an option, especially in searching for multiple QTL in one
or more populations. An experimental design can, furthermore, affect the sample size
required in the data analysis. An experiment that uses a backcross, for instance, needs to
double the sample size to infer QTL with the same accuracy of an F, design experiment
(Erickson et al. 2004). Increasing the sample size can also enhance the accuracy and
precision in observing the recombinant events (Doerge et al. 2001) and the ability to
detect QTL with smaller effect (Mackay et al. 2001). Using a small sample size, on the
other hand, can result in a profound statistical problem called the Beavis effect (Beavis et

al. 1994), where the effect of a QTL is exaggerated.

2.2.3. QTL detection

The simplest method for a QTL mapping approach is by using a single marker
association. This method was used by Sax in 1923 and was perfected by Thoday (1961),
who determined that a positive correlation of genotype and phenotype was, in fact, an
evidence for a QTL-marker interaction (Erickson et al. 2004). There are, moreover,
basically two general methods for statistical analysis of a single marker association: Least

Square (LS) and Maximum Likelihood (ML) methods. The LS method, which is more



commonly used since it is less computationally intensive, utilizes ANOVA or regression
analysis to find the difference between the marker class means (MacKay et al. 2001).
This method, nonetheless, holds the assumptions that the error terms have a constant
variance, which is not always true. Therefore, maximum likelihood method, offers
another alternative to analyze the marker-trait data by taking into accounts all QTL data

being mixtures of normal distributions (MacKay et al. 2001).

Doerge et al. in 1997, however, discovered that a single marker analysis had a major
problem with a confounding effect between the magnitude and the location of the marker
(Doerge et al. 1997). Therefore, an interval mapping approach by Lander and Botstein
using a maximum likelihood method is used to locate the likelihood of a QTL present
between intervals of two markers (Lander et al. 1989). These two early methods of
detecting one QTL at a time, nonetheless, still bias the result because it ignores the
possibility of multiple linked QTL. Therefore, more powerful analysis, such as composite
interval mapping (CIM) by Basten et al. 2001 and multiple interval mapping (MIM) by
Zeng et al, in 1999, were developed. CIM combines maximum likelihood mapping and
multiple regression analysis to reduce both the bias of estimating a QTL position and
effect by multiple linked QTL (MacKay et al. 2001). However, MIM provides the best
stable model for multiple QTL because it, not only provides the position effect, but also
the main and interaction effect of multiple QTL. One true weakness for both of CIM and
MIM method, however, is that they are highly dependent on the model used. Thus, the
effect and position of the QTL can varies based on the difference of the marker cofactors

used in the model (MacKay et al. 2001).
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Some of the QTL programming program that are available in the public databases
include: MAPMARKER/QTL, QTL CARTOGRAPHER, BMAPQTL and QTL
EXPRESS. Mapmarker/QT] uses an interval mapping approach, whereas BmapQTL and
QTL express use Bayesian interval mapping and outbred QTL methods, respectively.
QTL cartographer, furthermore, has the option to use CIM, MIM or Bayesian interval

mapping approach.

2.3. QTL detected on BTA14 in dairy cattle

In dairy cattle, the majority of QTL mapping on BTA14 are related to milk production
traits, such as milk yield, fat %, fat yield, protein % and protein yield (Ashwell et al.
1997, 2002 and 2004; Bagnato et al. 2007; Bennewitz et al. 2003 and 2004; Boichard et
al. 2003; Coppieters et al. 1998; Harder et al. 2006; Heyen et al. 1999; Kuhn et al. 2004;
Kaupe et al. 2007; Looft et al. 2001; Mosiq et al. 2001; Rodriguez-zas et al. 2002; Ron et
al. 1999; Schnabel et al. 2005; Thaller et al. 2003; Viitala et al. 2003 and Zhang et al.
1998). Other traits, such as reproduction (pregnancy, ovulation and twining) (Ashwell et
al. 2002; Cobanoglu et al. 2005; Gonda et al. 2004; Kaupe et al. 2007; Schnabel et al.
2005), health (somatic cell score, SCS, and clinical mastitis) (Ashwell et al. 1998; Kaupe
et al. 2007; Klungland et al. 2001; Rodriguez-Zas et al. 2002; Rupp et al. 2003; Viitala et
al. 2003 and Zhang et al. 1998) and udder related traits (Ashwell et al. 1997 and 2002;
and Schnabel et al. 2005) were also investigated on BTA14. References, significance

levels (p values or F values), peak or flanking marker(s), genome-anchored locations (in

11



Mb), and linkage map locations (in cM) for each of these QTL are listed in Supplemental

Table 2.1.

As shown in Figure 2.1, the region around 0 — 10 Mb has many QTLs. There are 56 QTL
for five milk production traits, and seven QTL for other traits. Fifty-two of these 56
milk production related QTLs were clustered in a region of ~3.6 Mb (0.26-3.81 Mbp),
including 15 QTL for fat % or fat content (Ashwell et al. 2004; Bennewitz et al. 2003 and
2004; Boichard et al. 2003; Heyen et al. 1999; Kaupe et al. 2007; Kuhn et al. 2004;
Rodriguez-Zas et al. 2001; Ron et al. 1999; Thaller et al. 2003), 13 QTL for fat yield
(Ashwell et al. 2004; Bennewitz. et al. 2003 and 2004; Boichard et al. 2003; Heyen et al.
1999; Kaupe et al. 2007; Looft et al. 2001; Thaller et al. 2003; Viitala et al. 2003; Winter
et al. 2002), 10 QTL for milk yield (Ashwell et al. 1997; Bennewitz. et al. 2004;
Boichard et al. 2003; Harder et al. 2006; Kaupe et al. 2007; Looft et al. 2001; Rodriguez-
Zas et al. 2002; Thaller et al. 2003), 10 QTL for protein% or protein content (Bennewitz
et al. 2004; Boichard et al. 2003; Heyen et al. 1999; Kaupe et al. 2007; Thaller et al.
2003), and four QTL for protein yield (Bennewitz et al. 2003; Kaupe et al. 2007, Looft et
al. 2004; Thaller et al. 2003), respectively. Interestingly, this region of ~3.6 Mb on the
assembly was expanded to a region of ~30 cM reported by different groups in the linkage
map (Supplemental Table 2.1). Therefore, our genome anchored QTL map significantly
narrows the physical distance of QTL regions and perhaps provides the precise locations

for identification of candidate genes.
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The high density of QTL for milk production traits in this small region of BTA14 has led
to exploration of candidate genes in the region. In 2002, Grissart and colleagues proposed
that bovine diacylglycerol acyltransferase 1 (DGATI) (at 0.44 Mbp) is a promising
candidate gene because a missense mutation (Lysine232Alanine) in the gene could
explain the phenotypic variance in milk fat content and other milk characteristics.
DGATI is a microsomal enzyme that utilizes diacylglycerol and fatty acyl CoA as
substrates in order to catalyze the final stage of triacylglycerol synthesis (Cases et al.
1998). Therefore, this gene should affect the fat metabolism, including fat yield and
percentage in the milk (Cases et al. 2002). A knock-out study showed that both male and
female Dgat” mice, even those fed a high fat diet, stabilized their weights and resisted fat
storage (Smith et al. 2000), indicating the importance of DGAT] in fat metabolism.
Winter et al. (2002) further found that the lysine variant was associated with higher milk

fat content compared to its counterpart alanine variant in several cattle breeds.

Interestingly, Bennewitz and colleagues (2004) observed with a genome-wide scan a
conditional QTL effect on fat percentage at the proximal end of the chromosome and for
protein percentage at a more distal chromosomal region in addition to the diallelic

DGATI effects on milk, fat, and protein yield and fat and protein percentage. The author
argued that this conditional QTL effect might be caused by one or more additional alleles
segregating at DGAT]1 that were not previously detected, or by a second quantitative trait
locus affecting these traits. Kuhn et al. (2004) reported strong evidence for segregation of
at least three alleles in the promoter region of the DGATI gene that affects milk fat

percentage. In the centromeric region of BTA14, cytochrome P450, family 11, subfamily
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B (CYP11BI) was also suggested to be the causative gene for the QTL related to fat
metabolism (De Roos et al. 2007). The CYPI1B1 gene was negatively associated with

milk yield and protein yield, but positively associated with fat content (Kaupe et al.

2007).

An additional 13 QTL for milk production traits were also identified outside this first
10Mb region on BTA14, including two at 33.62 Mb and 11.78 Mb — 33.62 Mb for fat
percentage or fat content (Ashwell et al. 1997; Zhang et al. 1998), two at 24.67 Mb —
27.34Mb and 61.48 Mb — 76.75 Mb for fat yield (Ashwell et al. 2004; Harder et al.
20006), three at 33.62 Mb, 34.158 Mb — 51.17 Mb and 65.03 Mb for milk yield (Ashwell
et al. 1997; Heyen et al. 1999; Schnabel et al. 2005), five (one at 7.87 Mb — 39.55 Mb,
one at 34.16 Mb — 51.17 Mb and three at 73.84 Mb) for protein % (Ashwell et al. 2002;
Mosiq et al. 2001; Rodriguez-Zas et al. 2002; Schnabel et al. 2005; Viitala et al. 2003)
and one at 65.03 Mb — 75.88 Mb for protein yield (Ashwell et al. 2004) (Figure 2.1 and
Supplemental Table 2.1). However, no candidate genes have been identified for these

QTL on BTA14.

During the past several decades, the high intensity of selection for milk yield has led to a
significant improvement in milk production, but it has also led to a decline in
reproductive efficiency in dairy cattle. In the United States, Washburn and colleagues
(2002) reported that from 1976 to 1999 the average number of days open increased from
122 to 152 days for Jerseys and from 124 to 168 days for Holsteins. Services per

conception also increased, from 1.91 to 2.94 services for both breeds during the same
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period. There are at least 6 QTL for reproductive traits detected on BTA14 (Figure 2.1
and Supplemental Table 2.2). Calving ease QTL is located at 1.294 Mb (Kaupe et al.
2007), while both ovulation rate and twining rate might share a common QTL region
from 34.16 Mb to 65.38 Mb (Cobanoglu et al. 2005; Gonda et al. 2004). However, it
seems that three pregnancy related phenotypes have no common QTL locations: non-
return rate is placed at 0.44 Mb (Kaupe et al. 2007), pregnancy rate at 3.81 Mb — 11.78
Mb (Ashwell et al. 2004), and daughter pregnancy rate (DPR) at 34.16 Mb — 51.17 Mb
(Schnabel et al. 2005) (Figure 2.1). Defining QTL ontology should be considered by the

community in the future to search for common QTLs for a given phenotype.

Mastitis affects every dairy farm and up to 50% of all dairy cattle in the United States
(Owen et al. 2000). Economic losses are an estimated $180 per cow per year or $2
billion annually in the United States of America (Nash et al. 2000). A total of 10 QTLs
for the disease were reported on BTA 14, including three for clinical mastitis (Klungland
et al. 2001; Rupp et al. 2003; Viitala et al. 2003) and seven for somatic cell score (SCS)
(Ashwell et al. 1997; Ashwell et al. 1998; Kaupe et al. 2007; Rodriguez-Zas et al. 2002;
Rupp et al. 2003; Zhang et al. 1998). A region around 1.29 Mb with CYP11B1 harbors a
significant QTL for SCS, but two other regions, one at 7.86 Mb — 39.55 Mb and the other
at 61.48 Mb - 73.84 Mb might share QTL for both clinical mastitis and SCS. These data
indicate that QTL information on SCS would help reduce incidence of clinical mastitis in
dairy cattle. In addition, SCS has been widely used to indirectly measure udder traits in

dairy cattle (Poso et al. 1996). As shown in Figure 2.1 and Supplemental Table 2.2, QTL
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for udder traits are also found in the same region as QTL for SCS, indicating that these

traits are either controlled by the same gene or by genes in a linkage.

2.4. QTL detected on BTA14 in beef cattle

In beef cattle, QTL mapping has been mainly focused on growth traits, carcass and meat
quality. The targeted phenotypes include hot carcass weight (Kim et al. 2003; Mizoshita
et al. 2004), rib eye area (REA) (Stone et al. 1999; MacNeil et al. 2002), average daily
gain (ADG) (Kneeland et al. 2004; Mizoshita et al. 2004), intramuscular fat deposition
(marbling) (Casas et al. 2003) and subcutaneous fat depth (backfat-EBV or fat thickness)
(Casas et al. 2000; Casas et al. 2003; MacNeil et al. 2002, Moore et al. 2003)
(Supplemental Table 2.3). Bos indicus (Brahman) and Bos taurus (Angus or Hereford)
breeds have been heavily used in QTL mapping by Casas et al. (2003), Kneeland et al.
(2004), Stone (2004) and Kim et al. (2003). Other commonly used breeds include:
Wagyu (Mizoshita et al. 2004), Belgian Blue (Casas et al. 2003) or composite breeds (72
Red Angus, ¥4 Tarentaise and %4 Charolais) (MacNeil et al. 2002), or mixed breeds, such
as “aAngus, ¥4 Hereford, ¥4 Red Poll and % Pinzgauer cows with Piedmontese X Angus

sires (Casas et al. 2000).

In contrast to the high number of QTL discovered in dairy cattle, the region between 0
Mb — 10 Mb on BTA14 harbor only a few QTLs for beef cattle traits, including two for
post-weaning ADG (Kneeland et al. 2004), one for fat thickness (Casas et al. 2003,
Moore et al. 2003), one for %USDA choice (Casas et al. 2003) and one for mean body
weight (Mizoshita et al. 2004) (Figure 2.1 and Supplemental Table 2.3). DGAT1, which

is responsible for lipid metabolism traits in dairy cattle, was also tested in beef cattle.
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Unfortunately, Moore and colleagues (2003) failed to observe any significant association
of the DGATI polymorphism with backfat EBV. On the other hand, Barendse et al.
(1999) found that the TG gene, which is located at 7.658 Mb on the chromosome, is
significantly associated with marbling score in beef cattle. The association was further
confirmed by the same group using another population of feedlot cattle (Wood et al.
2006). In contrast, Moore and colleagues (2003) failed to confirm the association of
polymorphisms in the 7G gene with any lipid metabolism traits (such as backfat EBV).
Even so, Moore et al (2003) did not exclude the possibility of other polymorphisms in

DGATI or TG that might have significant effect on backfat reported in other studies.

Most QTL on BTA14 discovered in beef cattle fall into a 30 Mb region, from 15 Mb to
45 Mb, including two QTL for post-weaning ADG, four for pre-weaning ADG (Kneeland
et al. 2004), three for birth weight (Kneeland et al. 2004), three for carcass weight (Kim
et al. 2003; Mizoshita et al. 2004), one for fat thickness (Casas et al. 2003), one for
marbling score (Casas et al. 2003) and two for mean body weight (Mizoshita et al. 2004)
(Figure 2.1 and Supplemental Table 2.3). In addition, there is evidence that somewhere
along these two regions on BTA14, there are also QTL for some eating quality traits
(24.67-46.69 Mbp): pH at 24 hour post-mortem and grilled beef flavor intensity
bracketed by RM11-PZ271, and grilled abnormal flavor intensity bracketed with

CSSM066-RM 11 markers (Guiterrez-Gil et al. 2007).

Since both DGATI and TG are located in the region of 0 Mb — 10 Mb on BTA14, it is

obvious that they cannot serve as candidate genes for QTLs located in the region of 15
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Mb — 45 Mb. Therefore, we targeted two candidate genes in the 15 Mb — 45 Mb region:
corticotrophin releasing hormone (CRH) and fatty acid binding protein 4 (FABP4). The
former is located at position 31.49 Mb, while the latter is positioned at 41.95 Mb on the
newly assembled bovine genome map. CRH, which is a stress hormone, is released to the
anterior pituitary to stimulate the secretion of adrenocorticotrophic hormone (ACTH),
which upregulates cortisol. Cortisol has many significant metabolic effects that include
stimulating gluconeogenesis in the liver, inhibiting glucose uptake in muscle and adipose
tissue, and stimulating fat breakdown in adipose tissue (Wibowo et al. 2007). In addition,
transgenic mice with overexpression of CRH exhibit muscle wasting, decreased linear
growth and obesity (Stenzel-Poore et al. 1992), whereas in porcine, CRH was reported to
be significantly associated with backfat thickness, carcass length, average daily mass gain
and REA (Murani et al. 2006). In cattle population, Buchanan et al. 2005 showed three
SNPs that were associated with REA (P < 0.034) and hot carcass mass (P <0.0015) in a
Charolais-cross steer population. In 2007, Wibowo et al., discovered a new SNP in the
bovine CRH gene that is highly associated with backfat thickness (P <0.001) in a Wagyu
X Limousin F; population. Thus, CRH is a good positional candidate gene for fat-related

traits.

FABP4, on the other hand, is a member of the fatty acid binding protein family that is
thought to play a major role in the regulation of lipid and glucose homeostasis through its
interaction with perioxisome proliferator-activated receptors (PPARs) (Damcott et al.
2004). In addition, FABP4 is also shown to interact with lipase, a primary enzyme

involved in lipid catabolism, which regulates lipid hydrolysis and intracellular fatty acid
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trafficking (Michal et al. 2006). Hence, FABP4 is a strong candidate gene for obesity as it
is also located in the region of quantitative trait loci (QTL) for serum leptin levels in mice
(Ogino et al. 2003). In 2006, Michal et al. reported a significant association of FABP4
gene with marbling score and fat thickness in a Wagyu X Limousin F; cross with a P-

value of 0.0246 and 0.0398, respectively.

2.5. Conclusion

We reviewed more than 40 studies related to identification of QTLs for economically
important traits on BTA14 in both dairy and beef cattle and anchored 126 QTL into the
current bovine genome assembly. Such a process standardized the QTL locations by
avoiding many conflicts reported on different linkage maps and linked the QTL to the
functional gene regions. We believe that such an anchored QTL map would further
improve our ability to understand the genetic complexity of economically important traits

located on BTA14 in both dairy and beef cattle.
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protein % and protein yield in dairy cattle.

Supplemental Table 2.1. QTL reported on BTA14 for fat %, fat yield, milk yield,

Phenotype ‘ Pval ‘ Markers | Mb cM
FAT% (or FAT CONTENT)
Ashwell et al. 1997 0.0181 BM302 33.62 52.37
Ashwell et al. 2002 0.001 BMS1678 9.19 14.01
Ashwell et al. 2002 0.073 BMS1678 9.19 14.01
Ashwell et al. 2002 <0.0001 BMS1678 9.19 14.01
Ashwell et al. 2004 23.1*(Fval) [ILSTS039-BMS1678| 1.20-9.19 0-14.01
Bennewitz et al. 2003 <0.01 KIEL ES8 0.26 0
Bennewitz et al. 2003 <0.01] KIEL E8-RM180| 0.26-17.16] 0-33.31
Bennewitz et al. 2004 <0.001 DGATI 0.44 18.70
Boichard et al. 2003 <0.001 CSSMO066 3.81 5.13
Boichard et al. 2003 0.0004 CSSM066 3.81 5.13
Boichard et al. 2003 0.11 CSSM066 3.81 5.13
Heyen et al. 1999 0.0023 BM1508 8.27 17.85
Heyen et al. 1999 <0.00001 ILSTS039 1.2 0
Kaupe et al. 2007 <0.001 CYPI11BI1 1.29 29.80
Kaupe et al. 2007 <0.001 DGATI 0.44 18.70
Kuhn et al. 2004 <0.0001)CSSMO066-ILSTS039] 1.20-3.81 0-5.13
Rodriguez-Zas et al. 2002 ILSTS039 1.2 0
Ron et al. 1999 0.0003 CSSM066 3.81 5.13
Thaller et al. 2003 <0.001|{CSSM066-ILSTS039] 1.20-3.81 0-5.13
Viitala et al. 2003 <0.0029|ILSTS039-BMS1747 1.20-7.87 0-10.50
Zhang et al. 1998 ILSTS011-BM302(11.78-33.62| 25.71-52.37
FAT YIELD
Ashwell et al. 2002 <0.0001 BMS1678 9.19 14.01
Ashwell et al. 2004 12.1*(Fval) [ILSTS039-BMS1678| 1.20-9.19 0-14.01
Ashwell et al. 2004 10.5%(Fval) | BMS1941-BM8215|24.67-27.34| 41.71-48.23
Bennewitz et al. 2003 <0.01| KIEL E8-CSSMO066| 0.26-3.81 5.13
Bennewitz et al. 2003 <0.01| KIEL E8-CSSMO066| 0.26-3.81 5.13
Bennewitz et al. 2003 <0.01 KIEL E8 0.26 0
Bennewitz et al. 2004 <0.01 DGATI1 0.44 18.70
Boichard et al. 2003 0.0011 CSSM066 3.81 5.13
Harder et al. 2006 0.01] BM4513-BL1036|61.48-76.75/79.79-100.16
Heyen et al. 1999 0.0005 CSSMO066 3.81 5.13
Heyen et al. 1999 0.00002 ILSTS039 1.2 0
Kaupe et al. 2007 <0.001 CYPI11BI1 1.29 29.80
Looft et al. 2001 <0.01ILSTS039-CSSM066| 1.20-3.81 0-5.13
Thaller et al. 2003 <0.001|ILSTS039-CSSM066| 1.20-3.81 0-5.13
Viitala et al. 2003 0.0398|ILSTS039-BMS1747| 1.20-7.87 0-10.50
Winter et al. 1998 <0.0001] ILSTS039-BM1508| 1.20-8.27 0-17.85
Zhang et al. 1998 2.25%(Fval)| ILSTS011-BM302|11.78-33.62| 25.71-52.37

MILK YIELD

32




Ashwell et al. 1997 0.0302 BM302 33.62 52.37
Bagnato et al. 2008 0.0501 CSSM066 3.81 5.13
Bagnato et al. 2008 0.0485 BMS1747 7.87 10.5
Bagnato et al. 2008 0.00148 BMS947 51.274 69.8
Bagnato et al. 2008 0.000311 BL1036 76.75 100
Bennewitz et al. 2003 <0.01 KIEL ES8 0.26 0
Bennewitz et al. 2003 <0.01] KIEL E8-CSSMO066| 0.26-3.81 5.13
Boichard et al. 2003 0.02 CSSMO066 3.81 5.13
Boichard et al. 2003 0.0002 CSSM066 3.81 5.13
Herder et al. 2006 <0.01|KIEL EB-CSSMO066| 0.26-3.81 5.13
Heyen et al. 1999 0.0052 BM4305 65.03 83.31
Kaupe et al. 2007 <0.01 CYP11B1 1.29 29.80
Kaupe et al. 2007 <0.001 DGATI 0.44 18.70
Looft et al. 2001 <0.01ILSTS039-CSSM066| 1.20-3.81 0-5.13
Rodriguez-Zas et al. 2002 CSSM066 3.81 5.13
Schnabel et al. 2005 16.32*(Fval) BMC1207-BMS1899(34.16-51.17| 51.94-69.01
Thaller et al. 2003 <0.001|{CSSM066-ILSTS039| 1.20-3.81 0-5.13
PROTEIN % (or PROTEIN CONTENT)
Ashewell et al. 2004 9.5*%(Fval) IBMS1678-ILSTS011| 9.19-11.78| 14.01-25.71
Bagnato et al. 2008 0.014 ILSTS039 1.20 0
Bagnato et al. 2008 0.0045 CSSM066 3.81 5.13
Bagnato et al. 2008 0.015 DIK2201 6.378 8.1
Bagnato et al. 2008 0.012 BMS2055 74.473 93.7
Bennewitz et al. 2004 <0.001 DGATI 0.44 18.70
Boichard et al. 2003 <0.001 CSSM066 3.81 5.13
Boichard et al. 2003 <0.00001 CSSMO066 3.81 5.13
Heyen et al. 1999 0.0048 ILSTS039 1.2 0
Kaupe et al. 2007 <0.001 CYPI11B1 1.29 29.80
Mosiq et al. 2001 <0.01 BM6425 73.84 95.14
Rodriguez-Zas et al. 2002 BM6425 73.84 95.14
Schnabel et al. 2005 BMC1207-BMS1899|34.16-51.17| 51.94-69.01
Thaller et al. 2003 <0.001|ILSTS039-CSSM066| 1.20-3.81 0-5.13
Viitala et al. 2003 <0.0029] BMS1747-BMS740| 7.87-39.55| 10.50-60.69
Bennewitz et al. 2003 <0.01] RMI180-CSSMO066 3.81] 5.13-35.31
Bennewitz et al. 2003 <0.01 KIEL E8 0.26 0
Kaupe et al. 2007 <0.001 DGATI1 0.44 18.70
Kaupe et al. 2007 <0.001 CYP11B1 1.29 29.80
PROTEIN YIELD
Ashwell et al. 2002 0.0005 BM6425 73.84 95.14
Ashwell et al. 2004 14.7*(Fval) | BM4305-INRA100|65.03-75.88 83.31
Bennewitz et al. 2003 <0.01 KIEL E8 0.26 0
Kaupe et al. 2007 <0.001 DGATI1 0.44 18.70
Looft et al. 2001 <0.01{ILSTS039-CSSM066| 1.20-3.81 0-5.13
Thaller et al. 2003 <0.01[ILSTS039-CSSM066| 1.20-3.81 0-5.13
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Supplemental Table 2.2. QTL reported on BTA14 for health (clinical mastitis, CM and

somatic cell score, SCS), reproduction (calving ease, CE; daughter pregnancy rate, DPR;

non return rate, NRR; ovulation rate, OVR; pregnancy rate, PR and twinning) and udder

traits (fore udder attachment, FUA; front teat placement, FTP; rear udder width, RUW

and udder-SCS) in dairy cattle.

‘ Pval

Phenotype Markers Mb cM
CLINICAL MASTITIS
Klungland et al. 2001 BM4513-BM6425| 61.48-73.84|  79.79-95.14
Rupp et al. 2003 <0.01 BM6425 73.84 95.14
Viitala et al. 2003 0.01] BMS1747-BMS740[ 7.86-39.55] 10.50-60.69
REPRODUCTIVE TRAITS
Kaupe et al. 2007 for CE <0.05 CYPI11B1 1.29 29.80
Schnabel et al. 2005 for DPR BMC1207-BMS1899| 34.16-51.17|  51.94-69.01
Kaupe et al. 2007 for NRR <0.05 DGATI 0.44 18.70
Gonda et al. 2004 for OVR 0.014 BMS947-BM4305| 51.27-65.03 83.31
Ashwell et al. 2004 for PR 0.01| ILSTS011-CSSM066| 3.81-11.78 5.13-25.71
Cobanoglu et al. 2005 for twinning 0.001] BMC1207-BM2934| 34.16-65.38 51.94
SOMATIC CELL SCORE
Ashwell et al. 1998 0.0096 BM302 33.62 52.37
Kaupe et al. 2007 <0.001 CYPI11B1 1.29 29.80
Kaupe et al. 2007 <0.05 CYP11B1 1.29 29.80
Rodriguez-Zas et al. 2002 BM6425 73.84 95.14
Rupp et al. 2003 <0.10 ILSTS011-BM302| 11.78-33.62| 25.71-52.37
Zhang et al. 1998 ILSTS011-BM302| 11.78-33.62| 25.71-52.37
UDDER TRAITS
Ashwell et al. 1997 for udder 0.0052 BM302 33.62 52.37
Ashwell et al. 1997 for Udder-SCS 0.006 BM302 33.62 52.37
Ashwell et al. 2002 for FUA 0.0703 BM302 33.62 52.37
Ashwell et al. 2002 for FTP 0.04 BM302 33.62 52.37
Schnabel et al. 2005 for RUW 0.01 BM4305-BL1036| 65.03-76.75] 83.31-100.16
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Supplemental Table 2.3. QTL reported on BTA14 for ADG (pre and post weaning),

birth weight, carcass weight, fat thickness, marbling score, mean body weight, rib eye

area and eating quality (%USDA choice, CHOICE; grilled beef flavor intensity, GBFI;

grilled abnormal flavor intensity, GAFI and pH (24 hour), pH) in beef cattle.

Phenotype | Pval | Markers | Mb | cM
Average Daily Gain: PRE-WEANNING

Kneeland et al. 2004 0.046 | BMS1941-BMCI1207 | 24.67-34.16 | 41.71-51.94

Kneeland et al. 2004 0.041 | BM1577-BMS108 41.23-46.69 | 63.16-67.67

Kneeland et al. 2004 0.023 | BMC1207-BM1577 | 34.16-41.23 | 51.94-63.16

Mizoshita et al. 2004 BM1508-BMS1941 8.27-24.67 | 17.85-41.71

Average Daily Gain: POST-WEANNING

Kneeland et al. 2004 0.026 | BMS1747-TG 7.66-7.87 | 10.50-11.95

Kneeland et al. 2004 0.025 | CSSM66-BMS1747 3.81-7.87 5.13-10.50

Kneeland et al. 2004 0.039 | BMC1207-BM1577 | 34.16-41.23 | 51.94-63.16

Mizoshita et al. 2004 BMS8125-ILSTS008 | 27.34-32.08 | 50.92-66.48

BIRTH WEIGHT

Kneeland et al. 2004 0.031 | BMS1899-RM137 51.17-67.66 | 69.01-85.18

Kneeland et al. 2004 0.006 | BMS1678-BMS1941 | 9.19-24.67 | 14.01-41.71

Kneeland et al. 2004 0.049 | BMC1207-BM1577 | 34.16-41.23 | 51.94-63.16
CARCASS WEIGHT

Kim et al. 2003 0.611 | RM011-BM4513 27.20-61.48 | 43.63-79.79

Mizoshita et al. 2004 0.016 | BMS1941-INRA094 | 24.67-28.80 | 41.71-49.83

Mizoshita et al. 2004 BMS8125-ILSTS008 | 27.34-32.08 | 50.92-66.48

FAT THICKNESS

Casas et al. 2000 0.47 | RM180-RMO11 17.16-27.2 | 35.31-43.63

Casas et al. 2003 0.24 | ILSTS039-DIK5082 1.20-9.86 0-21.30

Moore et al. 2004 0.0058 | CSSMO066 3.81 5.13
MARBLING SCORE

Casas et al. 2003 | 0.45 | DIK2008-DIK4087 16.43-68.33 | 31.26-86.63

MEAN BODY WEIGHT

Mizoshita et al. 2004 BM&8125-ILSTS008 | 27.34-32.08 | 50.92-66.48

Mizoshita et al. 2004 MNB-14-BMS1941 16.97-24.67 | 32.12-41.71
EATING QUALITY

Casas et al. 2003 for CHOICE 0.26 | ILSTS039-DIK4681 1.20-12.58 0-25.71

Guiterez-Zas et al. 2007 for pH 0.0013 | RM011-PZ271 27.20-54.15 43.63

Guiterez-Zas et al. 2007 for GBFI | 0.0084 | BM302 33.62 52.37

Guiterez-Zas et al. 2007 for GAFI | 0.0166 | BM302 33.62 52.37
GROWTH TRAITS

Miyata et al. 2004 | 0.05] CSSMO066-ILSTSO11 | 3.81-11.78 |  5.13-25.71

RIB EYE AREA

Stone et al. 1999

|

| DIK5377-DIK5082

| 8.549.86 | 17.85-21.23
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Figure 2.1. Genome assembly anchored QTL map of BTA14 (see Supplemental Tables
2.1-2.3). The gray bar on the left represents the visualization of BTA14 from 0-80 Mega
base pairs. Studies on dairy cattle are graphed on the left side with phenotypes
represented by different colors, whereas studies in beef cattle are summarized on right

side of the graph with phenotypes represented by different colors.
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Chapter Three:

COMPARATIVE MAPPING OF BOVINE CHROMOSOME 14 (BTA14) TO
HUMAN CHROMOSOME 8 (HSA8) AS MEANS TO UNDERSTANDING
THE MAMMALIAN GENOME EVOLUTION AND DISCOVERING
PROMISING POSITIONAL CANDIDATE GENES

FOR QUANTITATIVE TRAITS
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3.1. Abstract

Comparative mapping has been used as an important tool for investigating chromosome
conservation or rearrangement events among species, thus providing unique information
on candidate genes that underlie quantitative traits in the species of interest. In the present
study, we developed a comparative map of bovine chromosome 14 (BTA14) based on its
orthologous chromosome, human chromosome 8 (HSAS8) using an in-silico mapping
technique. Among a total of 671 genes annotated in a region of 47.6-146.2 Mb on HSAS,
566 genes/loci were found to have orthologs in the bovine genome. However, only 411
of them were conserved on BTA14, thus leading to development of a comparative map
between HSAS and BTA14 with nine homologous synteny blocks (HSBs) revealed by
the AutoGRAPH program. Therefore, our comparative map would provide a solid
foundation to increase the efficiency and accuracy of identifying and characterizing

promising positional candidate genes for many economically important traits on BTA14.
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3.2. Introduction

Following the first six vertebrates, which include human, mouse, rat, zebra fish and two
puffer fish (Thomas et al. 2002), the decision to sequence the genome of the next
organism was a dilemma. Nevertheless, cattle, which are in a Cetartiodactyla group, are
separated from primates 94 million years ago, make its genome more valuable because it
can be used for investigating the molecular basis for adaptive evolution (Everts-van der
Wind et al. 2004) as well as for annotating the human genome for genes and other non-
regulatory elements (Thomas et al. 2002). Moreover, cattle can also serve as a model for
many human genetic diseases that cannot be represented by the rodent strains (O’Brien et
al. 2001). Most importantly livestock species, such as cattle, have high economic value
worldwide (Williams et al 2001; O’Brien et al. 2001). Therefore, in 2003, the U. S.
National Institutes for Health (NIH) announced Bos Taurus genome with a priority to be

sequenced (Larkin et al 2003).

With the advancement in molecular techniques for development of genetic markers, the
cattle genome mapping has progressed immensely. Bos taurus autosome 14 (BTA14), in
particular, seemed to be one of the chromosomes in the cattle genome that are highly
explored because it harbors many QTL in both dairy and beef cattle (Marques et al. 2007
and Wibowo et al., 2008). However, candidate genes responsible for these QTL are still
unknown or inconclusive. The diacylglycerol O-acyltransferase 1 (DGAT1) gene, for
instance, was reported as the promising candidate gene for many economically important
traits in cattle by Grisart et al. 2002 and Winter et al. 2002, but some associations could

not be verified by other studies (for example, Moore et al. 2003). Therefore, comparative
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mapping technique can be used to assist the assembly of genes in BTA14 by comparing
orthologous genes between cattle genome and a gene-rich genome, such as human
genome. According to previous reports, it was known that BTA14 are homologous to the
g-arm of HSAS8 (Solinas-Toldo et al. 1995, Lyons et al. 1997, Everts-van der Wind et al.
2005, Itoh et al. 2005 and Marques et al. 2007). Therefore, HSA8 can be used as an
anchor chromosome to further annotate and assemble BTA 14, with the final goal to

identify promising positional candidate genes to improve economically important traits.

The importance of comparative mapping technique has long been realized because it
facilitates the identification of many positional candidate genes (Everts-van der Wind et
al. 2004; Solinas-Toldo et al. 1995) as well as the determination of many important
features related to mammalian genome evolution (or karyotype evolution). Candidate
genes for milk productions (Grisart et al. 2002) and double muscling (Grobet et al. 1997),
for example, were discovered because of the availability of comparative mapping
between cattle and human (Everts-van der Wind et al. 2004). Therefore, integrating well-
annotated genes from human into the cattle gene map is important for further isolation
and characterization of critical candidate genes (Connor et al. 2006; Coppieters et al.
1998; Womack et al. 1995). Furthermore, as far as understanding the mammalian genome
evolution, comparative mapping among different species can be used to analyze
chromosome rearrangement and conservation by comparing orthologous genes based on

their chromosomal locations (Ehrlich et al 1997; Nadeau et al 1998).

3.3. Materials and Methods
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3.3.1. Genome resources

The data used in the present study were downloaded from the Genome Resources
databases at the National Center for Biotechnology Information (NCBI). The Human
Genome Resources are available as the result of the Human Genome Project (HGP),
which is funded by the international research community. Originally, the strategy used by
the HGP is to minimize the size of the genome to several hundred thousand base pair
long and insert them into artificial chromosomes, called the bacterial artificial
chromosome (BAC). These sequences were then ‘shotgunned’ into smaller pieces to ease
the sequencing process and aligned using computer algorithm based overlapping
fragments to construct the complete sequence. A "working draft" of the human genome
was released in 2000. Since then, the NCBI staff has provided various levels of
computation, analysis, and curation as needed for the human genome. Basically, the
NCBI annotation pipeline annotates the genomic reference sequence data with features
such as genes, RNAs, proteins, variation (SNPs), STS markers, and FISH mapped clones.
All sequences (genomic, RNAs, proteins) are available for customized BLAST searches,

which are displayed on NCBI's Map Viewer.

Aside from completing the human genome sequence, researchers at the Baylor College of
Medicine Human Genome Sequencing Center have also been working on the draft for the
Bovine Genome Project, together with the Genome British Columbia Sequencing and
Mapping Platform at the British Colombia Cancer Agency (BCCA). This project includes
BAC libraries (using Hereford bull L1 Domino 99375, with a registration number

41170496, USDA-ARS) and Whole Genome Sequence (WGS) libraries (using a
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daughter of La Domino 99375, Hereford L1 Diminette 01449, with a registration number

42190680).

In the present study, we used the current assembly of human genome (build 36.3) and the
latest bovine genome (built Btau 4.0) for comparative analysis and characterization of

HSAS8 and BTA14.

3.3.2. Gene Classifications

Based on the information deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov/), all annotated genes on HSAS can be categorized into
five groups: 1) functional genes, 2) human chromosome open reading frame (ORF)
genes, 3) hypothetical protein/hypothetical genes, 4) similar to other genes and 5)
pseudogenes. Functional genes are those with well-annotated sequences and they have
known biological functions. ORF genes are those derived from an annotated genomic
sequence using gene prediction method: GNOMON with supports of mRNA and EST
evidence. Hypothetical proteins or hypothetical genes are predicted based on
computational method with no experimental, in vivo, evidence. Similar to other genes are
those derived from a computational analysis (GNOMON) based on similarity with other
protein. Pseudogene is defined as an inactive gene that is derived from a previously

active gene whose sequence does not have exon-intron boundaries.

3.3.3. Genome conservation and rearrangement
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Previous studies have shown that a region from 46.1 Mb to 146.2 Mb on HSAS is
orthologous to the entire BTA14. Therefore, HSA8 was used as an anchor chromosome
for our comparative mapping of BTA14. All genes annotated on HSAS8
(http://www.ncbi.nlm.nih.gov/) were used to determine their orthologs located on BTA14
based on one-one homologous matches. The process was relatively easy to identify the
bovine functional genes that have the same gene symbols and high sequence similarity
with those on HSAS. For other annotated loci on HSAS8, we used the human sequences
as references for BLAST searches to retrieve the bovine orthologs on BTA14. The
BLAST searches against the bovine genome resources produced different outcomes,
including 1) un-annotated ortholog when a BLAST search showed sequence similarity
between the human reference and a locus on the bovine genome without the same gene
symbol; 2) no ortholog when a BLAST search showed no significant similarity found
between the human sequence and the bovine genome; 3) unassigned ortholog when a
BLAST search showed sequence similarity between the reference sequence and the
bovine genomic DNA, but the locations were still unknown on BTA14 due to the poor
development of the current built of the bovine genome and 4) a run-away ortholog when
a BLAST search indicated sequence similarity between the human sequence and the

bovine genome, but it was found on other chromosome rather than on BTA14.

All orthologous matches were then aligned using AutoGRAPH in order to achieve a
visual representation of the comparative map between HSA8 and BTA14 (Derrien et al.
2007). Based on this program, a homologous synteny block (HSB) and internal

rearrangement were defined using the most acceptable and common definition described
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by Murphy (Murphy et al. 2005), which was also used by Everts-van der Wind et al.
2005 and Marques et al. 2007. HSB is defined as uninterrupted region (by other HSB
from the same or different chromosome, for that matter) that consists of at least two or
more markers on the same chromosome in the human and cattle genomes. An internal
rearrangement, furthermore, is defined by a minimum of three consecutive markers on
the cattle HR map in the same order as in the human genome with adjacent markers

separated by a span of >1 human-Mb.

3.4. Results

3.4.1. Current genome annotation of HSA8 and BTA14

Based on the current build of human genome (build 36.3), the region of ~100 Mb from
46.1 Mb to 146.2 Mb on HSAS harbors a total of 671 annotated genes, including 399
functional genes, 26 open reading frame genes, 64 hypothetical protein genes, 33 similar
to other genes and 149 pseudogenes. The Bovine Genome Resources (Btau 4.0) indicate
that BTA14 has a total of 501 genes annotated at the present, including 317 functional
genes, 10 open reading frame genes and 178 hypothetical protein genes. Among these
317 functional genes on BTA14, we found that four genes: CRH, CAI, CSMD3 and
TRNAM-CAU were annotated twice. Overall, more work needs to be done on BTA14 for
a complete annotation. The distributions of different groups of annotated genes presented

on the orthologous region between HSA8 and BTA14 is demonstrated in Figure 3.1.

3.4.2. Identification of human orthologs on BTA14
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The numbers of the HSAS8 orthologs identified in the bovine genome are summarized
according to the five categories of genes in Table 3.1. Among 399 human functional
genes investigated in the present study, 377 (94.48%) of them were found to have
orthologs in the bovine genome, but with 338 genes (84.71%) placed on BTA14, 10
(2.51%) on other chromosomes and 29 (7.27%) whose locations remain unknown in
cattle (Table 3.1). However, the percentage of the human orthologs found to be located
on BTA14 decreased to 69.23% (18/26) for ORF genes, 42.42% (14/33) for similar-to-
other genes, 25.00% (16/64) for hypothetical protein genes and 16.78% for pseudogenes,
respectively (Table 3.1). On the other hand, the number of no-orthologs found increased
to 15.38% (4/26) for ORF genes, 20.81% (31/149) for pseudogenes, 33.33 % (11/33) for
similar-to-other genes and 56.25% (36/64) for the hypothetical protein genes. The details

on one-one orthologous search are listed in Supplemental Table 3.1.

3.4.3. Not annotated genes on BTA14

As indicated in Tables 3.1, we found 43 functional genes, 8 ORF genes, 15 hypothetical
protein genes, 14 similar-to-other genes and 25 pseudogenes that were not well annotated
on BTA14. For the first two categories of genes, we realized that some of them did not
have ESTs to support a complete annotation. In particular, seven functional genes:
CNBDI, CPA6, MIRN124-2, MIRN599, PSCA, PSKH?2 and SLCO5A41, and one ORF
C8orf39 have no ESTs developed so far in cattle. However, for the last three categories
of genes that were not well annotated in the bovine genome, we found that only nine
hypothetical genes: FLJ46284, KIA1833, LOC100128550, LOC100128687,

LOCI100129242, LOC100129885, LOC100130155, LOC644727 and, MGC39715; seven
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similar-to-other genes: LOC1001218414, LOC1001218419, LOC100129173,
LOC100129963, LOC130742, LOC130862, LOC286187 and LOC728967; and eleven
pseudogenes: LOC100127983, LOC100128271, LOC100128418, LOC100128955,
LOC100129377, LOC100130095, LOC100130861, LOC100131371, LOC100132280,
LOC392225, LOC643228, and LOC644199 were conserved with their neighboring genes

on BTA14 as they were seen on HSAS.

3.4.4. Run-away orthologs

For nine functional genes: (COX6C, LOC389672, LOC728638, RPL7, SECI1B,
SLC3944, WDR2I1C, ZNF251, and ZNF517) and 2 ORF genes (C8orf62 and C8orf70),
the current assembly of bovine genome showed that they were no longer conserved on
BTA14. Instead, they were located on other chromosomes. Based on the sequence
similarity and evidence with ESTs support, we are confident that these genes are
orthologs of human genes. However, the other 6 hypothetical protein genes, 6 similar-to-
other genes and 82 pseudogenes that were placed on other chromosomes in the cattle
genome, were rather vague to determine at the moment if they were really orthologous to
the human genes annotated on HSA8. Basically such an ortholog cannot be only judged

by the sequence similarity.

3.4.5. Comparative Mapping
All orthologs, including those categorized as annotated orthologs and those as
unannotated orthologs that were conserved between HSA8 and BTA14, were used to

define the conservation segments between the two these chromosomes. Based on the

47



result from the AutoGRAPH program, there were nine conserved segments or HSBs
(Figure 3.2; table 3.2) with different gene density per segment. HSBs with the highest
gene density were observed in the region of: 8§7.595-120.497 and 48.812-82.553 Mb on
HSA8with 127 and 115 genes and loci per conserved segment, respectively. The lowest
gene density, on the other hand, was observed in the region of: 145.123-145.136 and
120.638-121.619 Mb with only 4 and 8 genes and loci per HSB, respectively. Finally, the
other five regions on HSAS: 82.732-87.180, 122.694-142.435, 143.736-144.522,
144.590-144.987 and 145.1778-146.075 Mb had variable gene densities: 18, 62, 17, 16

and 44 genes and loci per HSB, respectively.

3.5. Discussion

To further confirm the comparative map built previously by Lyons et al. 1997, Everts-van
der Wind et al. 2005, Itoh et al. 2005, and Marques et al. 2007, our result of in-silico
comparative map also showed a high degree of homology between BTA14 and HSAS.
The highest degree of homologous was observed on genes and loci on HSAS that were
categorized as functional genes and ORFs with 84.71% and 69.23% of conservation,
respectively. Nevertheless, although 295 genes and 10 ORFs were conserved between the
two chromosomes, 43 functional genes and eight ORFs were not well annotated on
BTA14. Therefore, to further annotate these genes and loci on the bovine genome, we
decided to find an early evidence of the existence of these genes and loci on the bovine
genome. The reference human sequence of these genes and loci were BLAST-ed against
the ESTs sequence on the bovine genome. We discovered that 36 functional genes and
seven ORFs had ESTs sequence in the cattle genome. Hence, HSAS can be used here as

the anchor chromosome to place these genes and loci on the cattle genome. Nevertheless,
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our comparative map was built based on the availability of the data on the NCBI
database. Therefore, we did not exclude the possibility that the other seven functional
genes and one other ORF, whose ESTs sequences could not be found in the cattle
genome, had human orthologs genes but did not have the data just yet by the time this

project was accomplished.

Interestingly, aside from those genes and loci that were mapped on BTA 14, nine
functional genes and two ORFs were placed outside the conserved chromosome with
ESTs evidence to support the same human orthologs genes. Eleven of these genes and
ORFs were not well annotated yet in the bovine genome, but three genes: COX6C, RPL7
and SLC3944 were well annotated but still placed outside BTA14, at BTA 9, X, and 17,
respectively. One possible reason of this run-away orthologous genes were found in
different chromosome was that these genes had evolved to be pseudogenes in the cattle
genome. Hence, it was not surprising that COX6C and RPL7 had many copies of
pseudogenes on the cattle genome. Even though Btau 4.0 placed the structural gene for
COX6C gene on BTA9Y, this gene also had one pseudogene that was placed on BTA14
with conserved neighboring genes as seen in HSAS. This gene was bracketed by RGS22
and VPS13B, which were about ~ 82.9 Kb downstream and ~864.8 Kb upstream on
HSAS, respectively, and about ~95.8 Kb downstream and ~ 959.0 Kb upstream on
BTA14, respectively. Furthermore, RPL7 was placed on BTA X on Btau 4.0 with only
one exon, whereas the ortholog human sequence had six exons on the human genome,
which indicated that this gene might act only as pseudogene in the bovine genome. The

result of BLAST search engine, furthermore, showed more than 30 homologous regions
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of this gene on the bovine genome with a relatively high conservation between the
ortholog human sequences. Fifteen of these homologous regions had more than 90%
sequence similarities. In addition, homologous sequence on BTA 2, 7 and 8 showed that
RPL7 pseudogene evolved to have two exons that were separated by an intron in the
cattle genome. Nonetheless, having many processed pseudogenes in the genome is a
typical character of the encoding ribosomal protein, such as RPL7. However, this
example can be used to study the mechanism of how pseudogene evolves since the
functional gene for RPL7 has six exons, instead of only two. Finally, SLC3944 was
placed on BTA17, without any pseudogene. This suggested that, with this early evidence,
this gene was functional gene that was not conserved on BTA14. Yet, since the bovine
genome was still not well annotated further research need to confirm the actual location

of SLC3944 in the cattle genome.

Twenty three functional genes and four ORFs from HSAS8 did not have neither genomic
nor ESTs orthologs in the bovine genome. Cattle and man were separated 94 million
years ago (Everts-van der Wind et al. 2004) from the common ancestor. Therefore, it was
tempting to conclude that the absence of these functional genes or ORFs in the cattle
genome was caused by the difference adaptive evolution between the two mammals.
Nevertheless, our comparative map was limited to the availability of the data. Hence,
again, these absences of ESTs sequence on the cattle genome could be the result of

lacking of resources.

50



The other categories of genes and loci on HSAS: hypothetical protein genes, similar-to-
other and pseudogene were less conserved on BTA14 with only 25.00%, 42.42% and
16.78% of conservations, respectively. Only one locus CS§ORFK36 on hypothetical
protein gene category was well annotated on BTA14 with EST evidence found on the
cattle genome. The other 15 hypothetical protein gene loci, 14 similar-to-other loci, and
pseudogene loci that were mapped to BTA14 were not well annotated. Since these genes
or loci categories might not have ESTs orthologs in the cattle genome, we used different
approach to annotate these loci in the genome. Comparison of conserved neighboring
genes on HSAS8 was used to determine the most accurate location to place these loci on
BTA14. Although not all loci could be placed, at least nine hypothetical protein gene
loci, seven similar-to-other loci and eleven pseudogene loci had conserved neighboring
genes between their locations on HSAS8 and the current placements on BTA14. This
could suggest that these loci, which were not well annotated yet, could possibly be

confirmed on BTA14 by using HSAS as the anchor chromosome.

From all of these five categories of the genes annotated on HSAS, nevertheless, only
those that were orthologous to BTA14, including both annotated orthologous genes and
un-annotated orthologous genes, were used to determine the HSBs between the two
chromosomes using the AutoGRAPH program. Discrepancies, however, occurred when
comparing our comparative map with other previously built map established with
different techniques. Everts-van der Wind et al. (1995), for instance, reported three
synteni blocks: 48.9-83.4, 120.3-82.6 and 146.2-124.1 Mbp on HSAS using 5000 rad-

RH panel, and then confirmed by Itoh et al. 2005 using 7000 rad- RH panel. On the other
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hand, Lyons et al. 1997 and Marques et al. 2007, using CATS analysis and 12k rad- RH
panel, respectively, discovered a new evolutionary break point region, at position: 121.0-
122.0 Mbp on HSA8 (Marques et al. 2007) that had an opposite order from one another.
Here, based on the current bovine genome (Btau_4.0) and human genome (build 36.3),
we reported nine HSBs. Although it appears that we report more HSBs than the previous
reports, our result is actually comparable with the previously reported comparative map
between BTA14 and HSAS. HSB in the region of 48.9-83.4 and 121.0-122.0 Mb from
HSAS, for instance, were in great consensus previous reports. Nevertheless, in other
regions, we found more internal rearrangements within the HSB that caused them to be
recognized as a separate HSB by the AutoGRAPH program. A region at 120.3-82.6 Mb,
for example, was similar between our report and other study. Our result, however,
presented this region in two separate HSBs, 82.732-87.180 and 87.595-120.497 Mb, with
the same order of the loci as other reports. Unfortunately, we also observed some regions
with high discrepancies, such as in the region of 146.2-124.1Mb. Instead of identifying
this region with only one HSB, our result showed five different HSBs covering the
region. One region in particular, 143.7-144.5 Mb, had a reversed order than other maps.
Thus, although it was possible that other maps built with linkage or radiation hybrid (RH)
technique flawed, it was more likely that the lack of well annotation of the current bovine

genome assembly that needed to be improved.
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Table 3.1. Summary of in-silico comparative chromosome based on annotated genes on

HSAS
HUMAN CATTLE
HSAS BTA 14 Other | Unassigned
Orthologous No
Description Annotated | Not Annotated | Orthologous
Functional gene 399 295 43 23 9 29
ORF 26 10 8 4 2 2
Hypothetical protein 64 1 15 36 6 6
Similar to other 33 0 14 11 6 7
Pseudogene 149 0 25 31 82 11
Total 671 306 105 105 105 50
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Table 3.2. The comparison of HSBs between HSAS (build 36.3) and BTA14 (Btau 4.)

based on AutoGRAPH program and previous reports.

HSAS BTA14 Other reports
Everts van der Wind et al. 1995; Marques et al. 2007;

(Mbp) (Mbp) ORDER | Ttoh et al. 2005 Lyons et al. 1997
48.812-82.553 18.785-41.955 1 48.812-82.553 1 48.812-82.553 1
82.732-87.180 70.902-75.435 ! 82.6-120.3 ! 82.6-120.3 l
87.595-120.497 75.081-42.130 ! l !
120.638-121.619 | 79.985-80.962 0 l 121.0-122.0 1
122.694-142.435 | 17.680-1.888 ! 124.1-146.2 ! 124.1-146.2 l
143.735-144.522 | 1.090-1.543 1 l l
144.590-144.987 | 0.965-0.775 ! l !
145.123-145.136 | 1.065-1.059 ! l !
145.178-146.075 | 0.599-0.013 ! l !
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Supplemental Table 3.1. Orthologous analysis of functional genes between the synteny

region of HSAS and the bovine genome by targeting BTA14

HOMO SAPIENS BOS TAURUS
Symbol Start ‘ Stop Start ‘ Stop Description
ANNOTATED ORTHOLOGOUS GENES ON BTA14
ABRA 107842321 | 107851649 | 55610645 | 55621461 | actin-binding Rho activating protein
ADCKS5 145568539 | 145589265 404677 418268 | aarF domain containing kinase 5
ADCYS 131861729 | 132123854 | 9201726 | 9426613 | adenylate cyclase 8 (brain)
ADHFE1 67507272 | 67543598 | 30582423 | 30615404 | alcohol dehydrogenase, iron cont 1
ANGPT1 108330886 | 108579430 | 54783106 | 55084883 | angiopoietin 1
ANKRD46 101602176 | 101641188 | 61841203 | 61882331 | ankyrin repeat domain 46
ANXAI3 124762215 | 124818828 | 15634803 | 15650685 | annexin A13
ARFGEFI 68272451 | 68418466 | 31219174 | 31406114 | ADP
ARMC1 66677618 | 66708986 | 29948961 | 29973726 | armadillo repeat containing 1
ASPH 62578374 | 62789560 | 26877708 | 27065682 | aspartate beta-hydroxylase
ATAD?2 124401922 | 124477868 | 16007999 | 16033231 | ATPase family, AAA domain cont 2
ATP6VOD2 87180255 | 87235570 | 75435337 | 75490139 | ATPase, H+ transporting, lysosomal
ATP6VIC1 104102424 | 104154461 | 59589168 | 59629227 | ATPase, H+ transporting, lysosomal
ATP6VI1H 54790668 | 54918403 | 21706742 | 21754129 | ATPase, H+ transporting, lysosomal
AZIN1 103907712 | 103945573 | 59765276 | 59795942 | antizyme inhibitor 1
BAALC 104222097 | 104311709 | 59443816 | 59530484 | brain and acute leukemia, cytoplasmic
BOP1 145456864 | 145485928 467652 486604 | block of proliferation 1
CAl 86427709 | 86477594 | 76046197 | 76056557 | carbonic anhydrase I
CA13 86345259 | 86383554 | 76145079 | 76169785 | carbonic anhydrase XIII
CA2 86563383 | 86580973 | 75898446 | 75914801 | carbonic anhydrase 11
CA3 86537710 | 86548526 | 75932466 | 75942462 | carbonic anhydrase 111, muscle specific
CA8 61263977 | 61356508 | 25769686 | 25851726 | carbonic anhydrase VIII
CALBI1 91140014 | 91164283 | 72314241 | 72336158 | calbindin 1, 28kDa
CCNE2 95961628 | 95976660 | 67782182 | 67794832 | cyclin E2
CDH17 95208566 | 95289986 | 68428155 | 68599288 | cadherin 17, LI cadherin (liver-intestine)
CEBPD 48812029 | 48813279 | 18785576 | 18787169 | CCAAT/enhancer binding protein
CHCHD7 57286869 | 57293732 | 23265198 | 23271074 | coiled-coil-helix-coiled-coil-helix
CHD7 61753893 | 61942019 | 26137555 | 26327347 | chromodomain helicase DNA binding
CHMP4C 82807243 | 82834305 | 79826972 | 79856186 | chromatin modifying protein 4C
CHRACI 141590586 | 141596434 | 2424520 | 2427765 | chromatin accessibility complex 1
CNGB3 87655277 | 87825017 | 74895793 | 75066368 | cyclic nucleotide gated channel beta 3
COL22A1 139669660 | 139995418 | 3475101 | 3714674 | collagen, type XXII, alpha 1
COLECI10 120148627 | 120188388 | 42390816 | 42436251 | collectin sub-family member 10
COMMDS 146046355 | 146049736 118906 120941 | COMM domain containing 5
COPSS5 68117868 | 68137116 | 31084644 | 31107073 | COP9 constitutive photomorphogenic
CPNE3 87595788 | 87642842 | 75081894 | 75138489 | copine III
CPSF1 145589254 | 145605541 396499 404637 | cleavage and polyadenylation specific fct
CRH 67251173 | 67253252 | 30476483 | 30478099 | corticotropin releasing hormone
CSMD3 113304333 | 114518418 | 48322004 | 48323228 | CUB and Sushi multiple domains 3
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CSPP1 68139157 | 68271052 | 31119055 | 31218158 | centrosome and spindle pole

CTHRCI 104452962 | 104464393 | 59271909 | 59288176 | collagen triple helix repeat containing 1
CYCl 145221948 | 145224416 572202 574603 | cytochrome c-1

CYHRI1 145660016 | 145661657 249944 263515 | cysteine/histidine-rich 1

CYPI11B1 143950775 | 143958238 | 1294946 | 1302624 | cytochromeP450, faml1, subfamB, pol 1
DDEF1 131133535 | 131483399 | 9726354 | 10065407 | differentiation enhancing factor 1
DECRI1 91082756 | 91133403 | 72348154 | 72391666 | 2,4-dienoyl CoA reductase 1, mitoch
DENND3 142207902 | 142275083 | 1997561 | 2047080 | DENN/MADD domain containing 3
DEPDC2 69027157 | 69306451 | 32988865 | 33279685 | DEP domain containing 2

DEPDC6 120955146 | 121131939 | 80376637 | 80492328 | DEP domain containing 6

DERLI 124094769 | 124123722 | 16269050 | 16293939 | Derl-like domain family, member 1
DGATI 145510762 | 145521375 444097 446810 | diacylglycerol O-acyltransferase
DNAJC5B 67096345 | 67175309 | 30300948 | 30393961 | Dnal (Hsp40) homolog, subfamily C
DPY19L4 95801327 | 95873245 | 67860002 | 67921974 | dpy-19-like 4 (C. elegans)

DPYS 105460829 | 105548453 | 58209503 | 58299412 | Dihydropyrimidinase

E2F5 86276871 | 86314005 | 76202989 | 76231677 | E2F transcription factor 5, p130-binding
EBAG9 110621105 | 110646568 | 52646250 | 52653220 | estrogen receptor binding site associated
EEFI1D 144733041 | 144750726 925709 938385 | eukaryotic translation elongation factor 1
EFCABI 49798520 | 49810344 | 19473254 | 19481501 | EF-hand calcium binding domain 1
EFR3A 132985541 | 133094956 | 8559689 | 8601402 | EFR3 homolog A (S. cerevisiae)
EIF2C2 141610446 | 141714827 | 2373025 | 2409522 | eukaryotic translation initiation factor
EIF3E 109283148 | 109330135 | 54054335 | 54102285 | eukaryotic translation initiation factor
EIF3H 117726236 | 117837243 | 44953973 | 45051260 | eukaryotic translation initiation factor
ENPP2 120638500 | 120720287 | 79985613 | 80114337 | ectonucleotide

ENY2 110415812 | 110425087 | 52877993 | 52887448 | enhancer of yellow 2 homolog
EXOSC4 145205510 | 145207539 589223 591098 | exosome component 4

EXT1 118880783 | 119193239 | 43445832 | 43759712 | exostoses (multiple) 1

EYAI1 72272222 | 72437021 | 35074955 | 35233610 | eyes absent homolog 1 (Drosophila)
FABP4 82553481 | 82558004 | 41955210 | 41959600 | fatty acid binding protein 4, adipocyte
FABP5 82355340 | 82359563 | 41734584 | 41741360 | fatty acid binding protein 5

FABP9 82533173 | 82536313 | 41939300 | 41942980 | fatty acid binding protein 9, testis
FAM110B 59069667 | 59224831 | 24168669 | 24235498 | family with sequence similarity 110
FAM49B 130922898 | 131021182 | 10132033 | 10233191 | family with sequence similarity 49
FAMS84B 127633869 | 127639648 | 13381539 | 13386603 | family with sequence similarity 84
FAM92A1 94781949 | 94809850 | 68960049 | 68985320 | family with sequence similarity 92
FBXL6 145549899 | 145552940 428720 431721 | F-box and leucine-rich repeat protein 6
FBXO032 124584539 | 124622627 | 15820177 | 15852302 | F-box protein 32

FBX043 101214835 | 101227252 | 62314040 | 62336121 | F-box protein 43

FERIL6 124933408 | 125201483 | 15353599 | 15527783 | fer-1-like 6 (C. elegans)

FOXH1 145670306 | 145672526 239928 242419 | forkhead box H1

FZD6 104380276 | 104414270 | 59325628 | 59391516 | frizzled homolog 6 (Drosophila)

GDF6 97223734 | 97242196 | 66262264 | 66279562 | growth differentiation factor 6

GEM 95330657 | 95343733 | 68377777 | 68390687 | GTP binding protein expressed in musc
GGH 64090192 | 64113940 | 27930715 | 27953360 | gamma-glutamyl hydrolase

GML 143913219 | 143925264 | 1258011 | 1286241 | GPI anchored molecule like protein
GOLSYN 110655581 | 110773196 | 52633928 | 52640360 | Golgi-localized protein

GPAAI1 145209512 | 145213107 584696 587934 | glycosylphosphatidylinositol anchor attc.
GPRI172A 145553033 | 145555753 425960 428588 | G protein-coupled receptor 172A
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GPR20 142435767 | 142446547 | 1888054 | 1889139 | G protein-coupled receptor 20

GPT 145700231 | 145703357 209123 212128 | glutamic-pyruvate transaminase
GRHL2 102574162 | 102750995 | 60933845 | 61055008 | grainyhead-like 2 (Drosophila)

GRINA 145136214 | 145139571 1059703 1060406 | glutamate receptor, ionotropic,
GSDMDCI1 144711635 | 144716375 952755 959272 | gasdermin domain containing 1

HAS2 122694719 | 122722811 | 17680016 | 17696287 | hyaluronan synthase 2

HEY1 80838800 | 80842653 | 40040138 | 40043034 | enhancer-of-split related with YRPW
HNF4G 76614758 | 76641624 | 35606077 | 35635567 | hepatocyte nuclear factor 4, gamma
HRSP12 99183743 | 99198594 | 64295345 | 64303544 | heat-responsive protein 12

HSF1 145486078 | 145509193 448053 453004 | heat shock transcription factor 1

IL7 79807560 | 79880313 | 38974841 | 39051983 | interleukin 7

IMPA1 82732751 | 82761115 | 79902881 | 79925291 | inositol(myo)-1(or 4)-monophosphatase
INTSS8 95904710 | 95961897 | 67794760 | 67839649 | integrator complex subunit 8

JRK 143735876 | 143748403 | 1090119 | 1091705 | jerky homolog (mouse)

KCNK9 140693986 | 140784481 | 2992665 | 2993414 | potassium channel, subfamily K
KCNQ3 133210438 | 133562186 | 8183590 | 8475094 | potassium voltage-gated channel
KCNS2 99508426 | 99512201 | 64001954 | 64004712 | potassium voltage-gated channel
KCNVI 111048409 | 111056135 | 52285517 | 52291616 | potassium channel, subfamily V
KHDRBS3 136538898 | 136729031 | 5764809 | 5908681 | KH domain containing, RNA binding
KIAA1429 95569776 | 95634864 | 68091769 | 68155921 | KIAA1429

KLF10 103730188 | 103737128 | 59950195 | 59955729 | Kruppel-like factor 10

LACTB2 71712045 | 71743946 | 34604796 | 34630808 | lactamase, beta 2

LAPTM4B 98856985 | 98934006 | 64553152 | 64615031 | lysosomal associated protein
FAMO91Al 124850063 | 124896873 | 15565881 | 15603899 | family with sequence similarity 91, Al
KIAA0146 48336095 | 48811028 | 18787723 | 19031421 | KIAA0146

FAMS3A 124263933 | 124291499 | 16144075 | 16162914 | family with sequence similarity 83, A
BHLHBS 65655368 | 65658740 | 29204116 | 29206913 | basic helix-loop-helix domain
KIAA1688 145725371 | 145809699 149247 185759 | KIAA1688 protein

SULF1 70541427 | 70735701 | 33566339 | 33660746 | sulfatase 1

KIAA1875 145234623 | 145245206 558672 559703 | KIAA1875

LRPI12 105570640 | 105670344 | 58095917 | 58186678 | low density lipoprotein-related protein
LRRC14 145714199 | 145721365 195643 199106 | leucine rich repeat containing 14
LRRC24 145718580 | 145723216 189486 194858 | leucine rich repeat containing 24
LRRC6 133653629 | 133756995 | 8049136 | 8120139 | leucine rich repeat containing 6
LRRCCI1 86206629 | 86245567 | 76239546 | 76283565 | leucine rich repeat and coiled-coil dom
LY6D 143863300 | 143865010 | 1155359 | 1156829 | lymphocyte antigen 6 complex, locus D
LY6E 144171300 | 144175199 | 1385601 | 1389305 | lymphocyte antigen 6 complex, locus E
LY6H 144310706 | 144313116 | 1448989 | 1451445 | lymphocyte antigen 6 complex, locus H
LYN 56954926 | 57085685 | 23085065 | 23133147 | v-yes-1 Yamaguchi sarcoma viral
LYNX1 143842758 | 143856642 | 1141694 | 1143793 | Ly6/neurotoxin 1

LYPD2 143828630 | 143830954 | 1127249 | 1129299 | LY6/PLAUR domain containing 2
LYPLAI 55121491 | 55177130 | 21846406 | 21864400 | lysophospholipase I

MAF1 145231293 | 145234503 563802 566837 | MAF1 homolog (S. cerevisiae)

MAL2 120289791 | 120327094 | 42269086 | 42302331 | mal, T-cell differentiation protein 2
MAPK15 144870495 | 144876621 852901 858569 | mitogen-activated protein kinase 15
MATN2 98950487 | 99118124 | 64360737 | 64536349 | matrilin 2

MCM4 49036047 | 49052621 | 19210501 | 19222447 | minichromosome maintenance complex
MED30 118602211 | 118621682 | 44067815 | 44086895 | mediator complex subunit 30

61




MFSD3 145705360 | 145707397 205787 207864 | major facilitator superfamily domain
MIRNI151 141811844 | 141811933 | 2275084 | 2275152 | microRNA 151

MIRN30B 135881944 | 135882031 | 6477865 | 6477952 | microRNA 30b

MIRN30D 135886300 | 135886369 | 6473521 | 6473590 | microRNA 30d

MLZE 130829624 | 130868316 | 10253498 | 10268900 | melanoma-derived leucine zipper
MMP16 89118576 | 89408833 | 73040445 | 73436731 | matrix metallopeptidase 16

MOS 57188055 | 57189095 | 23188216 | 23189525 | v-mos Moloney murine sarcoma viral
MRPL13 121477264 | 121526828 | 80835927 | 80876848 | mitochondrial ribosomal protein L13
MRPL15 55210334 | 55223014 | 21870983 | 21876539 | mitochondrial ribosomal protein L15
MRPS28 80993650 | 81105061 | 40190694 | 40292939 | mitochondrial ribosomal protein S28
MTBP 121526847 | 121605056 | 80877191 | 80953529 | Mdm2, transformed 3T3 cell

MTDH 98725583 | 98807714 | 64683940 | 64738109 | metadherin

MTERFD1 97320821 | 97342972 | 66167788 | 66185533 | MTERF domain containing 1

MTFR1 66719528 | 66785340 | 29988540 | 30047774 | mitochondrial fission regulator 1
MTSS1 125632206 | 125809911 | 14853262 | 15012900 | metastasis suppressor |

MYBLI1 67636968 | 67687729 | 30719638 | 30753289 | v-myb myeloblastosis viral oncogene
MYC 128817498 | 128822856 | 12151194 | 12156367 | v-myc myelocytomatosis viral oncogene
NAPRTI 144728098 | 144731636 939528 942677 | nicotinate phosphoribosyltransferase
NBN 91014740 | 91066075 | 72408561 | 72464234 | nibrin

NCALD 102767946 | 103206311 | 60872727 | 60873116 | neurocalcin delta

NCOA2 71186821 | 71478574 | 34114745 | 34291940 | nuclear receptor coactivator 2

NDRGI 134318596 | 134378680 | 7510051 | 7566221 | N-myc downstream regulated gene 1
NDUFB9 125620524 | 125631408 | 15012769 | 15020175 | NADH dehydrogenase 1 beta subc
NFKBIL2 145624984 | 145640589 266557 277562 | nuc. factor of kappa light polypept. gene
NIBP 140811770 | 141537860 | 2471901 | 2859130 | NIK and IKK {beta} binding protein
NKAIN3 63324055 | 64066182 | 27559142 | 27876365 | Na+/K+ transporting ATPase

NOV 120497882 | 120505776 | 42130892 | 42139270 | nephroblastoma overexpressed gene
NPAL2 99273563 | 99375797 | 64134342 | 64225549 | NIPA-like domain containing 2
NRBP2 144987904 | 144996188 775439 780963 | nuclear receptor binding protein 2
NSMAF 59658617 | 59734940 | 24580454 | 24633790 | neutral sphingomyelinase activation
NSMCE2 126173277 | 126448544 | 14310926 | 14548932 | non-SMC element 2, MMS21 homolog
NUDCDI 110322324 | 110415491 | 52887684 | 52980985 | NudC domain containing 1

0C90 133105910 | 133131298 | 8496373 | 8556541 | otoconin 90

ODF1 103633036 | 103642422 | 60023783 | 60033244 | outer dense fiber of sperm tails 1
OPLAH 145178155 | 145186959 599578 608671 | 5-oxoprolinase (ATP-hydrolysing)
OPRK1 54300829 | 54326747 | 21567240 | 21588999 | opioid receptor, kappa 1

OSGIN2 90983269 | 91009271 | 72473994 | 72538707 | oxidative stress induced growth inhibitor
OSR2 100025862 | 100033504 | 63509619 | 63517269 | odd-skipped related 2 (Drosophila)
OTUD6B 92151600 | 92168499 | 71902397 | 71997879 | OTU domain containing 6B

OXR1 107739270 | 107834097 | 55660321 | 55683533 | oxidation resistance 1

PAGI 82042600 | 82186858 | 41424122 | 41441978 | phosphoprotein associated with
PARP10 145123308 | 145132623 | 1065748 | 1072558 | poly (ADP-ribose) polymerase family
PCMTDI1 52892700 | 52936350 | 20767384 | 20815604 | protein-L-isoaspartate O-methtransferase
PENK 57516070 | 57521143 | 23430381 | 23434397 | Proenkephalin

PGCP 97726675 | 98224900 | 65173815 | 65734542 | plasma glutamate carboxypeptidase
PHF20L1 133856786 | 133930234 | 7943651 | 7990482 | PHD finger protein 20-like 1
PKHDILI1 110443882 | 110612676 | 52759141 | 52852787 | polycystic kidney and hepatic disease 1
PKIA 79590891 | 79678040 | 38758243 | 38856050 | protein kinase inhibitor alpha

PLAGI1 57236037 | 57286392 | 23219718 | 23221723 | pleiomorphic adenoma gene 1
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PLEKHF2 96215208 | 96238089 | 67508106 | 67528592 | pleckstrin homology domain containing
PMP2 82515116 | 82522274 | 41923319 | 41928456 | peripheral myelin protein 2

POLR2K 101232015 | 101235406 | 62313104 | 62317319 | polymerase (RNA) IT (DNA directed)
POP1 99199244 | 99239816 | 64260129 | 64288971 | processing of precursor 1

PPM2C 94998338 | 95007472 | 68769096 | 68777486 | protein phosphatase 2C

PPP1R16A 145692917 | 145698312 214035 219209 | protein phosphatase 1

PRKDC 48848222 | 49035296 | 19081946 | 19209665 | protein kinase, DNA-activated

PTDSSI1 97343343 | 97415950 | 66097468 | 66164491 | phosphatidylserine synthase 1

PTK2 141737683 | 142080514 | 2116865 | 2309780 | PTK?2 protein tyrosine kinase 2

PUF60 144970535 | 144983525 786305 798546 | poly-U binding splicing factor 60KDa
PXMP3 78055049 | 78075079 | 37070697 | 37085976 | peroxisomal membrane protein 3, 35kDa
PYCRL 144757532 | 144762887 913501 920774 | pyrroline-5-carboxylate reductase-like
RAB2A 61592113 | 61696183 | 26047338 | 26092362 | RAB2A, member RAS oncogene family
RAD21 117927355 | 117956182 | 44689347 | 44718908 | RAD21 homolog (S. pombe)

RAD54B 95453364 | 95556486 | 68168222 | 68286312 | RAD54 homolog B (S. cerevisiae)
RALYL 85258008 | 85996634 | 76464451 | 76648147 | RALY RNA binding protein-like
RBI1CCl1 53697571 | 53789579 | 21285639 | 21314094 | RB1-inducible coiled-coil 1

RBM35A 95722576 | 95788870 | 67937077 | 67994462 | RNA binding motif protein 35A
RDHE2 57375122 | 57395795 | 23365427 | 23398159 | epidermal retinal dehydrogenase 2
RECQLA4 145707479 | 145714008 199408 205730 | RecQ protein-like 4

RGS20 54926921 | 55034416 | 21779728 | 21808549 | regulator of G-protein signaling 20
RGS22 101042452 | 101187520 | 62374124 | 62495106 | regulator of G-protein signaling 22
RHPNI 144522400 | 144537533 | 1543285 | 1552286 | rhophilin, Rho GTPase binding protein 1
RIMS2 104582152 | 105334627 | 58418881 | 58449007 | regulating synaptic membrane

RIPK2 90839110 | 90872433 | 72556691 | 72595294 | receptor-interacting serine-threonine
RLBPIL1 62363104 | 62576758 | 26716330 | 26874238 | retinaldehyde binding protein 1-like 1
RNF139 125556189 | 125570040 | 15052229 | 15061031 | ring finger protein 139

RNF19A 101338464 | 101391503 | 62125690 | 62198945 | ring finger protein 19A

RP1 55691180 | 55705947 | 22193803 | 22202968 | retinitis pigmentosa 1

RPL30 99123118 | 99126949 | 64350193 | 64353512 | ribosomal protein L30

RPLS 145985958 | 145988609 92447 95043 | ribosomal protein L8

RPS20 57148167 | 57149623 | 23167503 | 23168751 | ribosomal protein S20

RRM2B 103285907 | 103320522 | 60314878 | 60352055 | ribonucleotide reductase M2 B

RRS1 67503817 | 67505522 | 30578864 | 30580630 | RRS1 ribosome biogenesis regulator
RSPO2 108980721 | 109164742 | 54198066 | 54371110 | R-spondin 2 homolog (Xenopus laevis)
RUNXITI 93040328 | 93176619 | 70855365 | 70968428 | runt-related transcription factor 1
SAMDI12 119270875 | 119703365 | 42906357 | 43347772 | sterile alpha motif domain containing 12
SCRIB 144945078 | 144969537 840294 848808 | scribbled homolog (Drosophila)

SCXB 145393505 | 145395033 480388 482097 | scleraxis homolog B (mouse)

SDC2 97575058 | 97693213 | 65772340 | 65789606 | syndecan 2

SDCBP 59628282 | 59657973 | 24561204 | 24579915 | syndecan binding protein (syntenin)
SGK3 67787445 | 67936811 | 30836526 | 30946287 | serum/glucocorticoid regulated kinase
SHARPIN 145225524 | 145231128 567045 571373 | SHANK-associated RH domain

SLA 134118155 | 134184479 | 7732247 | 7750788 | Src-like-adaptor

SLC10AS5 82768446 | 82769762 | 79893698 | 79895261 | solute carrier family 10, member 5
SLC26A7 92330692 | 92479554 | 71722604 | 71871605 | solute carrier family 26, member 7
SLC45A4 142290052 | 142307855 | 1959573 | 1988305 | solute carrier family 45, member 4
SLC7A13 87295404 | 87311720 | 76285955 | 76312690 | solute carrier family 7
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SLURP1 143819364 | 143820831 | 1121843 | 1123776 | secreted LY6/PLAUR domain

SNAI2 49992789 | 49996541 | 19605726 | 19609330 | snail homolog 2 (Drosophila)

SNTBI1 121619226 | 121893910 | 80962904 | 81331929 | syntrophin, beta 1

SNTG1 50987150 | 51867980 | 20268374 | 20407189 | syntrophin, gamma 1

SNX16 82874373 | 82916990 | 79767735 | 79801461 | sorting nexin 16

SOX17 55533048 | 55536009 | 22087847 | 22089782 | SRY (sex determining region Y)-box 17
SQLE 126079901 | 126103707 | 14605537 | 14627772 | squalene epoxidase

ST3GALI 134540312 | 134653344 | 7372446 | 7387594 | ST3 beta-galactoside alpha

STK3 99536037 | 99907085 | 63654907 | 63959646 | serine/threonine kinase 3

STMN2 80685935 | 80739792 | 39879856 | 39938981 | stathmin-like 2

TAF2 120812195 | 120914255 | 80208724 | 80296937 | TAF2 RNA polymerase 11,150kDa
TATDNI1 125569930 | 125620492 | 15020221 | 15051718 | TatD DNase domain containing 1
TCEA1 55041669 | 55097561 | 21814089 | 21833010 | transcription elongation factor A (SII), 1
TG 133948387 | 134216325 | 7658632 | 7894999 | Thyroglobulin

TGS1 56848345 | 56900559 | 22927623 | 22953424 | trimethylguanosine synthase homolog
TM7SF4 105421230 | 105438092 | 58325569 | 58332561 | transmembrane 7 superfamily member 4
TMEMS5A 92075675 | 92122227 | 72033012 | 72105209 | transmembrane protein 55A

TMEM64 91704778 | 91727112 | 72191506 | 72229634 | transmembrane protein 64

TMEMG65 125392340 | 125454121 | 15167067 | 15211459 | transmembrane protein 65

TMEMG67 94836321 | 94898323 | 68865365 | 68910525 | transmembrane protein 67

TMEMG68 56813874 | 56848439 | 22891755 | 22927546 | transmembrane protein 68

TMEM74 109864522 | 109868946 | 53422494 | 53423411 | transmembrane protein 74

TNFRSFI11B | 120004977 | 120033564 | 42556262 | 42584443 | tumor necrosis factor receptor

TOX 59880531 | 60194321 | 24763903 | 25074447 | thymocyte selection-assc high mobility
TP53INP1 96007377 | 96030767 | 67736463 | 67746215 | tumor protein p53 inducible nuclear
TPD52 81109658 | 81246391 | 40301192 | 40351554 | tumor protein D52

TRAMI1 71648227 | 71683158 | 34551562 | 34583855 | translocation associated membrane
TRHR 110168900 | 110200989 | 53120296 | 53165263 | thyrotropin-releasing hormone receptor
TRIBI 126511745 | 126519827 | 14240296 | 14248453 | tribbles homolog 1 (Drosophila)
TRIMSS5 67201832 | 67250274 | 30414873 | 30461943 | tripartite motif-containing 55

TRMTI12 125532229 | 125534448 | 15108499 | 15110329 | tRNA methyltransferase 12 homolog
TRNAM-CAU | 124238651 | 124238723 | 16175577 | 16175649 | transfer RN A methionine

TRNAS-AGA 96351061 | 96351142 | 67353675 | 67353756 | transfer RNA serine (anticodon AGA)
TRNAY-GUA 66772086 | 66772173 | 30403968 | 30404061 | transfer RNA tyrosine (anticodon GUA)
TRNAY-GUA 67188156 | 67188248 | 30404552 | 30404640 | transfer RNA tyrosine (anticodon GUA)
TRPS1 116489900 | 116750402 | 46109178 | 46331384 | trichorhinophalangeal syndrome |
TSPYL5 98354890 | 98359352 | 65036781 | 65038897 | TSPY-like 5

TSTA3 144765933 | 144770038 906366 911205 | tissue specific transplantation antigen
TTC35 109525029 | 109568312 | 53766048 | 53816056 | tetratricopeptide repeat domain 35
TTPA 64135985 | 64161166 | 27959235 | 27966715 | tocopherol (alpha) transfer protein
UBRS5 103334745 | 103493671 | 60168917 | 60306581 | ubiquitin protein ligase E3

UQCRB 97311910 | 97316987 | 66190479 | 66195192 | ubiquinol-cytochrome ¢ reductase b.p.
VCPIP1 67705042 | 67742006 | 30764507 | 30790163 | valosin containing protein (p97)/p47 cpl
VPS28 145619808 | 145624735 278704 282724 | vacuolar protein sorting 28 homolog
WDR67 124154101 | 124233571 | 16185133 | 16251964 | WD repeat domain 67

WISP1 134272494 | 134310753 | 7576123 | 7590191 | WNTI inducible signaling pathway
XKR4 56177571 | 56601268 | 22620262 | 22806799 | Kell blood group complex subunit
YTHDEF3 64243675 | 64287900 | 28026852 | 28060347 | YTH domain family, member 3
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YWHAZ 102000090 | 102034745 | 61615879 | 61648185 | tyr 3-monooxygenase/trypS

ZBTBI10 81561003 | 81597165 | 40745608 | 40779921 | zinc finger and BTB domain

ZC3H3 144590968 | 144694763 965869 | 1027369 | zinc finger CCCH-type containing 3

ZFANDI1 82776513 | 82796085 | 79866472 | 79892713 | zinc finger, AN1-type domain 1

ZFATI1 135559213 | 135794463 | 6550449 | 6698034 | ZFAT zinc finger 1

ZFHX4 77756070 | 77942076 | 36743509 | 36948573 | zinc finger homeobox 4

ZHX1 124329877 | 124355728 | 16088074 | 16110874 | zinc fingers and homeoboxes 1

ZHX?2 123863082 | 124055936 | 16345059 | 16347575 | zinc fingers and homeoboxes 2

ZNF250 146075775 | 146097616 13417 23591 | zinc finger protein 250

ZNF34 145969303 | 145983529 79180 85106 | zinc finger protein 34

ZNF572 126054733 | 126060809 | 14639106 | 14665722 | zinc finger protein 572

ZNF623 144789516 | 144807043 881706 885473 | zinc finger protein 623

ZNF696 144444971 | 144451539 | 1501423 | 1503299 | zinc finger protein 696

ZNF7 146023707 | 146039410 103440 110560 | zinc finger protein 7

ZNF704 81713324 | 81949571 | 41020369 | 41209765 | zinc finger protein 704
UN-ANNOTATED GENES ON BTA14

ASNSL1 47610000 | 47645724 | 31890000 | 33620000 | asparagine synthetase-like 1

CNBDI 87947792 | 88464071 | 74042000 | 74142000 | cyclic nucleotide binding domain

COLI14A1 121206533 | 121453454 | 80591000 | 80763000 | collagen, type XIV, alpha 1 (undulin)

CPA6 68496962 | 68821134 | 31778000 | 31878000 | carboxypeptidase A6

CYP11B2 143988977 | 143996261 | 1197000 | 1314000 | cytochrome P450, faml1,sub B

CYP7Al 59565292 | 59575275 | 24437000 | 24537000 | cytochrome P450, family 7, subfamily A

CYP7BI 65671246 | 65873902 | 29198000 | 29408000 | cytochrome P450, family 7, subfamily B

DCC1 120915397 | 120937330 | 80307000 | 80407000 | defective in sister chromatid cohesion

EPPK1 145012206 | 145019422 688000 788000 | epiplakin 1

FAM135B 139211448 | 139578247 | 3882000 | 4072000 | family with sequence similarity 135

FAMS3H 144878091 | 144887902 798000 898000 | family with sequence similarity 83

GLI4 144420982 | 144430476 | 1438000 | 1538000 | GLI-Kruppel family member GLI4

HASNT 122720767 | 122726114 | 17618000 | 17718000 | hyaluronan synthase 2 antisense

KIAA0196 126105684 | 126173243 | 14528000 | 14628000 | KIAA0196

KIFC2 145662546 | 145670307 195000 295000 | kinesin family member C2

LOC377711 145419563 | 145456704 444000 544000 | KIAA1833-like

MAFA 144582658 | 144583719 | 1537000 | 1637000 | v-maf musculoaponeurotic fibrosarcoma

MIRN124-2 65454259 | 65454367 | 29004000 | 29104000 | microRNA 124-2

MIRNS548D1 | 124429454 | 124429550 | 31344000 | 31444000 | microRNA 548d-1

MIRNS599 100618039 | 100618133 | 62643000 | 62943000 | microRNA 599

NECABI 91872954 | 92040806 | 72107000 | 72207000 | N-terminal EF-hand calcium binding

PDE7A 66793867 | 66916297 | 30048000 | 30173000 | phosphodiesterase 7A

PLECI1 145061309 | 145121531 679000 779000 | plectin 1, intermediate fil. B.p 5S00kDa

PRDM14 71126575 | 71146116 | 34021000 | 34121000 | PR domain containing 14

PSCA 143758877 | 143761145 | 1061000 | 1161000 | prostate stem cell antigen

PSKH?2 87129807 | 87150967 | 75475000 | 75575000 | protein serine kinase H2

PVTI1 128875961 | 129182681 | 10840000 | 12680000 | Pvtl oncogene homolog, MYC activator

RBM12B 94812904 | 94822400 | 68903000 | 69003000 | RNA binding motif protein 12B

SAS-ZFAT 135679496 | 135682114 | 6560000 | 6660000 | zinc finger protein 406 antisense trans

SLCOS5A1 70747129 | 70909762 | 33646000 | 33918000 | solute carrier organic anion transporter

SNORA72 99123490 | 99123621 | 30040000 | 30140000 | small nucleolar RNA, H/ACA box 72

SNORD&7 67997263 | 67997338 | 30946000 | 31046000 | small nucleolar RNA, C/D box 87
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SPAGI 101239439 | 101323306 | 62210000 | 62314000 | sperm associated antigen 1

SPATCI1 145158595 | 145174003 566000 666000 | spermatogenesis and centriole assoc 1

ST18 53185952 | 53484856 | 20915000 | 21015000 | suppression of tumorigenicity 18

TIGDS 144751364 | 144753627 874000 974000 | tigger transposable element derived 5

TMEM71 133791376 | 133842010 | 7957000 | 8057000 | transmembrane protein 71

VPS13B 100094670 | 100958984 | 62440000 | 63550000 | vacuolar protein sorting 13 homolog B

WDSOF1 104496118 | 104524376 | 59066000 | 59166000 | WD repeats and SOF1 domain

ZFP41 144400484 | 144416250 0 100000 | zinc finger protein 41 homolog (mouse)

ZFPM?2 106400323 | 106885943 | 56710000 | 57270000 | zinc finger protein, multitype 2

ZNF16 146126548 | 146147078 | 59066000 | 59166000 | zinc finger protein 16

ZNF706 102278442 | 102287166 | 61327000 | 61427000 | zinc finger protein 706

NO ORTHOLOGS FOUND IN THE BOVINE GENOME

BREA2 144851480 | 144852166 breast cancer estrogen-induced apopt 2

DDEFI1IT1 131376783 | 131377961 DDEF1 intronic transcript 1

FAMI150A 53609251 53640574 family with sequence similarity 150, A

FLJ43860 142513111 | 142586512 FLJ43860 protein

FLJ45872 138890869 | 139164970 FLJ45872 protein

HHLAI 133139449 | 133197055 HERV-H LTR-associating 1

LOC338328 144366443 | 144370418 high density lipoprotein-binding protein

LOC646486 82599836 | 82606105 fatty acid binding protein

LOC728724 130297893 | 130322678 hCG1814486

LY6K 143778533 | 143782613 lymphocyte antigen 6 complex, locus K

MIRNS48A3 | 105565772 | 105565868 microRNA 548a-3

MIRN661 145091346 | 145091434 microRNA 661

MIRNS75 100618189 | 100618264 microRNA 875

MIRN937 144967114 | 144967199 microRNA 937

MIRN939 145590171 | 145590252 microRNA 939

PXDNL 52394690 | 52884558 peroxidasin homolog (Drosophila)-like

SLC30A8 118216518 | 118258134 solute carrier family 30 (zinc transport)

SNHG6 67996719 | 68000331 small nucleolar RNA host gene 6

SNORD54 57148952 | 57149014 small nucleolar RNA, C/D box 54

TMEMT75 129029046 | 129030151 transmembrane protein 75

TOPIMT 144462901 | 144488425 topoisomerase (DNA) I, mitochondrial

XKR9 71744154 | 71810731 Kell blood group complex subunit

ZNF707 144838610 | 144849543 zinc finger protein 707

UNASSIGNED ORTHOLOGOUS GENES IN THE BOVINE GENOME

ARC 143689412 | 143692835 activity-regulated cytoskeleton-asc. Prot

BAIl 143542379 | 143623370 brain-specific angiogenesis inhibitor 1

CRISPLDI1 76059531 | 76109348 cysteine-rich secretory protein LCCL

FAMS2B 87553694 | 87590125 family with sequence similarity 82, B

GDAPI1 75425173 | 75441900 ganglioside-induced differentiation
inositol monophosphatase domain

IMPADI1 58033042 | 58068981 containing 1

JPH1 75309493 | 75396117 junctophilin 1

KCNB2 73612180 | 74013138 potassium voltage-gated channel

LOC441376 118019664 | 118024403 AARD protein

LY96 75066144 | 75103859 lymphocyte antigen 96

MSC 72916331 | 72919285 musculin (activated B-cell factor-1)
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NPBWRI1 54015021 | 54016007 neuropeptides B/W receptor 1
PABPC1 101784320 | 101803491 poly(A) binding protein, cytoplasmic 1
PI15 75899327 | 75929819 peptidase inhibitor 15
PTP4A3 142501189 | 142510802 protein tyrosine phosphatase type IVA, 3
RDHI10 74369891 | 74399347 retinol dehydrogenase 10 (all-trans)
REXOIL1 86755947 | 86762978 REXI1, RNA exonuclease 1 homolg S
RPESP 74141808 | 74168061 RPE-spondin
SCRTI1 145525262 | 145530751 scratch homolog 1, zinc finger protein
SLC25A32 104480042 | 104496447 solute carrier family 25, member 32
STAU2 74624394 | 74821611 staufen, RNA binding protein, homolg 2
TCEBI1 75021188 | 75046900 transcription elongation factor B (SIII), 1
TERF1 74083661 | 74122281 telomeric repeat binding factor 1
TMEM?70 75050984 | 75057570 transmembrane protein 70
transient receptor potential cation

TRPAI 73096040 | 73150373 channel, subfamily A
TSNAREI 143291348 | 143482444 t-SNARE domain containing 1
UBE2V2 49083548 | 49137007 ubiquitin-conjugating enzyme E2 var 2
UBE2W 74865394 | 74953664 ubiquitin-conjugating enzyme E2W
WWP1 87424110 | 87549297 WW domain containing E3 ubiquitin

RUN-AWAY ORTHOLOGOUS GENES LOCATED ON OTHER CHROMOSOME RATHER THAN

BTA14

COX6C 102297476 | 102297893 cytochrome c oxidase subunit VIc
hCG1984468 81633557 | 81634622 hCG1984468
hCG1988300 62653256 | 62655044 hCG1988300
RPL7 74365428 | 74368423 ribosomal protein L7
SECI11B 55597892 | 55626571 SEC11 homolog B (S. cerevisiae)
SLC39A4 145608606 | 145613081 solute carrier family 39 member 4
WDR21C 88952095 | 88955412 WD repeat domain 21C
ZNF251 145917103 | 145951775 zinc finger protein 251
ZNF517 145995065 | 146005333 zinc finger protein 517
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Supplemental Table 3.2. Orthologous analysis of ORF genes between the synteny

region of HSAS8 and the bovine genome by targeting BTA14

HOMO SAPIENS BOS TAURUS
Symbol Start Stop Start Stop Description
ANNOTATED ORTHOLOGOUS GENES ON BTA14
C8orf22 50147456 | 50151195 | 19646209 | 19650700 | chromosome 8 open reading frame 22
C8orf32 124498146 | 124523441 | 15978057 | 15995914 | chromosome 8 open reading frame 32
C8orf33 146248630 | 146252220 74573 76616 | chromosome 8 open reading frame 33
C8orf37 96327411 | 96350613 | 67354206 | 67379248 | chromosome 8 open reading frame 37
C8orf45 67948884 | 67976570 | 30954869 | 30981236 | chromosome 8§ open reading frame 45
C8orfd6 67568321 | 67593294 | 30640296 | 30666569 | chromosome 8 open reading frame 46
C8orfd7 99145926 | 99175014 | 64311489 | 64336868 | chromosome 8 open reading frame 47
C8orf53 117847923 | 117853380 | 44887352 | 44894591 | chromosome 8 open reading frame 53
LOC728071 | 145408688 | 145411765 498000 598000 | similar to brain protein 16
MGC70857 | 145722411 | 145725266 139000 239000 | similar to RIKEN cDNA C030006K 11
UN-ANNOTATED GENES ON BTA14
C8orf30A 145264660 | 145267607 498000 598000 | chromosome 8 open reading frame 30A
C8orf34 69512702 | 69893811 | 32478000 | 32849000 | chromosome 8 open reading frame 34
C8orf38 96106397 | 96140114 | 67562000 | 67662000 | chromosome 8 open reading frame 38
C8orf39 94820534 | 94822735 | 68898000 | 68998000 | chromosome 8 open reading frame 39
C8orf55 143805623 | 143815352 | 1066000 | 1166000 | chromosome 8 open reading frame 55
C8orf59 86313540 | 86319895 | 76144000 | 76244000 | chromosome 8 open reading frame 59
C8orf76 124301412 | 124322798 | 16079000 | 16179000 | chromosome 8 open reading frame 76
C8orf81 117955813 | 117958288 | 45000000 | 45500000 | chromosome 8 open reading frame 81
NO ORTHOLOGS FOUND IN THE BOVINE GENOME
C8orf51 144521033 | 144522174 chromosome 8 open reading frame 51
C8orf71 58354704 | 58355653 chromosome 8 open reading frame 71
C8orf73 144719505 | 144726071 chromosome 8 open reading frame 73
C8orf77 146199177 | 146231895 chromosome 8 open reading frame 77
UNASSIGNED ORTHOLOGOUS GENES IN THE BOVINE GENOME
C8orf31 144192054 | 144207095 chromosome 8 open reading frame 31
C8orf44 67751008 | 67755789 chromosome 8 open reading frame 44
RUN-AWAY ORTHOLOGOUS GENES LOCATED ON OTHER CHROMOSOME RATHER THAN
BTA14
C8orf62 50815329 | 50816434 | 56579000 | 56679000 | chromosome 8 open reading frame 62
C8orf70 79740885 | 79792490 | 56579000 | 56679000 | chromosome 8 open reading frame 70
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Supplemental Table 3.3. Orthologous analysis of hypothetical protein gene loci between

the synteny region of HSAS8 and the bovine genome by targeting BTA14

HOMO SAPIENS BOS TAURUS
Symbol Start Stop Start Stop Description
ANNOTATED ORTHOLOGOUS GENE ON BTA14
C8ORFK36 124727096 | 124734371 | 15721449 | 15731757 | hypothetical protein LOC340359
UN-ANNOTATED GENES ON BTA14
FLJ46284 93794362 | 93867464 | 69969000 | 70069000 | hypothetical gene AK128161
KIAA1833 145274907 | 145388831 449000 549000 | hypothetical protein KIAA1833
LOC100128550 | 52892693 | 52896201 | 20719000 | 20819000 | hypothetical protein LOC100128550
LOC100128687 | 91727308 | 91730288 | 72143000 | 72243000 | hypothetical protein LOC100128687
LOC100129242 | 94508323 | 94577132 | 69135000 | 69235000 | hypothetical protein LOC100129242
LOC100129885 | 145461347 | 145463278 431000 531000 | hypothetical protein LOC100129885
LOC100130155 | 65448260 | 65453481 | 29000000 | 29100000 | hypothetical protein LOC100130155
LOC100131637 | 86276685 | 86282422 | 76181000 | 76281000 | hypothetical protein LOC100131637
LOC100132129 | 145645773 | 145659812 207000 307000 | hypothetical protein LOC100132129
LOC100132559 | 143758394 | 143760390 | 1061000 | 1161000 | hypothetical protein LOC100132559
LOC100132813 | 110725520 | 110729830 | 52495000 | 52595000 | hypothetical protein LOC100132813
LOC100133047 | 81257811 | 81306027 | 40430000 | 40530000 | hypothetical protein LOC100133047
LOC286144 93964934 | 94047548 | 69741000 | 69841000 | hypothetical protein LOC286144
LOC644727 53788684 | 53790926 | 21275000 | 21375000 | hypothetical LOC644727
MGC39715 101654299 | 101731069 | 61770000 | 61870000 | hypothetical protein MGC39715
NO ORTHOLOGS FOUND IN THE BOVINE GENOME
FLJ10489 104202442 | 104214370 hypothetical protein FLJ10489
FLJ39080 75674656 | 75833142 hypothetical gene AK096399
FLJ46365 49665514 | 49666906 hypothetical LOC401459
LOC100127998 | 50980886 | 50987126 hypothetical protein LOC100127998
LOC100128539 | 70788179 | 70794511 hypothetical protein LOC100128539
LOC100128545 | 61488123 | 61488817 hypothetical protein LOC100128545
LOC100128549 | 109390427 | 109516738 hypothetical protein LOC100128549
LOC100128692 | 66791139 | 66797284 hypothetical protein LOC100128692
LOC100128829 | 73104515 | 73128111 hypothetical protein LOC100128829
LOC100128962 | 87261763 | 87293581 hypothetical protein LOC100128962
LOC100129523 | 82600506 | 82608143 hypothetical protein LOC100129523
LOC100129525 | 130497383 | 130527280 hypothetical protein LOC100129525
LOC100129527 | 73504410 | 73504715 hypothetical protein LOC100129527
LOC100129596 | 146016501 | 146016953 hypothetical protein LOC100129596
LOC100129809 | 70500280 | 70523027 hypothetical protein LOC100129809
LOC100129954 | 48333807 | 48335938 hypothetical protein LOC100129954
LOC100130027 | 146006492 | 146007368 hypothetical protein LOC100130027
LOC100130588 | 58669279 | 58880142 hypothetical protein LOC100130588
LOC100130939 | 141647523 | 141647904 hypothetical protein LOC100130939
LOC100131102 | 104247333 | 104327946 hypothetical protein LOC100131102
LOC100131144 | 144726809 | 144730700 hypothetical protein LOC100131144
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LOC100131552 | 123781689 | 123799755 hypothetical protein LOC100131552
LOC100131595 | 68249722 | 68254995 hypothetical protein LOC100131595
LOC100131721 | 82354477 | 82356473 hypothetical protein LOC100131721
LOC100131910 | 141114782 | 141115174 hypothetical protein LOC100131910
LOC100132183 | 94796649 | 94797517 hypothetical protein LOC100132183
LOC100132374 | 86321916 | 86328497 hypothetical protein LOC100132374
LOC100132709 | 86541332 | 86564153 hypothetical protein LOC100132709
LOC100133015 | 145672420 | 145695490 hypothetical protein LOC100133015
LOC137886 59486377 | 59526614 hypothetical protein LOC137886
LOC286094 136315668 | 136377980 hypothetical protein LOC286094
LOC389676 94215699 | 94248255 hypothetical LOC389676
LOC392242 86742172 | 86746963 hypothetical gene NM 172239
LOC643972 104101548 | 104102826 hypothetical LOC643972
LOC728610 104327737 | 104380185 hypothetical protein LOC728610
LOC729696 74819711 | 74822229 hypothetical protein LOC729696
UNASSIGNED ORTHOLOGOUS GENES IN THE BOVINE GENOME
LOC100127988 | 74432114 | 74437577 hypothetical protein LOC100127988
LOC100128126 | 74494863 | 74516305 hypothetical protein LOC100128126
LOC100129092 | 56210317 | 56217472 hypothetical protein LOC100129092
LOC100130101 | 97417524 | 97418748 hypothetical protein LOC100130101
LOC100132891 | 72918191 | 73040259 hypothetical protein LOC100132891
LOC286177 58335727 | 58341727 hypothetical protein LOC286177
RUN-AWAY ORTHOLOGOUS GENES LOCATED ON OTHER CHROMOSOME RATHER
THAN BTA14
LOC100128259 | 107347604 | 107354303 hypothetical protein LOC100128259
LOC100129098 | 55540707 | 55545539 hypothetical protein LOC100129098
LOC100130665 | 97453369 | 97468842 hypothetical protein LOC100130665
LOC100132012 | 85903363 | 85904269 hypothetical LOC100132012
LOC100133147 | 122194774 | 122195341 hypothetical LOC100133147
LOC727887 90982092 | 90983767 hypothetical protein LOC727887
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Supplemental Table 3.4. Orthologous analysis of similar-to-other loci between the

synteny region of HSAS8 and the bovine genome by targeting BTA14

HOMO SAPIENS BOS TAURUS
Symbol Start Stop Start Stop Description
UN-ANNOTATED GENES ON BTA14
LOC100128414 | 95513350 | 95518531 | 68168000 | 68268000 | similar to fibrinogen silencer binding prot
LOC100128419 | 55774637 | 55896143 | 22234000 | 22334000 | similar to hCG2036697
LOC100129173 | 145238276 | 145243184 509000 609000 | similar to KIAA1875 protein
LOC100129963 | 65629341 | 65655678 | 29154000 | 29254000 | similar to hCG1983308
LOC100130274 | 144860852 | 144862267 822000 922000 | similar to hCG1646697
LOC100130742 | 92184066 | 92206187 | 71893000 | 71993000 | similar to hCG2008599
LOC100130862 | 71648007 | 71650116 | 34517000 | 34617000 | similar to PRO1292
LOC286187 68062920 | 68103340 | 30992000 | 31092000 | similar to RIKEN cDNA 1700011J18
LOC442388 57448181 57470478 | 23344000 | 23444000 | similar to epidermal retinal dehydrogenase 2
LOC642574 144925288 | 144944766 769000 869000 | similar to CG3104-PA, isoform A
LOC650747 82680356 | 82705924 | 79865000 | 79965000 | similar to Inositol monophosphatase (IMP)
LOC727967 145388936 | 145393461 435000 535000 | similar to block of proliferation 1
LOC728774 69600306 | 69600695 | 21892000 | 21992000 | similar to ribosomal protein S15a
LOC728967 79740915 | 79742910 | 38859000 | 38959000 | similar to chromosome 8 orf70
NO ORTHOLOGS FOUND IN THE BOVINE GENOME
LOC100129104 | 134650165 | 134655281 similar to glycoprotein VSP-3
LOC100130098 | 96154018 | 96155025 similar to hCG2008575
LOC100130231 | 127027163 | 127032609 similar to hCG1814455
LOC100130232 | 105463956 | 105464985 similar to LP2209
LOC100130301 | 74316118 | 74360696 similar to rCG30376
LOC100131064 | 145508625 | 145510391 similar to HSF1 protein
LOC100131819 | 70907491 | 70925206 similar to hCG1778814
LOC100132807 | 100422134 | 100422777 similar to hCG2040244
LOC392275 145176011 | 145178536 similar to Sphingomyelin phosphodiesterase
LOC441377 119843187 | 119843640 similar to 40S ribosomal protein S26
LOC644334 49945392 | 49989383 similar to Band 4.1-like protein 5
UNASSIGNED ORTHOLOGOUS GENES IN THE BOVINE GENOME
LOC100129654 | 68022627 | 68040962 similar to hCG2037011
LOC392217 48233219 | 48233685 similar to Ig lambda chain V region 4A prec
RUN-AWAY ORTHOLOGOUS GENES LOCATED ON OTHER CHROMOSOME RATHER THAN
BTA14
LOC100128689 | 48666940 | 48667731 similar to ubiquitin-conjugating enzyme E2
LOC100130092 | 136706149 | 136707406 similar to MAPRE]1 protein
LOC100131726 | 124283897 | 124284130 similar to HCC-related HCC-C11 v3
LOC100131813 | 104093982 | 104098751 similar to hCG2041218
LOC286157 75677839 | 75679320 similar to poly(rC) binding protein 2
LOC646463 82328919 | 82330360 similar to Ubiquitin-conjugating enzyme E2
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Supplemental Table 3.5. Orthologous analysis of pseudogenes between the synteny

region of HSAS and the bovine genome by targeting BTA14

HOMO SAPIENS BOS TAURUS
Symbol Start Stop Start Stop Description
UN-ANNOTATED GENES ON BTA14
BTF3L2 71347952 | 71349049 | 64829000 | 64929000 | basic transcription factor 3, like 2
BTF3P1 52796779 | 52797298 | 64829000 | 64929000 | basic transcription factor 3, pseudogene 1
LOC100127983 | 92039504 | 92066661 | 72094000 | 72194000 | hypothetical protein LOC100127983
LOC100127992 | 82709139 | 82720079 | 21986000 | 22086000 | hypothetical LOC100127992
LOC100128271 | 89114835 | 89116348 | 73393000 | 73493000 | hypothetical LOC100128271
LOC100128418 | 105813020 | 105862998 | 57740000 | 58910000 | hypothetical LOC100128418
LOC100128548 | 95971841 | 95973548 | 62971000 | 63071000 | hypothetical LOC100128548
LOC100128955 | 71498914 | 71553870 | 34391000 | 34491000 | hypothetical LOC100128955
LOC100128961 | 101631932 | 101638258 | 27194000 | 27294000 | hypothetical LOC100128961
LOC100129096 | 70090765 | 70205819 | 27250000 | 27980000 | hypothetical LOC100129096
LOC100129237 | 57176257 | 57177380 | 9118000 | 9218000 | similar to nucleophosmin
LOC100129377 | 106062541 | 106066289 | 57647000 | 57747000 | hypothetical LOC100129377
LOC100129960 | 71017383 | 71019437 | 24523000 | 24623000 | hypothetical LOC100129960
LOC100130095 | 109576545 | 109734724 | 53600000 | 53700000 | hypothetical LOC100130095
LOC100130861 | 47746707 | 47816648 | 17000000 | 17100000 | hypothetical LOC100130861
LOC100131371 | 63930417 | 63935921 | 27732000 | 27832000 | hypothetical LOC100131371
LOC100131467 | 104849685 | 104850433 | 13990000 | 1409000 | hypothetical LOC100131467
LOC100131925 | 54253778 | 54270620 | 60062000 | 60162000 | hypothetical LOC100131925
LOC100132280 | 111619124 | 111637925 | 51761000 | 51861000 | hypothetical LOC100132280
LOC392225 61356623 | 61463108 | 24540000 | 26100000 | similar to phosducin-like 3
LOC643228 97150133 | 97195221 | 66250000 | 66930000 | similar to GAPDH
LOC644199 108254600 | 108333251 | 53330000 | 55350000 | similar to High mobility group protein B1
LOC644335 110799139 | 110863693 | 6577000 | 6945000 | similar to Estlp-like protein B
NPM1P6 62277474 | 62278314 | 9118000 | 9218000 | nucleophosmin 1 pseudogene 6
RPLI10AP2 48187776 | 48191592 | 23845000 | 23945000 | ribosomal protein L10a pseudogene 2
NO ORTHOLOGS FOUND IN THE BOVINE GENOME
ATP6VIGP2 48224100 | 48225305 ATPase, H+ transporting, psdge 2
CYCSP23 120699577 | 120699895 cytochrome ¢, somatic pseudogene 23
DUXAP2 102447360 | 102448568 double homeobox A pseudogene 2
IFITMS8P 64484177 | 64484575 interferon induced trans protein 8 psdg
LOC100128541 | 48224788 | 48227012 hypothetical LOC100128541
LOC100129370 | 111890701 | 111891299 hypothetical LOC100129370
LOC100129371 | 100427469 | 100429509 hypothetical LOC100129371
LOC100130225 | 71581044 | 71581607 hypothetical LOC100130225
LOC100130299 | 49369137 | 49369910 hypothetical LOC100130299
LOC100130300 | 54962121 | 54962592 hypothetical LOC100130300
LOC100131958 | 130945906 | 130946597 similar to rCG64241
LOC100131992 | 145411783 | 145414583 hypothetical LOC100131992
LOC100132812 | 68644205 | 68644615 hypothetical LOC100132812
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LOC100133058 | 94300444 | 94311849 similar to hCG1644482
LOC100133156 | 54050143 | 54051229 hypothetical LOC100133156
LOC392221 55266698 | 55267149 similar to Co-co-hel-co-co-hel dm-prot 2
LOC392262 111186481 | 111187369 similar to 40S ribosomal protein SA
LOC442396 125233346 | 125368864 similar to ADP-ribosylation factor 1
LOC644233 109212456 | 109223136 similar to Serine/threonine-protein kinase
LOC648630 145267755 | 145270555 similar to testis-specific serine kinase 5
MRP63P7 99987659 | 99987931 mitochondrial ribosomal protein 63 psd 7
MRPSI16P1 92998911 | 92999326 mitochondrial ribosomal prot S16 psd 1
MRPS36P3 123172890 | 123173022 mitochondrial ribosomal prot S36 psd 3
POUSF1P2 103701961 | 103702651 POU class 5 homeobox 1 pseudogene 2
REXOI1L2P 86884284 | 86885361 REX1, RNA exonuclease 1 homolog-2
REXOI1L3P 86754080 | 86756141 REX1, RNA exonuclease 1 homolog-3
REXO1LAP 86859903 | 86861964 REX1, RNA exonuclease 1 homolog -4
REXOILSP 86872094 | 86874155 REX1, RNA exonuclease 1 homolog-5
REXOI1L6P 86896198 | 86898259 REX1, RNA exonuclease 1 homolog-6
REXOIL7P 86908388 | 86911709 REX1, RNA exonuclease 1 homolog-7
VENTXP6 74725690 | 74727046 VENT homeobox (Xenopus laevis) psd6
UNASSIGNED ORTHOLOGOUS GENES IN THE BOVINE GENOME
LOC100128120 | 74904993 | 74906764 hypothetical LOC100128120
LOC100128338 | 144896449 | 144900494 hypothetical LOC100128338
LOC100129659 | 66807672 | 66808547 hypothetical LOC100129659
LOC100130298 | 62040879 | 62042894 similar to hCG1816373
LOC100130834 | 144740647 | 144742319 similar to LPPA601
LOC100131770 | 67555439 | 67556278 hypothetical LOC100131770
LOC100132809 | 72605900 | 72631810 similar to hCG1646161
LOC100133234 | 56524623 | 56530364 similar to SET binding factor 1
LOC392232 73229701 | 73326354 similar to Transient receptor potential cat
MAPK6PS4 48002018 | 48006274 mitogen-activated protein kinase 6 psd4
MAPKG6PSS 110551443 | 110553756 mitogen-activated protein kinase 6 psd5
RUN-AWAY ORTHOLOGOUS GENES LOCATED ON OTHER CHROMOSOME RATHER THAN
BTA14
CKS1A 81719154 | 81720070 CDC28 protein kin reg subunit 1A psd
CPP 92238687 | 92241126 ceruloplasmin (ferroxidase) pseudogene
CYCSP22 51837599 | 51837911 cytochrome c, somatic pseudogene 22
H2AFZP2 71178107 | 71179157 H2A histone family, member Z, psd 2
HNRPA1P4 83365593 | 83369814 heterog nuclear ribonucleoprotAl psd 4
LOC100101127 | 70868957 | 70875031 thioredoxin domain containing 1 psd
LOC100127925 | 144912311 | 144914671 hypothetical LOC100127925
LOC100127982 | 98934421 | 98935214 similar to transmembrane protein 69
LOC100128119 | 81669523 | 81670491 hypothetical LOC100128119
LOC100128132 | 106276268 | 106278373 hypothetical LOC100128132
LOC100128412 | 88656977 | 88657871 hypothetical LOC100128412
LOC100128540 | 64211520 | 64213197 hypothetical LOC100128540
LOC100128627 | 144148702 | 144149404 similar to Chain A
LOC100128685 | 107291147 | 107298802 hypothetical LOC100128685
LOC100128686 | 51934628 | 51935175 hypothetical LOC100128686
LOC100128836 | 82882489 | 82884185 similar to heterogeneous nuclear
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ribonucleoprotein Al

LOC100128963 | 80645941 | 80655256 hypothetical LOC100128963
LOC100129093 | 48585624 | 48587835 similar to p47

LOC100129100 | 89409840 | 89567439 hypothetical LOC100129100
LOC100129367 | 138778149 | 138779892 hypothetical LOC100129367
LOC100129512 | 103702904 | 103707267 hypothetical LOC100129512
LOC100129667 | 54787810 | 54788306 hypothetical LOC100129667
LOC100129815 | 108728684 | 108729440 hypothetical LOC100129815
LOC100129816 | 100314453 | 100319258 hypothetical LOC100129816
LOC100130096 | 59499701 | 59504922 hypothetical LOC100130096
LOC100130153 | 84272143 | 84277221 hypothetical LOC100130153
LOC100130158 | 127154013 | 127155664 hypothetical LOC100130158
LOC100130448 | 126001919 | 126003505 hypothetical LOC100130448
LOC100130524 | 95283317 | 95284456 hypothetical LOC100130524
LOC100131013 | 55712181 | 55772240 hypothetical LOC100131013
LOC100131146 | 143047359 | 143048109 hypothetical LOC100131146
LOC100131252 | 74352148 | 74352835 hypothetical LOC100131252
LOC100131254 | 55047062 | 55048895 hypothetical LOC100131254
LOC100131333 | 110980573 | 110984558 hypothetical LOC100131333
LOC100131339 | 87124447 | 87124906 hypothetical LOC100131339
LOC100131593 | 102610064 | 102610972 hypothetical LOC100131593
LOC100131775 | 95020759 | 95024281 hypothetical LOC100131775
LOC100131849 | 99494286 | 99495188 hypothetical LOC100131849
LOC100132553 | 92239087 | 92241390 similar to Ceruloplasmin precursor
LOC100132965 | 74980143 | 74989799 hypothetical LOC100132965
LOC157667 94930965 | 94931484 similar to myosin regulatory light chain
LOC286150 98705607 | 98706483 hypothetical LOC286150

LOC340443 81375659 | 81376271 similar to ribosomal protein S5
LOC389655 49459705 | 49460174 similar to 60S ribosomal protein L29
LOC389662 57551877 | 57615579 similar to septin 10 isoform 1
LOC392226 63218264 | 63219901 similar to Serine/threonine-protein kinase
LOC392264 120561463 | 120612050 hypothetical gene AK122835
LOC392265 123850694 | 123851623 similar to Cell division protein kinase 5
LOC392266 124367646 | 124372344 similar to Peroxisomal multifunctional
LOC392267 124481903 | 124484336 inosine monophosphate dehydro 1 psd
LOC392268 125223304 | 125224934 similar to neuropilin- and tolloid-like
LOC392271 134407422 | 134407829 similar to 60S ribosomal protein L32
LOC402342 81340295 | 81343564 similar to ribosomal protein L13a
LOC442389 61981152 | 61981713 interferon induced transmembrane psd
LOC642137 87098164 | 87098471 similar to large ribosomal protein L36a
LOC642367 87562919 | 87564347 similar to N-terminal Asn amidase
LOC642461 88679804 | 88683158 similar to mitochondrial isoleucine tRNA
LOC643022 95389391 | 95435018 hypothetical LOC643022

LOC643494 99986001 | 99987074 similar to RNA binding motif protein 4B
LOC643831 102952899 | 102954063 phosducin-like 3 pseudogene
LOC644103 106092457 | 106092972 similar to 60S ribosomal protein L29
LOC644363 79834004 | 79837327 hypothetical LOC644363

LOC645551 62984880 | 62986533 similar to core 1 synthase

LOC646197 74290688 | 74291416 similar to heat shock protein 1, beta
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LOC650095 127033280 | 127034275 similar to Superoxide dismutase
LOC728381 109064378 | 109066170 nuclear receptor binding factor 2 psd
LOC728587 47867504 | 47934176 similar to zinc finger protein 273
MAPK6PS1 54611373 | 54616779 mitogen-activated protein kinase 6 psd 1
MRPLIP1 77677517 | 77678742 mitochondrial ribosomal protein L9 psd 1
NACAPI1 102450297 | 102450999 nascent-polypeptide-assc complex psdl
NASPP1 62011956 | 62015186 nuclear autoantigenic sperm protein psd 1
POUSF1P1 128497294 | 128498373 POU class 5 homeobox 1 pseudogene 1
PSMC6P 57124694 | 57126429 proteasome (prosome) 26S subunit, psd
PTTG3 67842186 | 67842794 pituitary tumor-transforming 3

RPL37P6 57663404 | 57663993 ribosomal protein L37 pseudogene 6
RPS23P1 98946328 | 98947032 ribosomal protein S23 pseudogene 1
RPS26P10 93225294 | 93225965 ribosomal protein S26 pseudogene 10
RPS26P6 101977075 | 101977622 ribosomal protein S26 pseudogene 6
SEDLP2 72523394 | 72524129 spondyloepiphyseal dysplasia, late, psd 2
SOX5P 88869379 | 88871228 SRY (sex determining region Y)- 5 psd
TARBP2P 104739083 | 104741639 TAR (HIV-1) RNA binding protein 2 psd
TMEDI10P 146191076 | 146192348 transmembrane emp24-like trafficking ps
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IHHI Functional gene I:ﬂl Gene duplicate
Iﬂﬂl ORF Il[l Similar to other
- Hypothetical protein IIDI Pseudogene

Figure 3.1. Graphic representation and comparison of annotated genes on BTA14

Btau_4.0) and HSAS (build 36.3).
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Chapter Four:
THE CORTICOTROPIN RELEASING HORMONE AS A STRONG
CANDIDATE GENE FOR MARBLING AND SUBCUTANEOUS

FAT DEPTH IN BEEF CATTLE
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4.1. Abstract

Corticotropin releasing hormone (CRH) gene is mapped on bovine chromosome 14
(BTA14), where more than 30 fat-related quantitative trait loci have been reported in
dairy and beef cattle. The gene regulates secretion of adrenocortocotrophin hormone, the
hypothalamic-pituitary-adrenal axis and multiple hypothalamic functions, therefore, we
hypothesize that CRH is a strong candidate gene for marbling and subcutaneous fat depth
(SFD) in a Wagyu x Limousin F;, population. Two pairs of primers were designed, one
targeting the proximal promoter region and non-coding exon 1 and one amplifying the
coding exon 2 of this gene. A total of five single nucleotide polymorphisms were
identified, including AAFC03076794.1:2.9657C>T, c.10718G>C, c.10841G> 4,
c.108934>C and c.10936G>C. Among these four cSNPs, c.10718G>C, c.10841G>A,
and c.10936G>C are missense mutations, leading to amino acid changes from arginine to
proline, from serine to asparagine and from aspartic acid to histidine, respectively. All of
these five SNPs were genotyped on ~250 F, progeny, but four were selected as tagging
SNPs for association analysis due to no historical recombination observed between
c.10718G>C and ¢.108934>C. General linear model showed g.9657C>T, c.10718G>C,
and ¢.10936G>C had significant effects on SFD (P=0.002 - 0.001), but only
¢.10936G>C was significantly associated with marbling (P=0.022). Our results provide
further evidence that CRH is a strong candidate gene for a concordant QTL related to

lipid metabolism in mammals.
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4.2. Introduction

Genome wide screenings using microsatellite markers have shown that bovine
chromosome 14 (BTA14) harbors quantitative trait loci (QTL) for both beef marbling
score (BMS) and subcutaneous fat depth (SFD) in beef cattle. In two half-sib families
developed by mating a Belgian Blue x MARC III sire and a Piedmontese x Angus sire to
MRAC III dams, Casas and collegues (2000) observed a fat depth QTL at 38 cM
interacting with the myostatin genotypes on BTA2. In a half-sib family produced by
mating a Brahman x Hereford sire to Hereford, Augus, Hereford x Augus and MARCIII
dams, the same group identified a fat-depth QTL at 16 cM, while a marbling QTL at 47
cM on BTA14 (Casas et al., 2003). A QTL for marbling on BTA14 was also detected in
a half-sib family of 348 purebred Japanese Wagyu steers, but it is located at 53 cM

(Mizoshita et al., 2004).

Both diacylglyceril O-acyltransferase 1 (DGAT) and thyroglobulin (7G) have been
proposed as potential candidate genes for marbling and fat depth QTLs on BTA14,
because they have an effect on lipid metabolism. The DGAT1 enzyme utilizes
diacylglycerol and fatty acyl CoA as substrates in order to catalyze the final stage of
triacylglycerol synthesis, while thyroglobulin is the glycoprotein precursor to the thyroid
hormones whose metabolism is important for energy expenditure and dissipation of heat
in special tissues. However, associations of these two genes with both marbling and fat
depth have been reported inconsistently among different populations. In a Canadian beef
population, neither DGAT1 nor TG showed a significant (P>0.10) association with the

backfat EBV (estimated breeding value) (Moore et al., 2003). In a study using 22
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Brahman sire families mated to the Brahman dams, Casas and colleagues (2005) reported
a significant association of 7G with fat thickness (P<0.05), but not with marbling score.
No significant associations of the DGAT1 polymorphism were observed for either
marbling or fat thickness. Just recently, a meta-analysis contacted on an Australian beef
population provided substantial evidence for an additive association between a 7G
marker and marbling using a Bayesian hierarchical model (Wood et al. 2006). All these
data indicate that genes underlying QTLs for both marbling and fat depth on BTA14

remain unclear.

Corticotrophin releasing hormone (CRH) has been known for its involvements in many
biological and physiological actions and functions. Basically, CRH plays an important
role as the major hypothalamic releasing factor for pituitary adrenocorticotropin (ACTH)
secretion (Seasholtz et al., 2002), which regulates glucocorticoid and cathecolamines to
mediate stress response. Behavioral effects of CRH include increased locomotor activity
and inhibition of food intake, while its actions on metabolism are mediated mainly by
activation of the sympathetic nervous system (Rothwell 1990). Interestingly, there is
increasing evidence supporting involvement of this CRH peptide in the regulation of
energy balance and body weight, influencing both food intake and sympathetically-
mediated thermogenesis. For example, the increased activity of the hypothalamic-
pituitary-adrenal (HPA) axis stimulated by CRH was found to be highly associated with
abdominal fat (Perusse et al., 2001). Furthermore, ACTH secretion under a stress
environment stimulates glucocorticoids, which help return the stress system to

homeostasis and mediate many metabolic changes, such as increases of leptin production
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(Seasholtz et al., 2002; Buchanan et al., 2005). As the CRH gene is located on the bovine
chromosome 14 (BTA14), we decided to validate its candidacy for marbling and SFD in

a Wagyu x Limousin F2 cross.

4.3. Materials and Methods

4.3.1. Animals

A Wagyu x Limousin reference population was generated jointly by Washington State
University and the Fort Keogh Livestock and Range Research Laboratory, ARS, USDA,
as described previously (Jiang et al., 2005). However, DNA extraction on 6 F; bulls, 113
F, dams and ~250 F; progeny plus performance data collection on these F, animals was
conducted in the USDA laboratory. Marbling was a subjective measure of the amount of
intramuscular fat in the /ongissimus muscle based on USDA standards
(http://www.ams.usda.gov/), ranging from 4 = Slight’ to 9.5 = Moderately Abundant™
(SD = 1.00) in this F, population. SFD was measured at the 12-13" rib interface
perpendicular to the outside surface at a point three-fourths the length of the longissimus
muscle from its chine bone end with a range of 0.1 to 1.3 inches (SD = 0.18) in this F»
population. Based on the availability of both data and DNA samples, 246 F, animals

were used in the present study.

4.3.2. DNA sequences and primer design
Both cDNA sequence (CO895988) and genomic DNA contig (AAFC03076794) of the
bovine CRH gene were retrieved from the GenBank databases and used to determine its

genomic organization by sequence alignment. Primer design was completed using the
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online oligonucleotide design tool Primer3. Two pairs of primers were designed: one
targets the proximal promoter and non-exon 1 (forward -5’CCC CTC CCA TTC ACT
CTC TTT TCT 3’ and reverse — 5’AGT TCT GTC TAG GCG CTC CCT ACC3’), and
the other amplifies exon 2 region (forward — 5> GGG TCT GTG GGT GTC GTCCT 3’
and reverse — 5> AAA AAT AAA CAT GGT ATC AGA GCA ATG 3’) of the bovine

CRH gene, respectively.

4.3.3. Mutation detection and genotyping

Approximately 50 ng of genomic DNA each from six Wagyu x Limousin F; bulls was
amplified in a final volume of 10 pL that contained 12.5 ng of each primer, 150 uM
dNTPs, 1.5 mM MgCl,, 50 mM KCl, 20 mM Tris-HCI and 0.25U of Platinum Taq
polymerase (Invitrogen, Carlsbad, CA). The PCR conditions were carried out as follows:
94°C for 2 min, 35 cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec,
followed by a further 5 min extension at 72°C. PCR products were then sequenced for
polymorphism detection performed on ABI 3730 sequencer in the Laboratory for
Biotechnology and Bioanalysis (Washington State University) using a standard protocol.
Only one single nucleotide polymorphism (SNP) was detected in the promoter/exon 1
product and then revealed with digestion of restriction enzyme Hhal. However, four
SNPs were identified in the exon 2 region so that the same PCR product direct

sequencing approach was used to genotype them on ~ 250 F, progeny.

4.3.4. Data analysis
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The degrees of Hardy-Weinberg equilibrium within each marker and linkage
disequilibrium among different markers in the bovine CRH gene were estimated using
HAPLOVIEW program (Barrett et al. 2005). The phenotypic data for both IMCL and
SFD measurements have been previously adjusted for year of birth, sex, age (days), live
weight (kilograms), or fat depth (inches), as appropriate. The adjusted phenotypes were
then used in a subsequent association analysis using the GLM (general linear model)
procedure of SAS v9.1 (SAS institute Inc., Gary, NC). Pair-wise comparisons of least
squares means were performed using a protected t-test. Additionally, quantitative
transmission disequilibrium test (QTDT) (Abecasis et al. 2000) was performed to further
examine the association between markers and adjusted obesity-related phenotype data. P
value <0.05 was considered statistically significant. For significantly associated
mutations, the MatInspector web server (Quandt et al. 1995) was used to screen potential
transcriptional regulatory binding site changes caused by promoter polymorphisms, while
the Mfold web server (Zuker 2003) was used to predict mRNA secondary structure

changes caused by coding polymorphisms.

4.4. Results

4.4.1. Annotation of the bovine CRH gene

Search against the GenBank database surprisingly revealed that the bovine CRH gene has
not been well annotated yet. Although a sequence (AF340152) with a complete coding
sequence for the bovine gene was submitted to the GenBank in 2001, it represents the
exon 2 region only. In the present study, therefore, we did a BLAST search against the

bovine EST (expressed sequence tags) database using the sequence AF340152 as a
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reference and retrieved a full-length cDNA sequence (CO895988) for the bovine CRH
gene. A genomic DNA contig (AAFC03076794) for the same gene was then retrieved
from the bovine genome sequence database and thus alignment between the cDNA
sequence and the genomic sequence determined the genomic organization of bovine CRH
gene (Figure 4.1A). Like its human ortholog, the bovine CRH gene has two exons and
one intron. The exon 1 is a non-coding exon, but the exon 2 contains 11 bp of non-
coding sequence and 573 bp of complete coding sequence. The size of intron 1 is 771 bp
in length (AAFC03076794). In addition, five ESTs (EE338630, DV826091, DV825584,
DV822182, and EE339662) show that the bovine CRH gene might encode a new splicing
form with a prohormone of 130 amino acids, 60 amino acids shorter than the regular one.

So far, no new splicing forms of CRH gene have been reported in other mammals.

4.4.2. SNPs and haplotypes

A total of five single nucleotide polymorphisms were identified, including one SNP
(AAFC03076794.1: 2.9657C>T) in the proximal promoter region and four SNPs
(AAFC03076794.1: c.10718G>C, c.10841G>A, c.108934>C and ¢.10936G>C) in the
exon 2 region. Among these four cSNPs, ¢.10718G>C, ¢.10841G>A, and ¢.10936G>C
are missense mutations, leading to amino acid changes from Arginine to Proline, from
Serine to Asparagine and from Aspartic acid to Histidine, respectively. The minor
alleles among these five SNPs are C, G, A, A, C respectively, with a frequency ranging
from 0.08 to 0.42. Genotyping on ~250 F2 progeny indicated that all five SNPs fall into
the Hardy-Weinberg equilibrium (P>0.05). HAPLOVIEW analysis indicated that among

these five SNPs, two SNPs ¢.10718G>C and c.10893A4>C have no-historical
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recombination by forming two haplotypes of CC and GA (Figure 4.1), and thus eight
haplotypes were identified in the population, including 7TCGCC, CGGAG, TCGCQG,
CGAAG, CCGCC, TGGAG, TGAAG and CCACG with a frequency of 0.368, 0.326,

0.204, 0.070, 0.016, 0.012, 0.003 and 0.002, respectively.

4.4.3. Promoter SNP and potential regulatory binding sites

Screening the proximal promoter region using Matlnspector web server program revealed
that allele g.9657C, but not a g.96577T gains four possible transcription factor binding
sites, including neuron restrictive silencer factor (NRSF), E2F transcription factor, CDE-
CHR binding factor-1 (CDF-1) and transcription factor CP2 (Figure 4.2). In fact, the
promoter region flanking the polymorphic site in cattle is highly conserved in other
mammals, such as human (NT_008183.18), chimpanzee (XM_519792.2), rhesus monkey
(XM _001094433.1), mouse (NW_001030719.1), rat (M54987.1), sheep (M22853.1), dog
(AB162117) and pig (DQ358705.1) (Figure 4.3). However, among the four regulatory
binding sites gained by the allele g.9657C in cattle, only the NRSF is retained in all of

other eight species (Figure 4.3).

4.4.4. Coding SNPs and the mRNA secondary structure

HAPLOVIEW analysis indicated that four cSNP: ¢. 10718G>C, c.10841G>A,
¢.108934>C and ¢.10936G>C form five haplotypes: GGAG, CGCG, CGCC, CACG and
GAAG, respectively. The Mfold program (Zuker 2003) was used to predict how these
haplotypes affect mRNA secondary structure involving a complete coding sequence of

573 bp for the preprohormone of the bovine CRH gene. Figure 4.4a shows that the first
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three haplotypes (GGAG, CGCG and CGCC) gave the same secondary structures. The
secondary structures of the last two haplotypes were illustrated in Figure 4.4b and 4.4c,
respectively, but they just slightly differ from each other (see arrows inside the boxes).
However, there was a remarkable difference in the secondary structure between the first
three haplotypes and the last two haplotypes. Obviously, polymorphic site c./0841G>A

play a critical role in determining the secondary structure of the CRH mRNA in cattle.

4.4.5. Association analysis of SNPs with SFD and marbling

As both SNPs - ¢.10718G>C and c.108934>C have no-historical recombination events
in the population, four tagging SNPs - 2.9657C>T, c.10718G>C, c.10841G>A and
¢.10936G>C were used in the association analysis. Except the SNP ¢.10841G>4, all
other three SNPs were significantly associated with SFD (Table 4.1). The difference in
SFD between two homozygous reached 0.12 inches at g.9657C>T (P<0.01), 0.10 inches
at c.10718G>C (P<0.001) and 0.11 inches at ¢.10936G>C (P<0.005), respectively,
which account for 0.56 — 0.67 standard deviation of the trait in the population. However,
only one SNP ¢.710936G>C had a significant effect on BMS (Table 4.1). Animals with
CC genotypes had 0.549 (P<0.05) and 0.399 (P<0.05) less marbling scores than animals
with GG and CG genotypes, which account for 0.549 and 0.399 standard deviations for

the trait, respectively.

4.4.6. Association analysis of haplotypes with SFD
As indicated above, three SNPs g.9657C>T, c.10718G>C, and ¢.10936G>C were

associated with SFD in the reference population. Therefore, we decided to determine
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how haplotypes affect the trait, but any haplotype with five or less animals was excluded
in the analysis. Figure 4.5a shows an association plot of haplotypes between
c.10718G>C and ¢.10936G>C with SFD measurements in inches. The haplotyp GGGG
was 0.146 inches (P<0.05) higher than its CCCC counterpart. For the haplotypes
between g.9657C>T with ¢.10718G>C (Table 4.5b), animals with CCGG had SFD value
0.102 inches (P<0.05) higher than animals with 77CC haplotype. Figure 4.5¢ shows an
association plot of haplotypes between g.9657C>T and c.10936G>C. The same trend

was observed with a difference of 0.177 inches between CCGG and TTCC haplotypes.

4.5. Discussion

Corticotrophin releasing hormone (CRH) released from the hypothalamus to the anterior
pituitary under stress condition is known as a stressor for stimulating secretion of
adrenocorticotrophic hormone (4CTH), which up-regulates the cortisol level. Cortisol, as
the most important kind of glucorticoids in human, has some profound metabolic effects,
such as stimulating gluconeogenesis (in the liver), inhibiting glucose uptake (in muscle
and adipose tissue) and stimulating fat breakdown (in adipose tissue). Hence, a lot of
research on CRH has broadened not only to stress-related studies but also to any
metabolic diseases. The transgenic mice showed that over expression of CRH causes hair
loss, muscle wasting, decreased linear growth and obesity (Senzel-Poore et al., 1992).
These conditions were also observed in man and other animals with Cushing syndrome
disease, which also caused by an increase of endogenous production of cortisol, with
metabolic aberration, muscle wasting and obesity as some of the clinical symptoms.

Furthermore, in pigs, significant associations of the CRH gene were found with back fat
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thickness, carcass length, average daily gain and longissimus muscle area (Murani et al.,
2006). In a Charolais-cross steers population, Buchanan and colleagues (2005) reported
that three SNPs of the bovine CRH gene were highly associated with end-of-test rib eye
area (P < 0.034) and hot carcass weight (P < 0.0015). In the present study, we
demonstrated that the bovine CRH gene was significantly associated with marbling and
SFD in a Wagyu x Limousin F, population. All these data indicate that CRH is a strong

candidate gene for concordant QTLs related to body composition and energy metabolism.

In the present study, one SNP was detected in the promoter region of the bocine CRH
with a transition of cyfosine to thymine substitution (g.9657C>T ). This mutation is
located 138 bases from the putative transcriptional start site and forms a CpG site when
allele C occurs (Figure 4.2). Many studies about CpG island have been done in the past
with the majority of the result supporting that methylation on gene regulatory sites causes
a severe suppression of the transcription activity. Some of the suggested mechanisms of
modulating gene activity by methylation include inhibition of sequence-specific
transcription factor binding region because of the alteration by methylated cytosine in the
recognition sites, blockage of by some CpG binding protein (such as MeCP-1 and
MeCP2) and alteration of chromatin structures (Kudo and Fukuda 1995). On the other
hand, the MatInspector program revealed that the allele 96577 eliminates four potential
regulatory binding sites: neuron restrictive silencer factor (NRSF), E2F transcription
factor, CDE-CHR binding factor-1 (CDF-1) and transcription factor CP2 (Figure 4.2).
Cross species alignment (Figure 4.3) indicated that the proximal promoter region flanking

the polymorphic site is highly conserved in nine mammalian species, suggesting
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evolutionary importance of the region in the transcription regulatory sites of CRH.
Moreover, the MatInspector analysis revealed that among four binding sites described
above, only the neurons restrictive silencing factor (NRSF) is conserved among species.
Seth et al. (2001) showed that NRSF was found in the first intronic region of CRH and it
represses the gene expression through HDAC-dependent mechanism. However, NRSF
also acts as an enhancer of the transcription activity. When a RE-1/NRSE region is either
disrupted or deleted from the intronic region of CRH, a significant 1.2-2.5 fold up

regulation was observed from the reporter activity (Seth et al., 2001).

However, we cannot exclude the involvement of other three regulatory elements in
regulating of CRH expression in cattle. E2F is a heterodimeric protein that plays an
important role in cell growth and apoptosis. Study in the methylated promoter region of
genes that are regulated by E2F, such as in dhfr, E2F 1, cdc2, c-myb and c-myc, showed
that methylation can block the E2F elements (Campanero et al., 2000). Furthermore,
previous study also showed that methylation of the first cytosine residue in GCGC motif
of the E2F element, which is the case of the bovine CRH polymorphic site (Figure 4.2),
blocks the binding of E2F protein from the cell extract to interfere with transcription
activity of the gene. CDF-1 is a stereospecific transcription regulatory factor that
recognizes two binding sites (CDE and CHR region). Inverting the position of CHR and
CDE region abolishes the cell-cycle regulated repression, without affecting transcription,
suggests that CDF-1 interacts with the activating domain to mediate repression (Zwicker
et al., 1997). The functional role of CP-2 transcription factor was still unclear due to its

ability to not only act as a ubiquitous transcription factor to most tissues but also it can be
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involved in tissue or stage specific transcription of some genes (Kang et al., 2005).
Nevertheless, the promoter polymorphism (g.9657C>T ) leaves us a lot of physiological

and functional questions to answer in future.

Four SNPs (¢.10718G>C, ¢.10841G>A, ¢.108934>C and ¢.10936G>C) were also
detected in the exon 2 coding region of the bovine CRH gene. One mutation
(c.10893A4>C) results in silence mutation, where the remaing, ¢. 10718G>C,
c.10841G>A, and ¢.10936G>C, are missense mutations that leads to amino acid
alterations from arginine to proline, from serine to asparagine and from aspartic acid to
histidine, respectively. According to Majewski and Ott (2003), arginine, aspartic acid and
histidine are the least mutable amino acids with the mutability of 0.365, 0.424 and 0.482,
respectively. Among these three missense mutations, only c¢./0841G>A (serine to
asparagines) was associated with neither marbling nor SFD in the reference population,
but it impacts the secondary structure of the bovine CRH mRNA significantly (Figure
4.4). The c.10718G>C (arginine to praline) was significantly associated with SFD, while
the ¢.10936G>C (aspartic acid to histidine) affected both SFD and marbling (Table 4.1).
Therefore, it seems no evidence that there is any association between mRNA secondary
structures and phenotypes. In addition, three SNPs (g.9657C>T, c.10718G>C and
¢.10936G>C) had also significant haplotype effects on SFD (Figure 4.5). Overall, our
study confirmed that CRH is a strong candidate gene that regulates lipid metabolism in
mammals. However, the center locations of QTLs detected in different experiments vary

for both marbling and SFD on BTA14 (Casas et al., 2000 and 2003; Mizoshita et al.,
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2004). This implies that other possible candidate genes on the chromosome might be

involved in lipogenesis, which needs to be further explored.
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Table 4.1. Association analysis of the bovine CRH gene with SFD and BMS in Wagyu

X Limousine F2 crosses.

Marker Genotype #Animals SFD (in inches) BMS (in inches)
LSM£S.E. Pgtm Pomr LSM+S.E. Pgim  Poror

2.9657C>T CC 43 0.485+0.024" 0.001 0.0002 6.010+0.147* 0.669 0.026
CT 107 0.396+0.015° 5.882+0.093?
TT 82 0.365+0.017° 5.809+0.106°

c.10718G>C CC 84 0.357+0.017" 0.002 0.0004 5.791+£0.106 0.477 0.254
CG 111 0.403+0.015° 5.939+0.092
GG 43 0.458 £0.024° 5.973+0.148

c.10841G>A AG 36 0.441 £0.026 0.067 0.0653 5.921+0.160 0.847 0.846
GG 204 0.388=+0.011 5.887+0.068

c.10936G>C CC 33 0.333+£0.028" 0.002 0.0005 5.493+0.168* 0.022 0.009
CG 118 0.383+0.014° 5.892+0.088°
GG 88  0.438+0.017° 6.042+0.103°

* Means within a column with different superscripts are significantly different (P<0.01)
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Figure 4.1. Genomic organization and haplotype analysis of the bovine CRH gene.
Green bar: promoter region; blue bar: exons (I and II); straight line: intron. Pairwise

linkage disequilibrium relationship for 5 mutations (g.9657 C>T, c¢.10718G>C, c10841

G>A, c. 10893 A>C and ¢.10936G>C) is illustrated based on r* measurements.
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- 409 CCCCTCCCATTCACTCTCTTTTCTGACCTTCCCTTTGGCCTTTCCTAGTAAGAGGCCAGT
- 349 ATGTTTTCACACTTGGGAAATCTCATTCAAGAATTTTTGTCAATGGACAAGTCATAAGAA
- 289 GCCCTTCCATTTTAGGGCTCGTTGACGTCATCAAGGAGGCGATAAATATCTGTTGATATA
- 229 ATTGGATGTGAGATTCAGTGTTGAGATAGCAAAAATTCTGCCCCTCGTTCCCGGGCAGGG
Neuron-restrictive silencer factor

E2F R
CDF-1 T
P cp2 "
D c
- 169 CCCTATGATTTATGCAGGAGCAGAGGCAGCGEGCAATCCAGCTGTCAAGAGAGCGTCAGC
T

- 109 TTATTAGGCAAATGCTGCGTGGTTTCTGAAGAGGGTCGACACTATAAAATCCCCTTCCAG

Putative transcriptional start site |1

- 49 GCTCTGGTGTGGAGAAACTCAGAGCCCACGTCCGTGGAGAGACAGAAGAGGAAGAGAAGA
12 GGAAAAGAACAGAGTGGGAAGAGAAAGGAGAAGGGAAGAGAACCGCTGAAAAAAAAGCCC
+ 72 CAGAGACTTTCTCTGCAGAGAAGCGCTGCGCCCCGCTCACCTGCAGAAGCACCTCGGAAG

+

Figure 4.2. Nucleotide sequence of the proximal promoter region of the bovine CRH
gene. The putative transcription start site is numbered as +1. The polymorphic site is
bold and shadowed by green color and exon 1 is highlighted in turquoise color. Potential
transcription regulatory biding sites for NRSF, E2F, CDF-1 and CP2 are associated with

allele C only.
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Cattlel GGLEAGGGCCCTATGATTTATGCAGGAGCAGAGGCAGLGLGCAATCCAGCTGTCARGRGAGCGTCAG
Cattlel GGCOAGGGCCCTATGATTTATGCAGGAGCAGAGECAGLGTGCAATCCAGCTGTCARGAGRAGCGTCAG
Hunan GGCAGGECCCTATGATTTATGCAGGAGCAGAGGCAGCACGCAATCGAGCTGTCARGAGAGCGTCAG
Pan GGLAGGGCCCTATGATTTATGLAGGAGCAGAGGCAGCACGCAATCGAGCTGTCARGAGAGCGTCAG

Pig GGCAGGGCCCTATGATTTATGCAGGAGCAGAGGCAGCACGCAATCGAGCTGTCARGAGAGCGTCAG
Hacaca GGECAGGGCCCTATGATTTATGCAGGAGCAGAGGCAGCACGCARTCGAGCTGTCARGAGAGEGTCAG
Dog GLGCAGGGCCCTATGATTTCTGCAGGAGLAGAGGCAGCACGCARTCGAGCTGTCAAGAGAGCGTCAG
House GGCAGGGCCCTATTATTITATGCAGGAGCAGAGGCAGCACGCAATCGAGCTGTCAAGAGAGLGTCAG
Hat GGLGLAGGGCCCTATTATTTATGCAGLDAGEAGAGGLCAGCACGEARTCGHGE ThTCAAGAGAGL BT CHGD
Sheep GLHOAGE——CCTATGATTTATGEAGGAGLEAGAGGEAGLG=GOAATCCAGCTGTCARGRGAGEGTCAG
Consensus GHCAGGEcCCTATEATTTATGCAGGAGCAGAGGLAGC peGCARTCeAGCTGTCARGRAGAGEGTCAG

Neonron Restrictive Silencing Tlement

(NREE)

Figure 4.3. Sequence alignment of the CRH proximal promoter region among nine
species with a conserved binding site for NRSF (boxed). The polymorphic site in the
promoter of bovine CRH was detected (see arrow) with the allele T eliminating the

conserved binding site.
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Figure 4.4. Predicted secondary mRNA structure of bovine CRH gene based on five
haplotypes. a) represents GGAG, CGCG and CGCC, b) represents CACG and c¢)
represents GAAG haplotype. The arrow shows the slightly different structure discovered

between CACG and GAAG haplotypes.
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Figure 4.5. Association plot of haplotypes with SFD values (in inches). a) haplotypes
between ¢.10718G>C and ¢.10936G>C, b) haplotypes between g.9657C>T and
¢.10718G>C and c) haplotypes between g.9657C>T and ¢.10936G>C. Different
superscript shows significant differences (P values<0.05) between the two compared

haplotypes.
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Chapter Five:
CHROMOSOME WIDE ASSOCIATION ANALYSIS OF POTENTIAL CANDIDATE
GENES ON BTA14 WITH ECONOMICALLY IMPORTANT TRAITS IN BEEF

CATTLE
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5.1. Abstract

Many genomic studies have been performed to identify genes underlying economically
important traits in cattle. Here, both single gene association analysis and chromosome-
wide analysis were performed on an F, Wagyu and Limousin cross population to explore
potential candidate genes on bovine chromosome 14 that are responsible for carcass,
meat and eating quality in beef cattle. Single gene association in combination with false
discovery rate (FDR) and Bonferonni corrections tests revealed that five associations
reached significance at 5% threshold. FDR technique, however, was less conservative
because it added two more associations between CRH_23 and MUFA at 5% significance
and between CRH_P and MUFA at 10% threshold. Furthermore, three QTL were
revealed with chromosome wide permutation analysis for two traits: fatty acids related
traits (PUFA) and carcass characteristics/quality (SFD). One QTL for PUFA was located
at region 16-52 Mb with Fmax=2.42 at 52 Mb. Two QTL for SFD, furthermore, were
located at region 14-24 Mb and 32-52 Mb with the highest probability revealed at 36 Mb

with F value=2.33.
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5.2. Introduction

In recent years, much attention has been paid to identify genes that are associated with
traits of direct interest in livestock industry. Using genome wide scan and positional or
physiological candidate gene approaches many studies have been performed with a
purpose to identify genes underlying economically important traits in cattle. As early as
1995, for instance, Georges and colleagues explored one of the first important QTL
studies in cattle (Boichard et al 2003; Thaller et al 2003). The authors used a
granddaughter design with only 159 microsatellites spanned about 2500 cM (Georges et
al 1995). Certainly, this wide average region of 16 cM between markers has made it
difficult to localize candidate genes in a given location (Farnir et al. 2004). With the
progress made in genetic markers, nevertheless, the resolutions of chromosome mapping

have been improved significantly based on both linkage and radiation hybrid (RH)

mapping.

Since then, bovine chromosome 14 (BTA14) has been one of the most explored
chromosomes for quantitative trait loci (QTL) or candidate genes in the bovine genome.
There are more than 40 studies reported in both dairy and beef cattle. In dairy cattle
alone, more than 50 QTL were discovered for milk production traits, such as fat
yield/percentage, protein yield/percentage and milk yield. Recently, Wibowo and
colleagues (2008) observed that most of these QTL are clustered in a region of 0-10 Mb
on BTA14 anchored with the current bovine genome assembly (Btau_4.0). Two genes,
DGATI (0.444 Mb) and CYPI11BI (1.294 Mb), were proposed as candidate genes for

these QTL in dairy cattle. In particular, two independent studies conducted by Grissart et
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al. (2002) and Winter et al. (2002) confirmed the association of DGAT1 gene with fat-
related trait in dairy cattle. The second candidate gene, CYPI1BI was suggested later by
De Roos et al. (2007) to be the causative gene for the same traits. In beef cattle,
unfortunately, QTL studies were not done as extensively as in dairy population. Most of
the QTL in beef cattle are located in a region 15-45 Mb on BTA14. Two candidate genes,
CRH (30.476 Mb) and FABP4 (41.955 Mb), were suggested for the QTL in this region by

Wibowo et al. (2007) and Michal et al. (2006), respectively.

Although many candidate genes have been proposed as the underlying genes for QTL in
both dairy and beef cattle, reports from different studies were still inconsistent. Moore
and colleagues (2003), for instance, failed to confirm the association of polymorphisms in
the DGATI gene with any lipid metabolism traits (such as backfat EBV). Therefore, our
goal here was to perform chromosome wide association analysis of potential candidate
genes on BTA14 with carcass, meat quality and eating quality using an F, population of

Wagyu and Limousin cross.

5.3. Materials and Methods

5.3.1. Reference Population and Animal Management

A Wagyu x Limousin reference population was generated jointly by Washington State
University and the Fort Keogh Livestock and Range Research Laboratory, ARS, USDA.
Eight Wagyu bulls were used to sire 121 F; cows with 108 Limousine cows over a-3 year
period. Furthermore, for this project, six F; bulls were inter se mated with 113 F; dams

without inbreeding to produce ~250 F, progeny. After weaning the calves at an average
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age of 175 days, they were managed on diets in a two-phase system: a growing phase
with 50-54% DM, 14.4-15.6% CP and 1.06-1.18 Mcal/kg net energy gain (NEg) and a
finishing pahse with 68-70% DM, 11.6-13.4% CP and 1.26-1.31 Mcal’kg NEg. At the
age of 450-641 days (avg= 561 days), the calves were transported to the abattoir, held
overnight with water but without food and harvested the following morning using

standard industry procedures.

5.3.2. Evaluation of phenotypic values

Hot carcass weight (CW) was determined immediately after harvest before
rinsing/washing and chilling; marbling score (Marbling) was accessed subjectively,
ranging from 4 = Slight’ to 9.5 = Moderately Abundant™, from the interface of the 12-
13" rib; fat thickness (Fat depth) was measured at the 12" rib interface perpendicular to
the outside surface at a point three-fourths the length of the longissimus muscle from its
chine bone; and the amount of kidney, pelvic and heart (KPH) fat was estimated as a
percentage with respect of carcass weight. Sensory and shear force analysis were
evaluated by a team at Colorado State University (CSU). About six to eight cores were
used for the measurement and averaged to obtain a single shear force value (Warner-
Bratzler shear force; WBSF) from each steak using an Instron testing machine; sensory
traits were measured subjectively using trained panelists with an 8-point scale scoring for
initial juiciness, myo-fibral tenderness (MFtender), connective tissue amount, overall
tenderness (OVtender) and beef flavor intensity. Finally, fatty-acid analysis, which
includes conjugated linoleic acid (CLA; per 100 g dry meat), saturated fatty acid (SFA),

mono-unsaturated fatty acid (MUFA), poly-unsaturated fatty acid (PUFA), three indexes
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of A’ desaturase activity (R1=C14:1 to C14:0, R2=C16:1 to C16:0 and R3=C18:1 to
C18:0) and cholesterol traits (CHOL; per 100g dry meat), were done at the University of

Wyoming with procedures described by Rule et al. 2002.

5.3.3. Gene selection, annotation and primer design

Since BTA14 is homologous to a region of ~100 Mb from 46.1 Mb to 146.2 Mb on
human chromosome 8 (HSAS), we integrated positional candidate genes based on the
latest human obesity gene map (the 2005 update) to the bovine chromosome. Our
comparative annotation procedures for retrieval of both cDNA and genomic DNA
sequences for each bovine gene include three steps. In step 1, we used the cDNA
sequences of the human orthologs as references for BLAST searches to retrieve the
orthologous cDNA sequences against the GenBank database “nr” or the orthologous
ESTs sequences against the GenBank database “est others” with a species option limited
to Bos taurus. The cDNA sequences in the “nr” database represents three categories:
cDNA sequences derived from a full-length cDNA library, known gene cDNA sequences
or annotated cDNA sequences compiled by the GenBank staff. In step 2, we chose the
longest cDNA sequence retrieved from the “nr” database or one assembled from several
ESTs retrieved from the “est_others” database to form a primary cDNA sequence for
each cattle gene. This sequence was then used to perform a species-specific BLAST
search against the “est_others” database in order to expand the primary sequence to a
full-length cDNA sequence. For step 3, we used the full-length cDNA sequence to
search for genomic DNA contigs in the 7.15X bovine genome sequence database (see the

Bovine Genome Resources at NCBI). Such a process retrieved both cDNA and genomic
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DNA sequences of each of potential candidate genes selected in the present study. The
list of these selected candidate genes and their primers for SNP development is

summarized in Supplemental Table 5.1.

5.3.4. SNPs detection and genotyping

SNPs detection was performed on six Wagyu x Limousin F; bulls using approximately
50 ng of genomic DNA amplified in a final volume of 10 pl that contained 12.5 ng of
each primer, 150 uM dNTPs, 1.5 mM MgCl,, 50 mM KCI, 20 mM Tris-HCI and 0.25U
of Platinum Taq polymerase (Invitrogen, Carlsbad, CA). The following PCR conditions
were used: 94°C for 2 min, 35 cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 30
sec, followed by a final 5 min extension at 72°C. PCR products were then sequenced on
ABI 3730 sequencer in the Laboratory for Biotechnology and Bioanalysis (Washington
State University) using a standard protocol. Polymorphisms were detected using
Sequence Scanner (v1.0) program or standard sequence comparisons among these six F;
bulls. A total of 12 SNPs were genotyped on all F2 animal using one of the three
techniques: PCR-RFLP, PCR product directing sequencing and the Sequenom iPLEX
assay using services provided by the Children's Hospital Oakland Research Institute,

Oakland, California.

5.3.5.. SNPs association analysis and haplotype analysis
Association analysis were performed on a total of 19 traits described above: Shear,
Juiciness, MFtender, OVtend, Flavor, R1, R2, R3, CLA, CW, REA, CHOL, KPH, SFA,

MUFA, PUFA, Marbling, Fat Depth and SFD. A single gene analysis was performed
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using a linear model (proc GLM; General Linear Model) on SAS v9.1 (SAS institute Inc.,
Gary, NC) that include sire, sex, year of culled and genotype as the fixed variables, and
age (in days) as the regression variable. Two Pvalues, Pvalue<0.05 and Pvalue<0.1, were
used as thresholds to determine the significance. Moreover, multiple comparisons were
also explored with significance thresholds that were adjusted using two of the accepted
methods: false discovery rate (FDR) (Benjamini et al 1995) and Bonferonni-modified test
(Cheverud et al 2001). Furthermore, the degrees of Hardy-Weinberg equilibrium within
each marker and linkage disequilibrium among different markers were estimated using

HAPLOVIEW program (Barrett et al. 2005).

5.3.6. Chromosome analysis using QTLexpress

The discovered SNPs from the reference population spanned from 0 Mb to 52Mb on
BTA14, the QTL express program (Seaton et al. 2002) was used for QTL detection with
a half-sib method. One QTL at a time was detected for each of the 19 phenotypes with a
permutation on chromosome-wide analysis mode. In order to perform the chromosome
wide analysis, we calculated the distance between each marker using the actual physical
distance mapped in the current bovine assembly. To simplify, whenever two or more
SNPs were found within the same gene, the distance between the SNPs were assumed to
be 0.0001 (or by 100 bases). Moreover, all the values for these phenotypes were adjusted
using a linear model (proc GLM; General Linear Model) to perform chromosome wide
analysis. This model assumed sire, sex and year of culled as the fixed variables, and age
(in days) as the regression variable using analysis procedure of SAS v9.1 (SAS institute

Inc., Gary, NC).
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5.4. Results

5.4.1. SNPs and Haploview

HSAS region 47.6-146.2 Mb was orthologous to BTA14 (Lyons et al. 1997, Everts-van
der Wind et al. 2005, Itoh et al. 2005, and Marques et al. 2007). Based on the current
finding on human gene obesity map, there were nine possible candidate genes/markers:
D8S1110, GPR7, CYP7A41, D8S1113, CRH, D8S2324, FABP4, GATA8B0I and
CBFASTI. CRH and FABP4, in particular, were already annotated on bovine genome
(Btau_3.1 and Btau 4.0) and were selected to be candidate genes as well on BTA14.
Other markers, however, were not found or annotated on the bovine genome. Therefore,
based on orthologous regions of these markers on BTA14, we integrated ten other
positional candidate genes on BTA14: CCNE2, CSPP1, CYP11BI, DGATI, ENY?2,
LY6H, LYPLAI, MRPL15, MTFRI1, MYC, RAB2 and TG. Results from genotyping the
first six F; bulls revealed 12 SNPs: five SNPs on CRH, two SNPs on FABP4, and one
SNP each for: DGATI, ENY2, MTFRI, RAB2, and TG. Moreover, using HAPLOVIEW
analysis, one SNP, from the two SNPs found on FABP4 gene, was not in Hardy-

Weinberg equilibrium. Hence, it was eliminated from further analysis.

5.4.2. Association analysis

Our initial statistical analysis was based on a single gene association analysis, which
revealed a total of 34 significant associations. Among them, five associations had a P
value of <0.001: RAB2 with CLA and CW, MTFR1 with flavor, CRH 109 with MUFA,

CRH 284 with MUFA; 12 associations reached a P value of <0.1: TG with BMS, KPH,
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and Marbling, RAB2 with REA, MTFR1 with Juiciness and SFD, CRH P with CHOL,
CRH 109 with CHOL and SFA, CRH 232 with Marbling, CRH 284 with CHOL and
SFA; and the remainingl7 associations had a P value of <0.05: 7G with CW and R1,
MTFRI with CW and Fat depth, CRH P with CW, MUFA, PUFA and R1, CRH 109
with R1, CRH 232 with MUFA, R3 and SFA, CRH 284 with R1, FABP4 with KPH,
MFtender and OVtender, and ENY2 with REA (Figure 5.1), respectively. Three SNPs:
DGATI, CRH 327 and one SNP at FABP4 genes, were not significantly associated with

any of the traits in our cattle population.

Furthermore, to reduce type I error, we adjusted the significance thresholds for multiple
comparison tests with FDR and adjusted-Bonferonni. Both of these tests confirmed only
five associations that reached the significance with a P value <0.05: MUFA with

CRH 109 and CRH 284, Flavor with MTFRI, and CW and CLA with RAB2 genes (table
5.1). In addition, one association between MUFA and CRH 232 was significant at 5%
threshold by FDR test but only at 10% significance by Bonferonni correction test. FDR

analysis also supported an association between CRH P and MUFA at 10% threshold.

5.4.3. Chromosome wide analysis

As mentioned earlier, 11 polymorphisms were discovered in seven candidate genes.
These genes were further mapped on BTA14 based on the current bovine assembly
(Btau_4.0): DGAT1I (at 0.444-0.446 Mb), TG (at 7.658-7.895 Mb), RAB2 (at 26.047-
26.0923 Mb), MTFRI (at 29.988-30.047 Mb), CRH (at 30.476-30.478 Mb), FABP4 (at

41.955-41.959 Mb), and ENY?2 (at 52.878-52887 Mb). Three QTL were revealed for two
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traits: fatty acids related traits (PUFA) and carcass characteristics/quality (SFD). One
QTL for PUFA was located at region 16-52 Mb (Figure 5.2) with Fmax=2.42 at 52 cM
(Table 5.2). Two QTL for SFD, furthermore, were located at region 14-24 and 32-52 Mb

with the highest probability revealed at 36 Mb, Fvalue=2.33 (Figure 5.2; Table 5.2).

5.5. Discussion

Many genomic maps, which include linkage and RH map, were developed for bovine
genome. Linkage map that was pioneered by George et al. (1995) was improved by
Barendse et al. 1997 and Ihara et al. 2005 using 746 DNA polymorphisms and 3802
microsatellites markers (3160 cM), respectively. In order to build a linkage map,
however, a polymporphic or informative marker is required because linkage map is
established based on the frequency of recombination event that occur between two
markers. RH map, on the other hand, uses break induced radiation to estimate the
physical distances between markers. Therefore, RH mapping is more efficient and
effective to apply because it does not require polymorphic markers, and its resolution
depends simply on the radiation dose used (Marques et al. 2007; Williams et al. 2002).
Some studies of the bovine genome that utilized RH map include: 5000-rad by Womack
etal. 1997, 12 K-rad by Rexroad et al. 2000, 3000-rad by Williams et al. 2002, 5000-rad
by Everts-van der Wind et al. 2005, 7000-rad by Itoh et al. 2005, 3000-rad by McKay et
al. 2006, 3000-rad by Jann et al. 2006, and 12K-rad by Marques et al. 2007. Nevertheless,
since candidate gene approach was used to discover the SNPs for this project, neither of
the methods discussed above was used to build our chromosome map. Each SNP found
within a candidate gene was integrated on BTA14 based on the current built of bovine

genome map (Btau_4.0). Therefore, we used an actual physical distance between
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markers, instead of using arbitrary distance measurement. Moreover, SNPs that were
discovered in our analysis did not have equal distribution throughout the chromosome.
Five SNPs alone, for example, were discovered within the CRH gene. Therefore, relying

on linkage analysis to build our chromosome map might not be appropriate.

According to our chromosome wide analysis, there were three suggested QTL for PUFA
and SFD in our reference population. One QTL with significant effect on PUFA was
located in the region of 16-52 Mb with maximum Fstatistic at 52 Mb. Since consumers
have become more health conscious, they are more concern about the health-related
issued of the meat that they eat. Therefore, a high proportion of PUFA and low fat
content are more desirable since these traits showed incidence to reduce obesity and
cardiovascular diseases (Hocquette et al. 2006). QTL, that we discovered for PUFA in the
region of 16-52 MB, harbors many for economically important traits in beef cattle (Casas
et al. 2003; Kim et al. 2003; Kneeland et al. 2004; Miyata et al. 2004; Mizoshita et al.
2004; and Moore et al 2004). Nonetheless, no candidate gene has been suggested on
BTA14 for this trait. Two possible candidate genes, however, were located within this
region, CRH at 30.6 Mb and FABP4 at 41.9 Mb. Based on multiple comparison analysis,
neither CRH nor FABP4 was associated with PUFA. Less conservative statistical method
of single gene association technique, however, revealed one SNP on promoter region of
CRH gene that was significantly associated (P<0.05) with PUFA. Two QTL, furthermore,
showed effects on SFD at region 14-24 and 32-52 Mb. QTL at region 14-24 Mb seemed
to agree with the QTL previously discovered by Casas et al. (2000) for fat thickness,

without proposed candidate gene. According to our single gene association analysis,
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however, one candidate gene MTFR1, which was located within the region, was
significantly associated with SFD (P<0.05).The second QTL for SFD contained the
location at which the Fstatistic reach maximum at 36 Mb. This QTL finding confirmed
the previously reported CRH and FABP4 gene as candidate genes again for SFD based on

reports from Wibowo et al. (2007) and Michal et al. (2006), respectively.
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Table 5.1. Association analysis for 4 genes: RAB2, MTFRI, and CRH with CLA, CW,
Flavor, and MUFA that was significant at 5% chromosome-wide threshold using FDR

analysis and Bonferonni correction tests. * indicates association analysis that significant

only at 10% threshold.

No [Phenotype| Pvalue |Gene/Marker |Genotype| LS means + SE
1 |CLA <0.0001 |RAB2 AA 62.5728+4.747"
AT 46.0787+2.075"
TT 45.9397+1.8089°
2 [CW 0.0398  |RAB2 AA 698.5765+22.7352
AT 668.2642+10.1207*
TT 713.6076+8.6896"
3 [Flavor [0.0141  |MTFRI cC 5.5571+0.09294°
CG 5.7988+0.04506°
GG 5.5746+0.03639"
4 |MUFA [0.0225 |CRH 109  |CC 50.594+0.224°
CG 49.7543+0.1978°
GG 50.5159+0.3385°
0.0225 |CRH 284 |AA 50.5159+0.3385"
AC 49.7453+0.1978°
cC 50.59440.224°
0.0056  |CRH 232* |AG 49.4051+0.3538
GG 50.3215+0.1522
0.0584  |CRH P* cC 50.2655+0.3339
CT 49.7897+0.2025"
TT 50.6269+0.2288"
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Table 5.2. Statistical profiles and QTL locations for sensory traits, fatty acids-related

traits, and carcass traits in a Wagyu x Limousin cattle population.

Traits Position F LR R RSS Mean
R1 0Mb 0.99 5.89 | 10391.229 -2.3801
Marbling 0Mb 1.60 945 | 389.3523 0.1343
Mftender 8Mb 1.19 7.08 106.9244 0.0138
Ctissue 8Mb 1.05 6.26 25.0083 -0.116
Ovtender 8Mb 0.49 2.96 | 16024.328 2.8327
Flavor 8Mb 1.76 10.4 21.5944 -0.1419
REA 8Mb 0.46 2.78 | 522.1887 0.0591
KPH 8Mb 0.21 1.25 | 6032.109 -0.7051
MUFA 8Mb 0.15 091 8805.423 1.1067
CcwW 24Mb 1.27 7.54 | 1421005.2 | 13.2663
R3 28Mb 0.77 4.62 | 322101.7 9.6753
SFA 28Mb 0.45 2.73 877.7277 -0.2999
CHOL 32Mb 0.68 4.08 | 422187.62 -2.1069
SFD 36Mb 2.33 13.6 4.8592 -0.108
Shear 36Mb 1.39 8.26 85.7266 0.1752
Juiciness 48Mb 1.08 6.45 43.1857 -0.023
R2 52Mb 1.00 6 | 582.4025 0.3923
CLA 52Mb 1.26 7.51 | 48292.562 5.0352
PUFA 52Mb 242 14.12 | 239.9283 -0.2981
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Supplemental Table 5.1. Primer lists based on the preliminary selected candidate genes

on BTA14.
Gene Location (Mb) Ampl. region Primers Temp. | Size
CCNE2 67.782 3’UTR F: GGCGAAAAACTTAAGTACCCTTTCA 62.84 528
R: TTAGTGGCGTTTTCTTTTCAGACAG
5’UTR F: CAGAAAAGATCCCATCTGCTTCC 63.41 548
R: CTCTCCTCTCTTCCCCTCCTTAACT
Promoter F: CACTACCAAATTCACTCACGGAGAC 63.25 516
R: AGATAATTTGTTTCCCTCCCAGGTT
CRH 30.476 Exon2 F: AGTTCTGTCTAGGCGCTCCCTACC 63 819
R: GGGTCTGTGGGTGTCGTCCT
Promoter F: AAAAATAAACATGGTATCAGAGCAATG 63 563
R: CCCCTCCCATTCACTCTCTTTTCT
CSPP1 31.119 5’UTR F: GCTCTAGGGTGTATGGCCTTGTTAG 63.42 533
R: TGTGAGGTACAAAACACCACAGAAG
Promoter F: ATTGTTCAGTTGCTAAGTCGTGTCC 62.86 594
R: CTTTTGCCTAACCTGAGATCACAAA
Promoter F: CATAGTCATTGCTGCTGCTAAGTCA 62.9 443
R: CTCGCTAATGCTTTGTACGTTCAGT
CYP11BI 1.294 3’UTR F: TAGTGTTTTCAAGGTCTCACCTCCA 63.33 500
R: CAGCAACTCTACACAATCCAGAACA
3’UTR F: CCTGACTTTTGAGTCACACCACTGT 63.91 587
R: GAGTATCATTGACCCTGATGTCCAG
5’UTR F: GAAGAGAGACGAACATACCCAAGGT 63.11 562
R: CATGTCCAAGTGCATGTTCTCAG
DGATI1 0.444 F: TGGGCTCCGTGCTGGCCCTGATGGTCTA 80
R: TTGAGCTCGTAGCACAGGGTGGGGGCGA
ENY2 52.877 Promoter F: TCAAAAATGCAATCTCTGGGCTCT 63 548
R: GACTGTGACTTTCCTCACGGTCAA
FABP4 41.955 Exon3 F: ATATAGTCCATAGGGTGGCAAAGA 55 598
R: AACCTCTCTTTGAATTCTCCATTCT
LY6H 1.451 3’UTR F: AAGCGGCACTTTTTCTCAGACTATC 63.33 501
R: GTCTCCAGGCTCAGAAGTGATTTTA
5’UTR F: GCTTCTTTTCGCAGTAAACGTTCTT 63.25 667
R: GTAGGTGTGTCCGGAGAGGAAAG
Promoter F: CCAGCAGGATGAGTAATCTGAGAGA 63.25 636
R: TCTACACCTTTGGGTCAGTTGGATA
LYPLALI 21.846 3’UTR F: AATGATGGACATCAAGCAGTTCATT 63.33 501
R: ACGGATACTGCAATGGTGACTATGT
Promoter F: TATATCCTTTAGGGCTTCCCAGATG 63.23 536
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R: GGTCAGCATCTGTATGATTTTGGTC

MRPLI15

21.87

3’UTR

S’UTR

Promoter

F: ATTCTGAAACCTACGGATGAGAAGC
R: ATCTTGCCAGAAAACACTGCAATAC
F: ACACACAGTGACACCAAGTCCTACA
R: TTACTCCTCTAAACCCGAACCTGAG

F: CATTAACAGCAAGTGAAGTCAGCAA
R: AAGAGTCACTGGAAAAGACCCTGAT
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125

63

211



GATI
o
o
||MTFR1
|CRH_P
|CRH_109
|CRH_232
|CRH_284
|CRH_327
lpases
|FABP 1
o

BMS * [
CHOL * * *
CLA ook
CW skk skskok skk skk
Flavor wkx
Fat depth ok
Juiciness *
Marbling * *
Mftender *k
Ovtender o
PUFA *k
R1 kk kk kk kk
R3 *ok
REA * kk
SFA * ok *
SFD *

(=) < o~ —
S o ] I I

7 o Y ) S

o5 ok o o a

& > & & <

O @) @} @} =

Block 1 (0 kb) Block 2 (0 kb)

1 2 3 4 10 11 12

Figure 5.1. Single gene association analysis and HAPLOVIEW profile from 12 SNPs

and 18 phenotypes.
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Figure 5.2. BTA14 Fstatistic profile for 3 categorized traits: a. sensory traits (shear,

juiciness, flavor, MFtender, and OVtender), b. fatty acids-related traits (R1, R2, R3,

CHOL, CLA, SFA, MUFA and PUFA), and c. carcass traits (SFD, Ctissue, CW, REA,

KPH and marbling) using six different markers (shown as arrows). There were two

chromosome wide significance thresholds of 2.18 and 1.86 as horizontal lines.
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Figure 5.2. Continue
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Figure 5.2. Continue
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