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ABSTRACT
Hereford cattle are among the most popular breeds of beef cattle in the United States. As with any breeding population, traits or phenotypes may arise that are less desirable and/or have negative economic consequences. In Herefords, three such phenotypes have been observed throughout the history of the breed and remain concerns in the current population. These phenotypes include. In Herefords, ocular squamous cell carcinoma, commonly called cancer eye, scurs, and ocular dermoid are three phenotypes observed throughout the history of the breed and remains a concern in the current population. This project was conducted in an effort to define the potential underlying molecular genetic basis of these traits using 95 animals affected with at least one of the phenotypes. Samples of these 95 animals were submitted by Hereford breeders and received either as whole blood, tissue, or semen. The case group of 95 animals representing cases of each phenotype, consisted of 57 with cancer eye, 18 scurred female individuals, and 19 with ocular dermoid. Genomic DNA was isolated, and all samples were whole-genome sequenced (WGS) to an average depth of coverage of 9.93 following quality control and pruning of the sequences using Plink. The American Hereford Association provided WGS information from 105 individuals to be used as unaffected control samples. Analysis from the WGS, showed significant associations with numerous variants on multiple chromosomes. Variants were considered significant if exceeding the genome-wide significance (p<5.0e08). threshold Cancer eye had three variants located on chromosomes 2, 4, and 20. Scurs had six variants located on chromosomes 12 and 26. Ocular dermoid had two variants located on chromosome 6. Positional candidate genes were identified for future investigation and further studies will be required to discover the true causative mutations in these three traits.
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[bookmark: _Toc174716864]Introduction


Hereford cattle are among the most popular breeds of beef cattle in the United States. They are known for their docile nature, meat quality, and production efficiency. Throughout the history of the breed, three different phenotypes have arisen and continue to be a reason for concern for producers. Ocular neoplasia or cancer eye (CE) is an invasive chronically progressing neoplasia that can metastasize through draining lymphatics of the head and neck causing extreme discomfort for the animal that could lead to removal of the eye, early culling from the herd, and carcass condemnation [1]. CE is an important source of economic loss to the livestock industry [2] because affected animals have a poorer performance, reduced productive life, and are heavily discounted at slaughter due to increased risk of carcass condemnation [3]. Studies have shown that CE could be influenced by both environmental and genetic factors such as increased exposure to sunlight [4] and when compared to various other breeds, Herefords had a 74% affected rate when other breeds had 0% - 1.1% [5]. In 1956, CE comprised 80% of all bovine tumors reported at slaughter [6]. In 1985, CE was the most prevalent malignant tumor affecting cattle causing substantial economic losses for producers [1]. With the decline of Hereford animal numbers throughout the years relative to other breeds, not as many records are shown of affected animals, however animals continue to develop CE and it remains a concern for producers who still suffer from an economic loss when discounts are applied to salvage value from an affected animal. 

Scurs are horn like processes that share similar shape and location with horns but they are generally smaller and characterized by an absence of fusion between the bony core and the skull [7]. Animals are typically classified into three phenotypic groups: horned animals, polled or hornless animals, and scurred [8]. The scurred locus is characterized in Bos Taurus by two alleles: Sc which codes for the development of scurs and sc which codes for the absence of scurs [9, 10]. Scurs are observed in males more frequently than females due to the influence of sex on phenotypic expression [11]. A sex-influenced expression pattern indicates that the relationship between genotype and phenotype is not the same for both sexes [12]. For scurs, the Sc allele behaves as a dominant allele in males meaning a male only has to have one Sc allele to express scurs as shown in. However, in females, the Sc allele behaves a s a recessive allele requiring females to be homozygous in order to have scurs. Proposed genotypes are shown in Table 1. Furthermore, the scurs locus is known to have an epistatic interaction with the horn/polled locus. 

Ocular dermoid is a peculiar defect observed in animals and characterized by solid, skin-like masses of tissue on or in various ocular structures [13]. They occur sporadically in numerous cattle breeds, have no clear sex incidence, and can occur unilaterally or bilaterally [13]. Dermoids involving the central cornea, nictitating membrane (third eyelid), or the eyelid occasionally occur in cattle and are corrected easily by surgery [14]. In previous studies. it was determined that ocular dermoid in Hereford cattle is a genetically transmitted defect and characteristics of autosomal recessive and polygenic inheritance were observed [13]. 

[bookmark: _Toc174716865]Bovine Ocular Squamous Cell Carcinoma


Bovine ocular squamous cell carcinoma, commonly referred to as cancer eye, is an important source of economic loss to the livestock industry [2]. In the years of 1969-1972, US federally inspected packing houses estimated that 12.6% of all bovine carcasses condemned were due to bovine ocular squamous cell carcinoma eye [2]. Cancer eye has a large impact on animals that are used for meat production. The salvage value for an animal with cancer eye greatly decreases meaning the producer receives little to no compensation when that animal is processed. It is in the producer’s best interest to cull or treat affected animals as soon as lesions develop.

Cancer eye is an invasive chronically progressing tumor which metastasizes through draining lymphatics of the head and neck [1]. Typically, cancer eye arises from plaque and papilloma precursor lesions on and around the epithelium of the eye [1].
[bookmark: _Toc174716824]Table 1 Polled, Horned, and Scurred Genotype Classification [15]
	Genotype
	Males
	Females

	PP ScSc
	Scurred
	Scurred

	PP Scsc
	Polled, nonscurred
	Polled, nonscurred

	PP scsc
	Polled, nonscurred
	Polled, nonscurred

	Pp ScSc
	Scurred
	Scurred

	Pp Scsc
	Scurred
	Polled, nonscurred

	Pp scsc
	Polled, nonscurred
	Polled, nonscurred

	pp ScSc
	Horned
	Horned

	pp Scsc
	Horned
	Horned

	pp scsc
	Horned
	Horned
























Cancer eye begins as a lesion that grows either on the eyeball, on the eyelid, or on the nictitating membrane, also known as the third eyelid. If the lesion is not assessed and treated, it will grow into a cancerous tumor. Typically, any lesion on the third eyelid will grow into a tumor whereas a lesion on the eyeball could be an ocular dermoid or on the eyelid could be a skin tag and mistaken as cancer eye. When an animal is identified to have a lesion or a tumor that is found to be cancer eye, the location that is most common is the third eyelid [6]. The cancerous tissue can also grow inwards that will invade the deeper tissues behind the eye, but it can also progress to the lymph nodes of the head. 

[bookmark: _Toc174716866]Breed and Susceptibility

Hereford cattle are known to be highly susceptible in developing lesions causing cancer eye, more so than other breeds of cattle. A study done by French [16], examined over 300 mature cattle of which 150 were Herford and 150 were Shorthorn. It was found that 35% of Herefords had eye lesions, but no Shorthorns did. In another study done by Anderson [5], many different breeds of cattle were examined across age ranges. The four pure breeds with the highest number of collected data were Hereford, Angus, Holstein, and Shorthorn. Out of these four breeds, Hereford had 74% affected and Holstein had 1.1% affected among all age ranges while the other breeds had 0% affected.

In another study done by Sloss [17], three different herds of Hereford cattle containing affected animals were examined over a 3.5 year period. The first herd contained 155 head and they were examined 13 times in intervals of 20-140 days. The second herd was examined 6 times in intervals of 77-242 days. The third herd was examined 4 times in intervals of 87-221 days. Affected animals with lesions on the eyeball and upper eyelid were treated by cryosurgery using a copper probe of 1 or 2 cm diameter which was cooled in liquid nitrogen. Lesions on the third eyelid that did not extend beyond the free part of the eye were treated by extirpation of the whole third eyelid. Overall, the majority of the animals recovered after 1 or 2 treatments, but there were some cases that there was regrowth or new growth of lesions and this was seen mostly in Herd A. Some animals in Herd B did not respond to several treatments and thus resulting in removal of the eye being necessary. 

While there are options for removal of cancerous tissues, large-scale production systems likely will not identify the lesion or tumor in the ocular region early enough in the disease progression to prevent further growth. Further, surgery to remove the lesions and tumors is costly and many producers will not opt for it. Therefore, the lesions and tumors cannot be removed before slaughter, resulting in potential condemnation of the carcass and reduction of producer profit.  If successfully removed, producers may be able to retrieve some salvage value from the carcasses. However, the reduced value of the carcasses maintains a loss in the production system.
Genetic studies regarding cancer eye have been carried out to evaluate two aspects of inheritance: inheritance of susceptibility independent of environmental factors and the relationship between pigmentation of the eye and cancer eye [1]. There have been different studies analyzing the relationship between ultraviolet light and the lack of pigmentation on the white portion of the Hereford face. The color pattern in the Hereford breed is due to mutations in the KIT gene which encodes a receptor tyrosine kinase. The mutations in this gene are responsible for the improper or lack of migration of pigment producing cells or melanocytes [18]. Nishimura and Frisch [19], discuss how the relationship between ultraviolet (UV) radiation and ambilateral circumocular pigmentation (ACOP) affect cancer eye. They saw that an animal's susceptibility to cancer eye greatly decreased if they had ACOP which is a highly heritable trait. It was also found that there was a genetic-environmental interaction where an increased level of pigmentation reduced the susceptibility and probability of lesion development. However, regardless if the animal has ACOP or not, lesions can still develop in the ocular region. In another study by Jara et al. [3], visual pigmentation records were taken from a group of 886 Hereford bulls and steers and genotypic data for 774,660 SNP markers were available for these animals. The data was analyzed using single-step genome-wide association study (ssGWAS). It was found that eyelid pigmentation is a moderately heritable trait with a value of 0.41. The ssGWAS showed that there were at least eight regions on the genome that were associated with eyelid pigmentation: BTA1, BTA3, BTA5, BTA14, BTA16, BTA18, BTA19, and BTA24. Due to eyelid pigmentation being a moderately heritable trait, it would be beneficial to look at this trait when breeding animals to try and reduce the occurrence of an ocular disease. In another study done by Anderson [20], it was found that pigmentation around the eye had an inverse effect on the lesions developing at the corneoscleral junction meaning when there is increased pigmentation, there is decreased lesion development. This study also found that eye pigmentation and lesion development were not genetically related meaning that just because an animal had pigmentation around the ocular region does not mean that they do not have a chance of developing lesions. It is known that animals beyond the age of 5 years old are the most susceptible in developing cancer eye [21, 22]. 

Heritability values have been estimated in a study done by Russell et al. [2], where they looked at Hereford cattle of different ages and estimated heritability for presence of tumors and number of tumors. Heritability estimates were in a range of the lowest value being -0.11 and the highest value being 0.59. The lower heritability values corresponded with the younger animal age groups, 2-3, and the higher heritability values corresponded to the older animal age groups, 9+. If looking at the heritability between the ages of 5 and 10, it would most likely be higher than the heritability of ages 2 through 17. The heritability of cancer eye has been estimated by using different methods that are based on parent offspring, paternal, maternal half-sib studies, and by breed comparison [1]; however, the overall heritability of cancer eye in Hereford cattle remains undetermined. 

[bookmark: _Toc174716867]Age and Onset

Cancer eye has been an ongoing issue for Hereford cattle for over 40 years.  A study performed by Blackwell et al. [21], looked at purebred Hereford animals across age classes in years from 1-4, 5-7, 8-9, and 10+. They found that a younger animal aged 4 and below has lower observed frequency signs of cancer eye compared to an older animal past the age of 4. A younger animal sent to processing has a lower chance of being found to have lesions or tumors compared to an older animal that stays in the herd longer. A study done by Woodward and Knapp [22], found that animals of 5 and 7 years of age that are being removed from the herd for any reason have higher incidences of cancer eye. An animal that stays in the herd longer, such as a breeding animal, has a higher chance of developing lesions and tumors simply because their age makes them more susceptible. Heeney and Valli [1] identified that female animals have a higher likelihood of presenting with cancer eye than males do, because females tend to stay in the herd longer for breeding, while steers are sent to process before the age of 30 months. In the breeding or cow-calf segment, breeding bulls that are kept in the herd for more than five years are just as susceptible to developing cancer eye as the breeding cows in the same age group. Bulls have a higher turnover rate than cows to reduce inbreeding and rapidly improve genetic progress in a herd. These are all important factors to keep in mind when selecting cattle to keep in the herd or cull. Cattle should be selected based on various factors, one of which should include susceptibility to cancer eye if there have already been cases in the current herd. Selection is utterly important for the progression and growth of a herd and one animal that develops cancer eye could cause a problem for both the producer and future generations. The producer has the option to cull or treat affected animals knowing even if treated, the salvage value will still be discounted. Due to the genetic nature of cancer eye still being unknown, it is likely that some animals could be carriers and not present with the disease. It is important to identify the molecular variations that are underlying to be able to place negative selection pressure on them to reduce future development of cancer eye in herds. 

[bookmark: _Toc174716868]Scurs


Early ancestors to modern day cattle were all horned breeds. Horns continue to be a common trait in modern day cattle and some breeds are characterized by their horns such as Longhorn cattle. The polled trait is relatively new occurrence and for some breeds, is a breed characteristic. The modern day cattle industry is selecting for animals that are hornless for both practical and economic reasons such as lower risk of injury for humans, easier handling of the animals, and market value [23]. Handling of animals with horns can be dangerous for humans as horns can be used in self-defense and can cause issues for the animals themselves such as when going through a chute their horns can get caught. Horned animals will have a lower market value than a polled animal for reasons such as human safety, easier handling, and having future potential horned calves that will sell for less than polled calves. It is also known that when being processed, horned animals tend to have more bruises on their meat compared to polled animals, thus decreasing their carcass value as well [24]. 

Scurs are defined as hornlike formations that grow in the same area of the skull that horns would, but they are not attached to the skull, nor do they reach the same size as horns do. They can occur in both beef and dairy breeds of cattle. The size of scurs varies from small scabs to 15 cm long protrusions. A previous study found that in adult Charolais females and males, scurs were much larger reaching more than 10 cm in length [7]. Based on different breeds, scurs will have completely developed in a full grown and mature animal just as horns would [10]. 

[bookmark: _Toc174716869]Scurs in the Hereford Breed

Polled Herefords have been created by one of two methods: (1) by crossbreeding horned Herefords with other polled breeds; and (2) by using mutant polled and scurred Herefords [25]. However, because of when the original crossbreeding took place, most polled Herefords now trace back to the original sires causing problems with inbreeding. In a study done by Guthrie [26], a mutant polled bull that was a crossbred of Hereford and Shorthorn was bred to horned Hereford females and no horns appeared in calves from any generation except in the F2 generation where scurs began to appear. Many of the foundational group of Polled Herefords were sired by bulls that were scurred. According to White and Ibsen [9], it is impossible for a polled bull to produce only polled calves regardless of the cow they are bred to. However, one of the authors from Williams and Williams had a polled bull that produced same phenotype calves where the first ten calves were polled. Some of these calves came from horned females or females that passed the scurred allele. The same bull was later bred to every female in the herd that had ever produced a horned or scurred calf, and all the calves produced from these mating’s were polled. White and Ibsen [9] stated a theory of inheritance that included 4 independent loci; P – Polled, H – Horned, Ha – Africa, and Sc – Scurs. They believed that the horn loci has an epistatic relationship with the scurs loci meaning an animal with the genotype pp HH haha ScSc will produce a horned animal regardless of what allele is present at the Africa locus. Males that are heterozygous at the polled locus, homozygous dominant at the horn locus, homozygous recessive at the Africa locus, and heterozygous at the scurs locus will be scurred while females with the same genotype will be polled. Proposed genotypes are shown in Table 2. This would mean that scurs are inherited as sex-influenced and epistatic to the polled locus in males. It is also said that there is fairly enough evidence that an animal with the above stated genotype and homozygous dominant at the scurs locus will be scurred regardless if male or female. This again showing the epistatic relationship between the scurs and polled locus. 

In order for the scurs phenotype to occur, there must be at least one dominant allele at the polled locus.  Scurs is known to be a sex-influenced gene in that it has complete penetrance in males with both homozygous and heterozygous, P_ScSc and PpScsc, males being scurred and incomplete penetrance in heterozygous females being polled and homozygous females being scurred regardless of what is at the polled locus [15]. However, both males and females will be horned if they are homozygous recessive at the polled locus regardless of what is at the scurs locus. It is difficult to select against the scurs phenotype because it is a complex relationship between phenotype and genotype. When selecting animals, males are simple to point out if they have scurs or not where females could be a carrier even if they don’t present with scurs. A way to determine if that female is a carrier is to breed her to a known homozygous scurred bull. It has also occurred where calves have scurs that are asymmetrical with one side being scurred and the other being polled or one side having larger scurs than the other [27]. Previous studies have discovered by linkage mapping that the scurs mutation occurs on BTA 19, but no responsible gene has been identified [28]. In another study by Capitan et. al [7], a form of scurs called type 2 scurs was identified in the Charolais breed and the causative mutation was identified in the TWIST1 gene located on BTA 4. The mutation appeared to cause a frameshift change in the TWIST1 gene causing the amino acid change to inactivate TWIST1. In a study done by Tetens et al. [29], a GWAS (Genome Wide Association Study) was conducted on 150 heterozygous polled Simmental cattle in which there were 27 scurred and 22 smooth polled males, and 61 scurred and 40 smooth polled females. They found only one clear association peak at BTA 19, but there were also single SNPs found at BTA 4 and 7 that showed suggestive association. In a recent study done by Gehrke et al. [23] genotypes of 232 Holstein cattle were analyzed using two mapping 
[bookmark: _Toc174716825]Table 2 Proposed Theory of Inheritance with 4 Loci by White and Ibsen
	Genotype
	Males
	Females

	Pp HH haha ScSc
	Scurred
	Scurred

	Pp HH haha Scsc
	Scurred
	Polled, nonscurred

	Pp HH haha scsc
	Polled, nonscurred
	Polled, nonscurred

	pp HH haha ScSc
	Horned
	Horned


























approaches: mixed linear model-based association analyses and combined linkage disequilibrium and linkage analysis. They found four genome-wide significant loci that had an effect on scur development. One locus was on BTA 5 and three loci were on BTA 12. They also found suggestive associations on BTA 16, BTA 18, and BTA 23. Associated genes located on BTA 16 and BTA 18 were SUCO and ARHGAP33 respectively. SUCO is associated with bone development while ARHGAP33 is associated with the nervous system. They concluded and hypothesized that the mode of inheritance for horns and scurs is not the current accepted model, but rather an oligogenic model. 

[bookmark: _Toc174716870]Ocular Dermoid


Ocular dermoids are peculiar defects recognized in animals and characterized by solid, skin-like masses of tissue on or in various ocular structures [13]. The cause of ocular dermoids is unclear, but they occur in many different breeds of cattle [30], sex is not an influencing factor [31], and they can occur unilaterally and bilaterally [32]. Ocular dermoids may cause the animal to have visual impairment if a large area of the cornea is involved. If the cornea, third eyelid, or eyelid are involved, it can be easily corrected by surgery [14]. Veterinarians from southcentral Iowa indicated a high incidence of ocular dermoid within individual Hereford herds and the calves from these herds had multiple dermoid growths per eye causing disfigurement of ocular structures [13]. In a study done by Barkyoumb and Leipold [13], 23 purebred Hereford calves that were affected with ocular dermoids all had different dams and 15 of the calves were sired by the same bull. There was considerable variation among individual eyes and between calves in expression of the defect depending on location, size, amount and type of hair, and number of skin-like masses present. From this study it was determined that ocular dermoids in Hereford cattle are a genetically transmitted defect and there were characteristics of autosomal recessive and polygenic inheritance were observed.

[bookmark: _Toc174716871]Genome-Wide Association Study


Genome-wide association studies (GWAS) are studies in which a dense array of genetic markers, which captures a substantial proportion of common variation in genome sequence, is genotyped in a set of DNA samples that are informative for a trait of interest [33]. They exploit linkage disequilibrium, which are population level associations between markers and causative mutations. The goal is to map susceptibility effects through the detection of associations between genotype frequency and trait status. By using a GWAS, the genetic basis underlying complex traits can be revealed. The aim of a GWAS is to identify single nucleotide polymorphisms (SNPs) of which the allele frequencies vary systematically as a function of phenotypic trait values [34]. However, several factors can influence and affect the accuracy of a GWAS such as heritability, genetic architecture, sample size, and number of SNPs [35]. The findings which are discovered when using a GWAS provide valuable clues to the allelic architecture of complex traits in general. At the same time, many methodological and technical issues that are relevant to the successful prosecution of large-scale association studies have been addressed. A GWAS requires a large sample size in order to achieve a significant level of statistical power, especially to be able to detect the small polymorphisms that make up complex traits [36]. 
Due to low levels of linkage disequilibrium in cattle breeds, genome-wide association studies result in large genomic intervals of significant association which make it difficult to identify causal mutations [37]. 

[bookmark: _Toc174716872]Linear Mixed Models

The use of linear mixed models (LMM) in a GWAS are currently being widely used among research [38]. They are an extension of linear models in that they allow both fixed and random effects. Linear mixed models rely on a genomic relationship matrix (GRM) which is calculated by total SNPs across a group of individuals [39].

Despite there being a large cost reduction in WGS in recent years, it is cheaper to genotype animals using SNP chips than sequencing individuals using whole-genome [40]. Due to the fact that these are novel traits and their location in the genome is not known, it is useful to access the whole genome versus a select number of already known markers on a SNP chip.

[bookmark: _Toc174716873]Conclusions

With the growing populations need for beef increasing around the world, researchers and producers are working together to produce animals that will be most productively efficient. Production efficiency can be altered by many factors, but health and disease control are an area that are affecting the efficiency of Hereford cattle. Research needs to target the specific diseases that are causing a loss for producers when an animal is found to have the disease. Current studies show there is a genetic influence causing these diseases within the Hereford breed. This leaves a gap in research to discover the mutations in the genome causing these three diseases in the Hereford breed. 





















[bookmark: _Toc138364434][bookmark: _Toc174716874]Chapter Two
Identifying the Molecular Basis of Three Phenotypes in Hereford Cattle

[bookmark: _Toc174716875]Introduction

It is estimated that by the year 2050 there will be another two-billion people on Earth and in order to meet the protein needs of the population, there needs to be about 120 million kg of protein produced daily, which beef is a major contributor [41]. For producers to meet the need of the growing population, their cattle need to be productively efficient. Diseases in the Hereford breed of cattle can cause a significant impact on production efficiency and economics. The Hereford cattle breed is currently affected by three different phenotypes of interest: bovine ocular squamous cell carcinoma or cancer eye, scurs, and ocular dermoid. 

Cancer eye is the most common type of cancer in cattle. Russell et. al [2] found that in the years of 1969-1972, US federally inspected packing houses estimated that 12.6% of all bovine carcasses condemned were due to bovine ocular squamous cell carcinoma. Cancer eye causes a significant economic loss for producers due to the decreased salvage value, condemned carcasses, and the shortened productive life of the animal. Hereford cattle are particularly susceptible to cancer eye due to the reduced pigmentation on their face particularly around their eyes. While animals with light pigmentation around their eyes have a higher chance of developing cancer eye, animals with dark pigmentation around their eyes are still susceptible to developing cancer eye over time as well. Nishimura and Frisch [19], discussed how cancer eye is affected by ultraviolet (UV) radiation and ambilateral circumocular pigmentation (ACOP). They saw that the animal’s susceptibility to cancer eye greatly decreased if they had ACOP which is a highly heritable trait. Herefords are of interest because they have the highest number of reported cancer eye cases compared to any other cattle breed. Anderson [5] looked at many different breeds of cattle across age ranges where the four breeds with the highest number of collected data were Hereford, Angus, Holstein, and Shorthorn. Of these breeds, Hereford had 74% affected and Holstein had 1.1% affected among all age ranges while all other breeds had 0% affected.

Scurs play a large part in the modern-day cattle industry specifically for practical and economical reasons. Scurs are a type of hornlike formations that occur in the same area of the skull as horns do but are not attached to the skull. The current cattle industry is breeding for animals that are polled because of the lower risk of injury for humans, easier handling of the animals, and market value [23]. Economically speaking, a scurred bull will have a higher sale discount than a polled bull because a scurred bull can sire a horned calf. Scurs loci is known to have an epistatic effect with horn/polled loci. Scurs is also known to be a sex-influenced trait in that it has complete penetrance in males with ScSc females being scurred regardless of what allele is present at the polled locus, and P-ScSc and PpScsc males being scurred [15]. In study done by Capitan et. al [7], a frameshift mutation in the TWIST1 gene located on BTA 4 was associated with a trait called scurs 2 in the Charolais breed. In another study done by Tetens [29], a GWAS was conducted on 150 heterozygous polled Simmental cattle in which there were 27 scurred and 22 smooth polled males, and 61 scurred and 40 smooth polled females. They found only one clear association peak at BTA 19, but there were also single significant SNPs found at BTA 4 and 7. From these studies, different breeds show different chromosomes associated with the scurs phenotype. It is possible that the mutation causing scurs in the Hereford breed is located on one of the above-mentioned chromosomes. 

Ocular dermoids occur in many different breeds of cattle [30] and are characterized as solid, skin-like masses of tissue on or in various ocular structures [13]. Ocular dermoids can cause visual impairment but can be corrected by surgery depending on location. In a study done by Barkyoumb and Leipold [13], 23 affected purebred Hereford calves were analyzed, and it was found that the expression of the defect changed per calf. From this study it was determined that ocular dermoids in Hereford cattle are a genetically transmitted defect and there were characteristics of autosomal recessive and polygenic inheritance observed.

The Hereford breed is among the most susceptible breeds to having these three mutations occur in the genome. These mutations causing the phenotypes affect the production efficiency of the animal and causing an economic loss for the producer. There is a need to analyze and determine the underlying genetic cause of these diseases. The objective of this study was to determine the causative variants of cancer eye, scurs, and ocular dermoid in the genome of Hereford cattle.

[bookmark: _Toc174716876]Materials and Methods

[bookmark: _Toc174716877]Sample Size

Our sample group consisted of 200 animals of the Hereford breed of cattle in which 90 were case samples and 105 were control samples. The 95 case sample group consisted of 57 cancer eye, 19 scurs, and 19 ocular dermoid samples. Whole blood samples, tissue, and semen of affected animals were received at the University of Tennessee and the University of Illinois from producers across the United States.

[bookmark: _Toc174716878]DNA Isolation

Samples from the University of Illinois had already been isolated and were kept in storage of a    -20oC freezer. Only whole blood samples were received and isolated at the University of Tennessee. Each whole blood sample measured 10 mL and was added into their own 50 mL conical tube that consisted of 20 mL of NH4Cl (Red Blood Cell (RBC) lysis buffer). Each blood tube was then rinsed with a small amount of RBC lysis buffer to remove any residual blood in the tube and poured into their respective 50 mL conical tube. The conical tubes were first vortexed and then centrifuged at a speed of 2,000xg for 3 minutes at room temperature to create a cell pellet at the bottom of the conical tube. The supernatant was then aspirated out of the conical tube being careful to not aspirate the pellet. The first three steps were then repeated for each sample of adding 20 mL of RBC Lysis Buffer, vortexing and centrifuging, and aspiration of the supernatant. Once complete, 3 mL of DNA extraction buffer along with 25 μL of Proteinase K was added to the remaining pellet and vortexed until the pellet was completely resuspended. Once resuspended, 200 μL of 10% SDS was added and vortexed again. The samples were then incubated at 60C for 5 hours. After 5, then placed in the -20C freezer overnight. The next morning the frozen samples were thawed at room temperature and 1.2 mL of 5M NaCl was added to each conical tube. The samples were vortexed for 15 minutes vigorously and then centrifuged at a speed of 20,000xg for 10 minutes. Ten mL of 100% pure Ethanol was added to new 15 mL conical tubes for each sample. The supernatant produced after centrifugation in each of the 50 mL conical tubes was then transferred to an individual 15 mL conical tube being very careful to not disturb the pellet at the bottom of the 50 mL tube. The 50 mL conical tubes were then discarded. The 15 mL conical tubes were then closed and mixed by inversion several times and at this point the DNA was visible inside the tube. The DNA visible and floating in the top area of the tube was collected with a 1000 μL pipette tip and squeezed against the conical tube wall to remove any excess ethanol. The “dry” DNA was transferred to a new 1.5 mL tube containing 500 μL of extraction buffer. All samples were then placed in the refrigerator overnight.

[bookmark: _Toc174716879]Quality Assurance

After being refrigerated overnight, the samples were removed and vortexed before measuring concentration on a NanoDrop One C. A total 56 cancer eye, 20 dermoid, and 20 scur samples were selected to make a 96 well plate. These 96 samples then underwent purification using the Zymo Research Genomic DNA Clean & Concentrator 10, Kit D4011, to clean out any impurities from the samples and to make sure that all the samples had the same concentration before starting the library. The IGT xGen DNA Library Prep EZ Kit was utilized to prepare the samples for sequencing. This kit consisted of enzymatic prep, ligation, post-ligation cleanup, PCR, post-PCR cleanup, and second purification. The Deceleration module was utilized for enzymatic preparation. The Normalase module was utilized in place of the standard protocol stated in the Library Prep Kit. This module eliminates individual sample quantification and performs equal volume pooling where 5μL of each sample was used. The pooling was run on a TapeStation to then look at average fragment size for each of the samples. Post-fragmenting, the samples went on to sequencing where they had a final concentration of 4nM and were sequenced on an S4 flow cell Illumina Novaseq 6000 and run paired-end 150 nucleotides on a 300-cycle flow cell at the University of Tennessee Genomics Core. Once we received sequenced data, implementation into the pipeline began. Along with the 90 samples sequenced at the University of Tennessee, 107 sequenced genotypes were sent from the American Hereford Association (AHA) to serve as control samples. The 90 samples analyzed at the University of Tennessee, Knoxville were combined with the 107 sequenced genotypes sent from the American Hereford Association and underwent analysis. To visualize the quality of each sample, fastqc version 0.11.9 was run for general sample statistics. Samples were trimmed and filtered using Trimmomatic version 0.4, where Illumina adapters were removed, and sequences were trimmed for a quality score of greater than or equal to 28. After sequences were trimmed, samples were mapped to the GCF_002263795.2_ARS-UCD1.3_genomic.fna bovine reference genome using BWA version 0.7.17. The bovine reference genome was indexed using BWA for mapping where .bam files were produced for each file. Read groups were then added using Picard tools and produced .bai files to then proceed with variant calling using GATK version 4.2.2.0. Variant calling produced a .g.vcf file for each sample which were then combined into one .g.vcf file to run a genome-wide association. These variants underwent further pruning using Plink where filters used were a score of 0.05 for mapping quality, 0.05 Hardy Weinberg equilibrium, and 0.1 for genotype calls. Figure 1, shown in the Appendix, shows the analysis pipeline used for all samples. 

[bookmark: _Toc174716880]Genome Wide Association

To produce a genome wide association (GWA) analysis, the software Genome-wide Complex Trait Analysis (GCTA) was used with mixed linear model-based analysis (MLMA) and genetic relationship matrix (GRM). Genome-wide and individual chromosome Manhattan plots were created in R Studio 4.3.0. for each of the three traits using .mlma files created from GCTA. A table with a list of significant SNPs can be found in Table 2.



[bookmark: _Toc174716881]Results

We conducted a GWAS of three traits in 200 registered Hereford cattle, 95 of which were case samples and 105 control samples. Post-sequencing, there was an average genomic coverage of 11.59x from the raw case samples. Summary statistics for raw case samples are provided in the appendix in Table 4. Post trimming using Trimmomatic, the case samples had an average genomic coverage of 9.93x. Summary statistics for trimmed case samples are provided in the appendix in Table 5. The control samples from the American Hereford Association had been sequenced prior to being received. For raw samples, the average genomic coverage was 15.84x and trimmed samples had an average genomic coverage of 11.55x. Summary statistics for both raw and trimmed control AHA samples can be found in the appendix in Tables 4 and 5 respectively. Pre-quality filtering by GATK, there were 29.1 million SNPs and 5.3 million indels and after filtering, there were 18.6 million SNPs and 3.2 million indels. After pruning, the total genotyping rate was 0.981823 and final variant count was 5.1 million SNPs and 44 thousand indels on valid chromosomes. Once GWA analyses were run individually for all three traits, genome-wide Manhattan plots of the results from cancer eye, scurs, and dermoid were created and can be seen in figures 2, 8, and 19 respectively. The plots show peaks, or areas, of significant variants that have a significant p-value and high change in allele frequency making them of high interest to be further investigated. The genome-wide threshold for the plots was set at 5.0e-08 while the suggestive threshold was set at 1.0e-05. Table 3 contains the significant SNPs along with pertinent information for each. For both cancer eye and scurs, the Y chromosome, or chromosome 31, passed the genome-wide threshold, however this is most likely due to the fact the majority of the case samples were cows and the majority of the control samples were bulls rather than a true association between markers on Y chromosome with these traits.

[bookmark: _Toc174716882]Cancer Eye

Three chromosomes have variants with significant values to pass the genome-wide threshold on the genome-wide Manhattan plot of cancer eye along with many variants that passed the 
[bookmark: _Toc174716826]Table 3 Genomic and Suggestive SNPs Across Traits
	[bookmark: _Toc160134910]SNP ID
	Chromosome
	Trait
	Location (bp)
	p-value
	Candidate Gene

	._1087983
	4
	Cancer Eye
	116898528
	5.6116e-09
	PAXIP1

	._1077890
	4
	Cancer Eye
	113263173
	2.95533e-06
	-

	._4867297
	27
	Cancer Eye
	8584801
	3.87084e-06
	NEIL3

	._1355313
	6
	Scurs
	11322756
	1.22796e-06
	-

	._1448132
	6
	Scurs
	63081863
	1.17716e-06
	KCTD8

	._1473982
	6
	Scurs
	78068596
	8.7209e-07
	-

	._2321730
	10
	Scurs
	48388496
	2.08848e-07
	-

	._2322913
	10
	Scurs
	48981549
	5.29351e-05
	RORA

	._2325326
	10
	Scurs
	50274093
	5.10721e-07
	-

	._2766850
	12
	Scurs
	47616916
	6.36013e-09
	PIBF1

	._2958610
	13
	Scurs 
	53187074
	8.75189e-07
	-

	._734390
	3
	Dermoid
	69040918
	4.512e-06
	MSH4

	._752865
	3
	Dermoid
	78044260
	2.1627e-06
	-

	._756167
	3
	Dermoid
	80015088
	3.21859e-05
	DNAJC6

	._773468
	3
	Dermoid
	88755555
	3.92498e-06
	DAB1

	._1365263
	6
	Dermoid
	17160778
	2.61064e-09
	LEF1

	._1362957
	6
	Dermoid
	15489319
	1.83834e-07
	EGF

	._1961229
	8
	Dermoid
	87457103
	3.03743e-06
	-

	._2166458
	9
	Dermoid
	85152743
	4.20992e-06
	-










suggestive threshold. The genome-wide Manhattan plot for cancer eye can be seen in Figure 2 in the Appendix. Chromosomes of interest for this trait are 4 and 27. Figures for both chromosomes of interest can be seen below in Figures 3 – 7 in the Appendix. Even though chromosome 2 has a lead SNP above the genome-wide threshold, upon further investigation, the individual chromosome plot showed that there was not a grouped peak of significant variants indicating that variants on that chromosome were likely not associated with the trait. Figure 4 shows the lead SNP on chromosome 4 which passed the genome-wide threshold, ._1087983 located at 116,898,528 Mb with a p-value of 5.6116e-09, which is found to be in a coding region on the bovine genome associated with the gene PAXIP1. The PAXIP1 gene is located in the region of 116,913,456 Mb – 116,954,800 Mb of the genome. A significant SNP that passed the suggestive threshold on chromosome 27 shown in Figure 6, ._4867297 located at 8,584,801 Mb with a p-value of 3.87084e-06, is located in a coding region of the genome that is associated with the gene NEIL3. The gene NEIL3 is located in the region 8,574,896 Mb – 8,621,182 Mb of the genome.

[bookmark: _Toc174716883]Scurs 

Two chromosomes showed a group of variants that pass the genome-wide threshold and one chromosome whose peak of variants crosses the suggestive threshold, but not the genome-wide threshold. This along with many other chromosomes that have SNPs that pass the suggestive threshold. The chromosomes of interest for this trait are 6, 10, 12, and 13. The Figure for the genome-wide Manhattan plot for scurs can be seen in Figure 8 in the Appendix. Figures for the chromosomes of interest can be seen below in Figures 9 – 18 in the Appendix. Chromosome 12 was the only chromosome of interest that had SNPs to pass the genome-wide threshold. Figure 18 shows the lead SNP on this chromosome, ._2766850 located at 47,616,916 Mb with a p-value of 6.36013e-09, is located in a coding region of the genome that was associated with the gene PIBF1. The gene PIBF1 is located in the region 47,532,907 Mb – 47,763,675 Mb of the genome. Chromosome 10 has three different peaks of significant SNPs, shown in Figure 14, with two peaks that passed the suggestive threshold. One of the peaks has a lead SNP, ._2322913 located at 48,981,549 Mb with p-value 5.29351e-05, found in a coding region of the genome associated with the gene RORA. The gene RORA is located in the region 48,892,424 Mb – 49,702,373 Mb of the genome. The lead SNP and other suggestive SNPs on the other two peaks were found to be in non-coding regions of the genome. Chromosome 6 also had three peaks of SNPs of interest that all passed the suggestive threshold. The lead SNP on one peak, shown in Figure 10, ._1448132 located at 63,081,863 Mb with p-value of 1.17716e-06, is located in a coding region of the genome associated with the gene KCTD8. The gene KCTD8 is located in the region 62,834,653 Mb – 63,097,599 Mb of the genome. The other two suggestive peaks had no SNPs present in coding regions of the genome. Chromosome 13 had one peak to pass the suggestive threshold, however, none of the suggestive SNPs were found to be located in a coding region of the genome. 

[bookmark: _Toc174716884]Dermoid

Only chromosome 6 had a peak of variants that passed the genome-wide threshold with many other chromosomes having peaks that passed the suggestive threshold. The chromosomes of interest for this trait were 3, 6, 8, and 9. The figure for the genome-wide Manhattan plot for ocular dermoid can be seen in Figure 19 in the Appendix. Figures for the chromosomes of interest can be seen below in Figures 20 – 33 in the Appendix. Chromosome 3 had four peaks, three of which passed the suggestive threshold and the fourth having variants with significant values to come close to the suggestive threshold, but not enough to cross it. The lead SNPs from three of the peaks were all found to be in coding regions of the genome, while the one peak had no associated SNPs. The first peak has the lead SNP ._734390 located at 69,040,918 Mb with p-value 4.512e-06 which is associated with the gene MSH4. The gene MSH4 can be found in the region 68,960,191 Mb – 69,055,498 Mb of the genome. The second peak has no SNP that was found to be in a coding region of the genome. The third peak has the lead SNP ._756167 located at 80,015,088 Mb with p-value 3.21859e-05 with an association with the gene DNAJC6. The gene DNAJC6 is located in the region 79,928,527 Mb – 80,107,439 Mb of the genome. The fourth and final peak has the lead SNP ._773468 located at 88,755,555 Mb with p-value 3.92498e-06 and is associated with the gene DAB1. Chromosome 6 had four variant peaks of interest, one of which passed the genome-wide threshold and three that passed the suggestive threshold. The peak that passed the genome-wide threshold, seen in Figure 26, has a lead SNP ._1365263 located at 17,160,778 Mb with p-value 2.61064e-09  and is associated with the gene LEF1. The gene LEF1 is located in the region 17,083,384 Mb – 17,200,677 Mb of the genome. The second peak which was one to pass the suggestive threshold, seen in Figure 27, has a lead SNP ._1362957 located at 15,489,319 Mb with p-value 1.83834e-07 which is associated with the gene EGF. The gene EGF is located in the region 15,415,036 Mb – 15,518,720 Mb of the genome. The remaining two peaks seen in Figures 28 and 29 passed the suggestive threshold, but no SNPs were found to be located in coding regions of the genome that were associated with any genes. The same can be said for the SNPs that passed the suggestive threshold on chromosomes 8 and 9 seen in Figures 30 and 32. The SNPs seen in these plots passing the suggestive threshold are located in non-coding regions of the genome and are not associated with any genes.

[bookmark: _Toc174716885]Discussion

The purpose of this study was to identify the molecular basis of three phenotypes in Hereford cattle: cancer eye, scurs, and ocular dermoid. This is the first study to have a more significant case sample number and conduct a GWAS. Previous studies discuss Herefords compared to other breeds or discuss only the Hereford breed, but do not have recent data. Different approaches could have been taken to get results for this study. Using the GWAS, we are able to compare genetic variation across the entire genome rather than just a region. It is believed that the three traits in question have different modes of inheritance, such as epistasis or polygenic, so by using a GWAS small variations in case and control animals were able to be detected and noted for analysis.

Through the use of a GWAS analysis, we were able to determine different variations that could possibly be linked to the polymorphisms. Among the three traits in question, significant SNPs were discovered, and some SNPs were found to be located in coding regions of the genome. Though there were quite a few significant SNPs that passed both the genomic and suggestive thresholds, they were not enough to say that they are the sole causal variant of these traits. Due to the smaller number of case animals compared to the control animals, it is possible that a portion of the SNPs found could be more population specific with a gene-by-environment interaction than trait specific. The genome-wide Manhattan plots for all three traits visualized the significant peaks of SNPs even though the ability to detect true QTL for the traits was impacted by the lack of power due to a larger number of animals in the control population rather that in the case population. In genome wide plots for cancer eye and scurs, chromosome 31 and 32 represent Y and MI respectively. Both chromosomes have strong high peaks of SNPs for both traits and while in this study it isn’t proven, it is believed that the reasoning for chromosome 31 is because of the sex distribution among case and control animals. The majority, 90%, of the case group are all affected cows and the majority, 90%, of the control group are unaffected bulls. Chromosome 32 is more likely due to the fact that most of the samples from the control bulls were from semen samples reducing the number of mitochondria in the samples.

Among the two chromosomes of interest for cancer eye, both had variants located in coding regions of the genome. The genes associated with the SNPs on the chromosomes were PAXIP and NEIL3. The gene PAXIP1 has been shown to be associated with breast, ovarian, and gastric cancer [42-44]. NEIL3 has been shown to be overly expressed in certain types of human cancer and increase tumor expression and growth [45]. Another study found that NEIL3 is associated with an increased number of somatic cell mutations because it is positively associated with the gene APOBEC3B, a mutation inducer, in certain cancer types [46]. NEIL3 includes a zinc finger motif within it and evidence has shown the role that zinc finger proteins have on cancer progression [47].

When looking at cancer eye in cattle, there is no previous research looking at possible roles of genes in trait expression, only how ocular pigmentation could affect lesion development. However, given previous research and known interactions between genes and other proteins, it is a possibility that the genes PAXIP1 and NEIL3 could have an impact on the tumor development in cattle. It would be advantageous for future studies regarding cancer eye in cattle to consider looking at these genes and their potential role in this specific cancer type among a larger group of affected animals.

Among the chromosomes of interest for scurs, chromosomes 6, 10, and 12, had variants that were located in coding regions of the genome. Chromosome 6 was associated with the gene KCTD8. Upon further investigation, this gene does not seem to be related to the scurs trait but rather to retinal degradation in humans [48]. SNPs on chromosome 10 were found to be associated with the gene RORA. Previous studies have shown that this gene is related to stress disorders [49, 50]. The final gene for scurs, located on chromosome 12, was PIBF1. Further investigation showed that this gene plays a role in the piebald deletion complex in mice in that itde plays a role in cytoskeletal organization [51]. Other studies found this gene to play a role in cardiovascular development and neurocongenital defects [52, 53]. 

Previous studies in cattle have identified genes that are linked to the scurs trait such as TWIST1 [7]. However, in this study, TWIST1 was not a candidate gene presented nor do any of the presented candidate genes show much promise for a connection to the scurs trait. It would be advantageous for future studies to have a larger case group of animals compared to the control group.

Of the four chromosomes of interest for ocular dermoid, chromosome 3 and 6 had candidate genes presented to be further investigate. Chromosome 3 had three different lead SNPs in three different coding regions that were associated with different genes, MSH4, DNAJC6, and DAB1. MSH4 in previous studies has been shown to have a role in meiosis [54], DNAJC6 has been shown to have a role in Parkinson’s disease [55], and DAB1 has been associated with brain development, none of which have to do with ocular dermoids. Chromosome 6 has two candidate genes presented based off of lead SNPs and they are EGF and LEF1. EGF is known as epithelial growth factor and previous studies have linked this gene to hair epidermal and limbal epithelial stem cells, skin repair, and skin cancer [56-58]. LEF1 gene has been shown in a previous study in its ability to help skin regenerate to repair wounds in humans [59]. 

Though the candidate genes on chromosome 3 do not seem to have an association with ocular dermoids, it would be advantageous for future studies to investigate both genes EGF and LEF1 further and their potential role in ocular dermoid formation.
[bookmark: _Toc174716886]Conclusions

The present study was able to determine areas of significance along the genome where there are changes in allele frequencies causing a rise of significant SNPs. Areas found to be associated with cancer eye had interactions with genes that had positive correlations with cancer types. Previous studies have been done identifying physiological aspects of cancer eye, but this is the first study to identify locations and possible candidate genes that could interact with causal variants that lead to tumor development in Hereford cattle. Polymorphisms were found to be associated with ocular dermoid and scurs trait, however only the genes associated with the polymorphisms found for ocular dermoid had previous studies showing the association between the specific candidate gene and epithelial tissue. There was very little to no data previously about ocular dermoids in cattle and their genetic makeup. Previous studies identified genes associated with scurs, but not in Herefords and unfortunately those genes were not found in this study. Though the true causal variants have yet to be determined for these three traits, the findings presented provide a path for what regions and genes could possibly have an influence in cause of these three traits. 
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	Sample Classification
	Average Million Sequences
	Estimated Genome Coverage[footnoteRef:2] [2: ] 

	Total Average Genome Coverage

	Cancer Eye
	104.90
	11.41
	11.59

	Scurred
	112.81
	12.37

	Dermoid
	103.64
	11.36
	

	Control
	166.22
	15.84
	15.84
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[bookmark: _Toc174716828]Table 5 Statistics of Whole-Genome Sequencing – Trimmed Case and Control Samples
	Sample Classification
	Average Million Sequences
	Estimated Genome Coverage[footnoteRef:3] [3: 1 Bovine genome size considered 2.7Gb 60.	ARS, U. Genome assembly ARS-UCD1.3. Available online: https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_002263795.2/ (accessed on 4/20/2023)] 

	Total Average Genome Coverage

	Cancer Eye
	93.02
	8.08
	9.93

	Scurred
	99.87
	8.69
	

	Dermoid
	91.35
	7.99
	

	Control
	160.7
	11.55
	11.55
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