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ABSTRACT 

 

GENOME-WIDE ASSOCIATION STUDIES AND FINE MAPPING FOR 

SPASTIC SYNDROME IN HOLSTEIN CATTLE 

 

Anna Neustaeter                                       Advisors: 

University of Guelph, 2015                                             Dr. Flavio S. Schenkel 

                 Dr. Brad Hanna (Co-advisor) 

 

This study investigated genetic contributions to North American Holsteins affected with 

Spastic Syndrome. The heritability estimate for the study population was 0.26. A GWAS via 

the generalized quasi-likelihood logistic regression on two animal cohorts genotyped with the 

50k SNP panel and imputed high density SNP panel revealed six and 18 significant SNPs for 

the first cohort, and 98 and 522 significant SNPs for the second cohort. Significant regions 

were obtained on two chromosomes, with one QTL-like peak approximately 1 megabase pair 

(Mb) in length, and another in a QTL-like peak approximately 20 Mb in length. Functional 

and in silico analyses revealed seven candidate genes for both study populations. Candidate 

gene function involved neurons and skeletal muscle, with two genes appearing in both lists. 

One compelling candidate gene produces defects in ion channels which do not produce 

any histopathological changes. This study suggests Spastic Syndrome is multi-genic and 

neuromuscular in nature. 
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CHAPTER ONE 

LITERATURE REVIEW 

1.1 Introduction 

The Canadian dairy cattle industry is profitable in terms of world-wide 

trading of elite semen and embryos for phenotypic goals based on increased 

dairy production. Semen of bulls with desirable daughter production phenotypes 

is shipped world-wide, where in 2014 a total of $118,367,998 was sold as 

Canadian exports (Dairy Genetic Material Trade, 2013).   

The identification, isolation, and eradication of genetic disorders in North American 

Holstein cattle is an important undertaking due to strong world-wide pressure for a high 

producing  cow with ideal conformation. While aiming for desirable phenotypes such as 

ideal conformation, alongside increases in milk yield per lactation, this intensive 

selection pressure has created a situation where the risk of breeding carriers of deleterious 

traits is higher, due to repeatedly selecting relatively few animals with desirable 

phenotypes, i.e. tandem selection (Dekkers, 2004). It is important that this relatively 

small pool of animals creating a world-wide phenotype has any pernicious traits 

identified and ideally removed from the reproducing population, while still creating the 

phenotypes of production that are expected in Holstein populations. This is especially 

relevant for disorders that present themselves later in life as in Spastic Syndrome; an 

affected bull may have sired many offspring prior to disease diagnosis and the offspring 

may unknowingly be carriers, or have the affliction themselves (La Fortune, 1956). 
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Genomic data can assist researchers and breeders in developing accurate selection 

tools and optimized breeding programs for economically important traits, including 

disease traits. Through implementing genomic data analyses like genome-wide 

association studies (GWAS), areas of interest in the genome can be identified and 

mapped to produce a list of possible candidate genes. Mutant variants within candidate 

genes could also be obtained to create a test panel for disease risk. 

Herein the literature of spasticity will be reviewed to more clearly understand Spastic 

Syndrome in Holsteins. Human spasticity as well as other types of animal spasticity will 

be reviewed to detect possible parallels that Spastic Syndrome may have to spasticity 

within other species. Furthermore the applications of genetics, genomics, and 

bioinformatics technologies to Spastic Syndrome will be examined for better 

understanding of Spastic Syndrome’s genetic architecture.  

1.2 Spastic Syndrome 

Spastic Syndrome, also known as cramps, barn cramps, barn paralysis, crampy, 

crampiness, spasticity, inherited periodic spasticity, periodic spasticity, stretches, 

paralysis, posterior paralysis, progressive posterior paralysis, Krampfigkeit, strek, 

neuromuscular spasticity, and standings disease, is a chronic, progressive hind limb 

disorder that affects both male and female adult cattle (Roberts, 1953; La Fortune, 1956; 

Becker et al., 1961;  Roberts, 1965; Allenstein, 1981; Wells et al., 1987; Tenszen, 1998; 

Camara et al.,2008; Greenough, 2012). This disease was mainly reported in dairy herds 

such as Holstein and Guernsey cattle (Becker et al., 1961; Roberts, 1965), but has also 

been found in dual purpose breeds like Brown Swiss and Shorthorn cattle (La Fortune, 
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1956; Becker et al., 1964), and beef breeds like Hereford and Angus cattle (La Fortune, 

1956; Tenszen 1998). 

1.2.1 Clinical Signs 

The Merck Veterinary Manual defines bovine Spastic Syndrome as “episodic, 

involuntary muscle contractions or spasms involving the hind limbs that are associated 

with postural and locomotor disturbances as well as spasticity” (Greenough, 2012). This 

definition accurately describes “true cramp”, where a muscle is suddenly shortened; it is 

involuntary and painful in nature, the muscle is visibly or palpably knotted and relief may 

be gained through massage or stretching (reviewed in Jansen et al., 1999). 

The course of this disease may span from one to 10 years, depending on the speed 

of symptomatic progression (Roberts, 1953; La Fortune, 1956). Researchers agree that 

clinical signs commence when the animal is full grown, as they are usually reported 

between three and seven years of age (Roberts 1953; La Fortune, 1956; Becker et al., 

1961; Tenszen, 1998; Greenough, 2012).  Initial spasms/cramps are intermittent, short, 

localized to one pelvic limb (usually the left), and only seen as the animal has been 

stimulated in some manner such as rising from recumbency, or a provocation that induces 

a significant emotional reaction such as aggressive handling (Roberts 1953; La Fortune, 

1956; Becker et al., 1962; Gibbons, 1965; Greenough, 2012). As no clinical signs are 

seen while the animal is recumbent, a delayed diagnosis may occur (La Fortune, 1956; 

Tenszen, 1998). These mild clinical signs would appear to a casual observer a ‘stiff leg’ 

or the animal stretching forcefully as the affected limb is raised caudally, as seen in 

Figure 1.1. These initial spasms last for several seconds and may be repeated after a short 
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refractory period (Roberts 1953; La Fortune, 1956; Gibbons 1965).  The caudal 

hyperextension of both affected limbs is perhaps why early investigators called Spastic 

Syndrome “stretches”; the animal is observed likely trying to alleviate cramp in the 

affected limb. Roberts (1953) reported a 9-year-old Holstein female and a 13 year old 

Ayrshire male during episodes of spasticity in Figures 1.2 and 1.3 respectively. Note in 

both figures the caudal hyperextension of hind limbs accompanied by head raising. 

Clinical signs are reportedly worse when the animal is housed indoors; the term 

“barn cramps” is possibly due to the greater cramping and stretching behaviour seen in 

affected animals while indoors as reported by Tenszen (1998). Early investigations 

suggest housing affected cattle indoors, which may alleviate clinical signs if the animal is 

kept in box stalls and isolated (Roberts, 1965). However this is in contradiction with 

research completed by Tenszen (1998) that concludes affected animals should be housed 

outdoors, as confined quarters were found to be associated with increased episodes of 

spasticity.   

Presentations of mild symptomatic episodes are usually followed by a symptom-

free period that can last up to six months (Roberts, 1953; La Fortune, 1956; Roberts, 

1965). As the disorder progresses, both pelvic limbs as well as muscles of the hind end 

and back become affected during spastic episodes, and the duration of spasms increases 

with a decrease in symptom-free periods (Roberts 1953; La Fortune, 1956; Becker et al., 

1961; Tenszen, 1998). The severely affected animals will present with frequent 

prolonged spastic episodes that may include complete rigidity of the body with evidence 

of severe pain (sweating, agitation, and restlessness) during non-spastic periods (Roberts, 
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1953; Roberts, 1965). The severely affected animals cannot eat during an episode of 

spasticity due to an inability to move their head because of neck muscle rigidity, and they 

also have difficulty or an aversion to rising from recumbence due to painful extension of 

the pelvic limbs. These factors lead to acute weight loss (Roberts 1953). Additionally, in 

severe presentations of Spastic Syndrome the animal walks in a characteristic stilted 

‘spraddling’ manner while not spastic with its tail held rigid, and while stationary will 

step from leg to leg in an attempt to alleviate pain (Roberts, 1953;). Roberts (1953) 

presented a severely affected Holstein male at 11 years-of-age (Figure 1.4); this animal 

presented clinical signs of spasticity for four years and was still utilized for breeding 

purposes via electro-ejaculation. Additionally, a four year old Guernsey bull is presented 

in Figure 1.5, this bull is also severely affected with Spastic Syndrome (Roberts, 1965). 

As in Figure 1.4, the bull in Figure 1.5 shows severe hind end wasting and drastic 

hyperextension of the hind limbs. Additionally there is evidence that affected animals 

will attempt to raise their heads (as observed in Figures 1.2, 1.3, and 1.4 ), or sway their 

heads left and right to temporarily stop, or shorten, episodes of spasticity (Roberts, 1953). 

1.2.2 Diagnostic Criteria 

Diagnosing veterinarians must ensure that the possibly afflicted animal is not 

affected with other ailments that are similar in presentation through the process of 

differential diagnosis, as reported by Roberts (1953). Generally, Spastic Syndrome is 

observed in animals that have completed linear growth, i.e. three years-of-age or older. 

Diagnostics for spasticity in adults is appropriate as calves presenting hind-limb 

spasticity may be affected with a distinct syndrome known as Spastic Paresis (Roberts, 
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1953; La Fortune, 1956; Roberts, 1965; Tenszen, 1998; Camara et al., 2008). Other 

causes for aversion of hind-limb usage include injury to a hind limb that is observable to 

the diagnosing veterinarian, tetanus which can be observed when the animal is 

recumbent, and epilepsy which is marked by loss of consciousness (Roberts, 1953). 

When Spastic Syndrome was first distinguished as a concern for producers, one of 

the seminal papers by Becker et al. (1961) described relatively vague diagnostic criteria. 

In this report, bulls identified as affected used diagnostic criteria including “refusal to 

serve”, “unable to stand up on back legs”, and “unable to mount”. Affected animals were 

classified so by farm owners, managers, and animal handlers rather than veterinarians. 

Therefore, other possible causes of spasticity beyond observable injury or paralysis 

resultant from stroke were not taken into consideration at that time.  

1.2.3 Etiology 

In early research (Roberts, 1953; Roberts, 1965) it was hypothesized that Spastic 

Syndrome was a neurological disorder, a “functional derangement of the central nervous 

system, chiefly the postural reflex mechanism” and would in turn show no abnormal 

findings in post-mortem examinations. Post-mortem studies performed by Wells et al. in 

1987 on affected cattle reflect these findings as there were no reported lesions in muscles, 

abdominal organs, or nervous tissue of these animals. The major clinical finding in 

severely affected cattle was acute pelvic muscle wasting (Wells et al., 1987). Acute 

pelvic muscle wasting is likely due to the affected animal not eating as it is remaining in 

recumbency as long as possible to avoid onset of spastic episodes, as well as postural 

“hunching” onto its forelimbs when standing, as a pain relief measure (Wells et al., 
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1987). This hunching decreases the weight the hind limbs have to bear, thus exacerbating 

pelvic muscle wasting (Wells et al., 1987). Most researchers have agreed that this 

disorder is neurological in nature, rather than muscular (Roberts, 1953; Becker et al., 

1961; Roberts, 1965; Allenstein, 1981; Wells et al., 1987). 

 In contrast however, La Fortune (1956) speculated Spastic Syndrome is 

“mechanical” in nature, and is described as “an irritation of nerve roots”. The report 

claimed that spastic episodes are due to unexpected compression of nerve roots by either 

excessive osteogenesis of a relatively young animal’s vertebrae, or arthritis of an older 

animal’s vertebrae. La Fortune (1956) also claimed that nerve root irritation is also 

reportedly brought on by an animal: with poor conformation, in late-stage pregnancy, or 

having a large pendulous udder. The findings of Wells et al. (1987) oppose La Fortune’s 

hypothesis, with macroscopic investigation yielding no abnormal growth in the vertebral 

column. Normal macroscopic findings support the hypothesis that Spastic Syndrome may 

be neurologic in nature (Wells et al., 1987). 

1.2.4 Prevalence and Possible Inheritance  

The prevalence of Spastic Syndrome has been investigated since the middle of the 

20th century. Becker et al. (1961) estimated a Spastic Syndrome prevalence of 2.6% in 

Holstein populations was a conservative estimate. This is due to removal of both males 

and females from the herd at 7-years-of-age which could be considered suspicious when 

‘age’ is given as the reason for culling, especially in breeding males. In the study, 

researchers allowed “some diagnoses of rheumatism” to be considered ‘affected’, 

knowing that affected animals with Spastic Syndrome show very little in the way of 
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muscular lesions, including inflammation (Becker et al., 1961; Wells et al., 1987; 

Tenszen, 1998). The measure of prevalence reported by Becker et al. (1961) is still 

heavily cited in Spastic Syndrome literature, although this may be a measure obtained 

through error. Recently, Van Doormal (2013) reported a trend in incidence of Spastic 

Syndrome in North American Holsteins over a period of 20 years, noting an increase in 

incidence of 0.018% in the general population per year (Figure 1.6). Others have reported 

prevalences as high as 30% in older proven dairy sires (Roberts, 1964; Tenszen, 1998). 

La Fortune (1956) postulated that the prevalence of Spastic Syndrome in North American 

Holstein populations is increasing due to excessive inbreeding and failure to remove 

affected animals from the breeding herd. 

The majority (46.4%) of producers who used Canadian Holstein semen for artificial 

insemination in 2012 preferred the use of proven sires, from five to eight-years-of-age, as 

demonstrated in Figures 1.7 and 1.8 (Dairy Information Centre, 2013). The usage of 

proven sires stems from daughter phenotypes contributing to the accuracy of estimated 

breeding value (EBV) for animals with desired phenotypes. In contrast, usage of 

unproven sires less than two years-of-age, unproven sires between two and four-years-

old, and proven sires over nine years-of-age were 30.4, 18.1%, and 5.1%, respectively 

(Dairy Information Centre, 2013). In order to evaluate unproven bulls in terms of Spastic 

Syndrome using genetic analyses, collecting phenotypes is required, which at this time 

can be difficult for this trait. Meanwhile, the widespread usage of unproven sire semen 

(48.5% of breedings) could possibly increase the incidence rate of Spastic Syndrome due 

to unknown disease status at the time of semen usage (La Fortune, 1956).  
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The first hypothesis regarding the mode of inheritance of Spastic Syndrome was 

proposed by Becker et al. in 1961.  It was postulated that Spastic Syndrome’s mode of 

inheritance was autosomal recessive with incomplete penetrance. The perception of 

inheritance has changed over the years; for example the Merck Veterinary Manual states 

that its inheritance is autosomal dominant with incomplete penetrance (Greenough, 

2012). The change in perception of inheritance could be due to updated and more 

objective study designs or, possibly, animals that are potentially affected with varying 

forms of adult-onset spasticity. 

1.2.5 Other Types of Spasticity 

The pathophysiological basis of cramps in mammals resides in hyperactivity in 

the motor neuron of the peripheral nervous system, rather than the muscle itself, as 

reviewed by Jansen et al. (1999).  The increase in frequency of axonal potential results in 

the muscle being involuntarily shortened, creating varied phenotypes depending on the 

muscle affected (reviewed in Jansen et al., 1999). In general, an impairment or 

abnormality in voluntary movement is termed dyskinesia. Under this broad term of 

dyskinesia, both muscle cramp and myotonia exist; although there is distinct discomfort 

or pain associated with a cramped muscle, as opposed to painless myotonia. Therefore, 

when using the term “cramp” it is with the definition that “true cramp” originates in the 

neuron and affects localized muscle groups (reviewed in Jansen et al., 1999). At this time, 

using the term ‘cramps’ for Spastic Syndrome may be misleading as it is unknown 

whether the defect resides in muscle or nervous tissue.  
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There are various forms of dyskinesia in other animals as well as humans that 

resemble Spastic Syndrome, sharing similar environmental conditions, clinical signs, 

affected tissues, and/or age of onset. 

 Spastic Paresis, also known as Elso heel, has been reported in numerous cattle 

breeds such as Holstein, Friesian, Angus, Ayrshire, Jersey, and Hereford (Roberts, 1965; 

Daniel and Goulden. 1967; Harper, 1993). It is a disease usually observed in calves three 

to six months-of-age, as opposed to Spastic Syndrome, which does not typically manifest 

itself until adulthood. In Spastic Paresis, one hind limb of an affected animal presents as 

caudally hyper-extended due to prolonged spastic contraction of the gastrocnemius 

muscle, and palpations of the affected limb reveal hardness of the muscle and tautness of 

the Achilles’ tendon (Daniel and Goulden, 1967; Harper, 1993). The affected limb is 

usually the left, similar to Spastic Syndrome, and is raised 15-20 cm off the ground with 

pronounced circumduction creating difficult ambulation (Roberts, 1965; Harper, 1993). 

Spastic Paresis has been described as a congenital neurological defect caused by 

overstimulation, or lack of inhibition of γ-motor-neurons that innervate affected muscles; 

gross and histopathological lesions are generally absent in post mortem studies (Harper, 

1993).  Spastic Paresis is hypothesized to be recessive disorder with incomplete 

penetrance (Harper, 1993). 

Baird et al. (1988) reviewed another form of hind-limb dyskinesia in Brown 

Swiss cattle called Bovine Progressive Degenerative Myeloencephalopathy (BPDME), or 

Weaver Syndrome. Weaver Syndrome is named for the particular weaving gate exhibited 

by affected animals that are alert and responsive. Clinical signs of Weaver Syndrome 
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begin between five and eight months-of-age and are characterized by pelvic limb 

spasticity/weakness, and a dysmetric form of ataxia with progressive deterioration of 

locomotory function (reviewed in Baird, 1988). Histopathological lesions are present in 

both the ascending and descending tracts of white matter of all levels of the spinal cord, 

as well as the cerebellum and brain stem which exhibit axonal degeneration, loss of axons 

and myelin, and axonal swelling (reviewed in Baird, 1988). The patterns of lesions in the 

brain of animals affected with Weaver Syndrome are consistent with areas in the brain 

responsible for deliberate movement (reviewed in Baird, 1988). Additionally, Weaver 

Syndrome is postulated to be a simple autosomal recessive trait (reviewed in Baird, 

1988). 

Furthermore, common environmental factors associated with dyskinetic muscle 

cramping are fluid and electrolyte imbalances, i.e. body salt depletion or water 

intoxication (Saito et al., 2002). The occurrences of cramping due to electrolyte 

imbalances can be corrected with substances that establish and maintain proper 

electrolyte balance in and outside of the cell; such is the case reported on by Saito et al. 

(2002) with two unrelated standard poodles. Both poodles showed painful episodic limb 

(thoracic/pelvic) cramps with no loss of consciousness and no apparent triggers. Long-

term treatment with desoxycorticosterone pivalate (DOCP) was effective in ceasing 

cramping episodes, as it normalizes electrolyte concentrations within the body (Saito et 

al., 2002). The authors also postulate a possible genetic disposition of poodles to 

cramping as an inherited motor neuron dysfunction or ion-channel disease due to the 
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similar tendency of action potentials within the neuron to cause muscle cramping (Saito 

et al., 2002).  

Another motor disorder in animals is hyperkalemic periodic paralysis (HYPP) in 

quarter horses. This disorder is caused by a genetic mutation in a gene coding for skeletal 

muscle Na
+
 channel α-subunit (Hanna et al., 1996). This autosomal dominant mutation 

results in muscle spasms/partial paralysis of affected animals, due to disruption of Na
+
 

channel inactivation of skeletal muscles (Hanna et a., 1996). The point mutation (C to G) 

changes the amino acid profile (phenylalanine to leucine) as well as the protein structure 

of the α-subunit in such a way that affected sodium channels are ‘leaky’ and prone to 

sodium influxes causing multiple action potentials instead of one (Rudel et al., 1984; 

Hanna et al., 1996; Jurkat-Rott &Lehmann-Horn 2005).  Increased extracellular 

potassium exacerbates the cramping condition by lowering the resting membrane 

potential (Hanna et al., 1996; Jurkat-Rott & Lehmann-Horn 2005). Periodic episodes of 

muscle spasms in thoracic/pelvic limbs start in the first week of life for affected foals 

homozygotic for the point mutation, while spasms do not start until maturity for affected 

animals heterozygous for the point mutation, and increase in severity over time in either 

case (Rudolph et al., 1992; Hanna et al., 1996).  Normal consciousness is observable 

throughout an episode of spasticity (Rudolph et al., 1992). This disorder is not considered 

“true cramp” as it is a disorder of muscle tissue rather than nervous tissue, as well as the 

affected animal does not appear to be in discomfort during episodes of spastic muscle 

activity/partial paralysis. 
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Also, in Aberdeen Terriers (Scottish Terriers), a non-inflammatory hind-limb 

dyskinetic disorder termed “Scottie cramp” is characterized as an autosomal recessive 

central nervous system disorder (Meyers et al., 1969; Meyers et al., 1970). Clinical signs 

are first observed between two and 18 months-of-age, and episodic cramps generally 

increase in severity as the animal ages, and if the animal experiences acute stress (Meyers 

et al., 1969). When undergoing an episode of spasticity, the dog will walk in a 

characteristic “goose-stepping” manner, and  this increase in muscle tone will escalate in 

severity until the animal recovers in recumbency, where spasticity in the hind limb ceases 

(Meyers et al., 1969). Severe presentation of “Scottie cramp” affects the whole body of 

the dog, producing arching of the lumbar spine, contraction of facial muscles, collapse, 

and gasping (Meyers et al., 1969; Meyers et al. 1970). It has been determined that this 

cramping is caused by a decreased level of serotonin in the central nervous system as 

opposed to impairments with axonal sodium or calcium (Meyers et al., 1970). Although 

termed “Scottie cramp” this disorder does not present as a “true cramp”, but rather is a 

form of dyskenisia due to no perceived discomfort observed of affected animals during 

an episode of spasticity. 

Furthermore, unpredictable episodic dyskinesia with normal levels of 

consciousness and no underlying physiological or neurological cause(s) have also been 

reported in an adult Bichon Frise, and Boxer puppies (Penderis and Franklin, 2001; 

Ramsey et al., 1999, respectively). The Bichon Frise experienced episodes of dyskinesia 

beginning in adulthood; the onset of clinical signs were characterized by sustained 

hyperflexion of one limb (thoracic/pelvic) and kyphosis due to hyperflexion of the 
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thoracic spine (Penderis and Franklin, 2001). The incidences with partially related boxer 

puppies were reported by Ramsey et al. (1999) where affected animals would, while fully 

conscious, produce unilateral facial dystonia/twitching, lifting of an extended thoracic 

limb, torticollis posture due to unilateral neck dystocia, and sustained hyperflexion of a 

single thoracic/pelvic limb during an episode of dyskinesia. Although unpredictable, 

these episodes of dyskinesia were associated with periods of excitement in both breeds 

(Penderis and Franklin, 2001; Ramsey et al., 1999). 

In conjunction, various forms of human dyskinesia/cramping are well documented 

in literature. Amyotrophic Lateral Sclerosis (ALS) is an umbrella term for a group of 

progressive non-inflammatory neurodegenerative disorders (Friedman and Freedman, 

1950; Rowland and Schneider, 2001; Wijesekera and Leigh, 2009). Other syndromes in 

this spectrum of disorders include Progressive Bulbar palsy, Progressive Muscular 

Atrophy, Primary Lateral Sclerosis, and Flail Arm/Leg Syndrome (Wijesekera and Leigh, 

2009).  The most common manifestation of this disease is referred to as Classical ALS 

(Friedman and Freedman, 1950; Wijesekera and Leigh, 2009). In Classical ALS, 

symptoms begin in adulthood (mean age ranges from 55-65-years-old) and a primary 

clinical feature is upper or lower limb weakness with muscular cramping (Friedman and 

Freedman, 1950; Wijesekera and Leigh, 2009). Other initial symptoms of affected 

limb(s) include spastic paraparesis, painless muscular fasciculations, and spasticity 

(Rowland and Schneider, 2001; Wijesekera and Leigh, 2009). Initially, the underlying 

feature of Classical ALS is hyper-excitable motor nerve terminals which lead to motor 

neuron degeneration (reviewed in Jansen et al., 1999; Rowland and Schneider, 2001). As 
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neuronal degeneration of the upper and lower neurons progresses, spasticity and paralysis 

of voluntary muscle contraction continue from the limb of origin to affect all voluntary 

muscle movement, including those of the diaphragm and chest (Rowland and Schneider, 

2001). Death usually results from respiratory failure, approximately three to five years 

after diagnosis (Wijesekera and Leigh, 2009). There is a subset family of ALS that is 

considered to be genetically linked, Familial ALS (FALS), and additional components to 

the disease include juvenile onset, dementia, and Parkinsonism (Rowland and Schneider, 

2001). The mode of inheritance for the ALS family of disorders varies by type but 

comprises autosomal recessive, autosomal dominant, and X-linked patterns (Rowland 

and Schneider, 2001).   

 Another common progressive degenerative neurological disorder in humans with 

adult onset (mean age of onset ranges from 55-75) is Parkinson’s disease (PD) (reviewed 

in Jankovic, 2008). Parkinson’s disease covers both “typical” and “atypical forms of the 

disease; there is no definitive diagnostic test for PD although cardinal symptoms can be 

grouped in the acronym TRAP: Tremor at rest, Rigidity, Akinesia (slowness of 

movement), and Postural instability (reviewed in Jankovic, 2008). These symptoms are 

asymmetrical initially, affecting one limb more severely, and progresses throughout the 

body; these symptoms result from the death of dopamine-generating cells in the mid-

brain’s substantia nigra, though there are no specific lesions on computerized tomography 

(CT) or magnetic resonance imaging (MRI) scans (Rao et al., 2006; Jankovic, 2008; Tan 

et al., 2010). The presentation of Parkinson-like symptoms can be grouped into 

Parkinsonisms, a diverse group of neurological disorders that differ from PD through 
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things like early and prominent dementia, hallucinations, and involuntary movements 

other than tremor (Rao et al., 2006). Although PD is not fatal in itself, there is a four 

times greater risk of death when affected than those that are unaffected (Willis et al., 

2012).  

As illustrated, neurological limb disorders permeate not only a variety of production 

and companion animal species, but humans as well. With regard to Spastic Syndrome, 

eradication of this disorder would prolong the functional life span of cattle while 

improving welfare. A decrease in disease risk could be possible through both accurate 

diagnosis and testing at-risk populations such as potential breeding males. 

1.3 Eradication of Spastic Syndrome 

The eradication of Spastic Syndrome is a difficult task for breeders/producers for 

many reasons. Firstly, the genetic architecture of Spastic Syndrome has not been well 

understood. Unlike the halothane gene in swine (Zhang et al., 1992) which is a simply 

inherited trait associated with a striking phenotype, Spastic Syndrome is more complex 

due to relatively vague diagnostic criteria and adult onset of clinical signs. Limited 

knowledge of the genetic basis of Spastic Syndrome creates a problem not only in terms 

of financial input into an undesirable animal, but also if the animal is a male the semen of 

potentially affected animals used in artificial insemination (AI) may lead to unintentional 

propagation of this disease.  

Other obstacles for complete herd eradication of Spastic Syndrome include 

relatively long generation intervals of cattle, prolific affected bulls not eliminated due to 
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producing daughters with ideal performance/production traits, and possible complexities 

due to the mode of inheritance of this disorder (La Fortune, 1956; Tenszen 1998). The 

use of traditional genetic evaluation and advanced genomics-tools can aid in developing 

more accurate selection methods based on a better understanding of the underlying 

biology of Spastic Syndrome. 

1.3.1 Traditional Genetic Evaluations in Spastic Syndrome 

In the past, phenotypic data on animals’ performance was obtained through subjective 

on-farm evaluations (Roberts, 1953; Roberts, 1965; Meuwissen, 2001). The main body of 

research which relied heavily on local herd information with indistinct pedigrees was 

completed in the 1950’s and early 1960’s, and due to the lack of computing power as 

well as sparse genetic data at that time, thorough analysis of the genome could not be 

accomplished (Roberts 1953; La Fortune, 1956; Becker et. al 1961; Roberts, 1965). 

Traditional herd selection for traits of interest was achieved through performance 

observations and pedigree data, and a linear predictor was used, as follows (Henderson, 

1975). 

          

 

Where y is an n X 1 observation vector, X is a known n X p matrix of regression 

relating to the observation y to  ,   is an unknown vector of fixed effects, Z is known n 

X q matrix of regression relating to the observation y to u, and u and e are non-

observable random vectors, and 
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where    is a scalar, and G is the genetic variance covariance matrix (with only the 

animal effect as a random effect) and R is the error variance matrix; both are non-

singular.  

The accuracy of prediction depends on the number and accuracy of collected 

phenotypes, and collecting a large number of accurate observations may be difficult with 

hard to measure traits such as adult-onset spasticity (Balakrishnan and Ward, 2013). To 

ensure the predictions are as close as possible to the true value, bias needs to be 

accounted for as prior performance selection nullifies random sampling for performance 

and prediction models (Henderson, 1975). The smallest variation for these unbiased 

linear models also needs to be taken into account to ensure accurate estimates, thus best 

linear unbiased prediction (BLUP) is applicable for accurate animal breeding estimates 

for both production and health traits like Spastic Syndrome (Henderson, 1975). Although 

BLUP is highlighted for use in performance gain, selection could be tailored to 

emphasize certain health traits such as Spastic Syndrome by including these traits in the 

breeding objective. To emphasize selection against Spastic Syndrome using traditional 

selection methods, especially in young unproven sires, may be difficult due to difficulty 

in establishing an accurate measure of the animal’s phenotype at the time of collection, 

and if Spastic Syndrome is multi-genic in nature.  

Including genetic markers in the BLUP model has the potential to increase 

general genetic gain yield by an extra eight to 38% (Meuwissen et al., 2001). Possible 
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genetic markers associated with Spastic Syndrome could have the potential to reduce or 

eliminate affected animals from the breeding herd before they reach maturity using direct 

genomic breeding values in the selection process.  

1.3.2 Genetic Markers 

Several types of markers are currently available to evaluate against animals’ 

phenotypes such as biochemical and genetic (i.e. molecular) markers. The biochemical 

markers such as hormones, proteins and enzymes may be used as indicators for diseases 

although these types of markers are at risk of being affected by the environment (De 

Vincente et al., 2004). Currently there is no reported hormone, or other physiological 

marker associated with Spastic Syndrome risk. 

Another type of marker is the genetic marker; a measurable DNA sequence with a 

known location in the genome, carrying variation in the DNA sequence. Genetic markers 

are desirable because they can be highly polymorphic, reproducible, evenly distributed 

throughout the genome, inexpensive, and easy to measure (Dekkers, 2004; Brookes 

1999). Markers can vary in length. There are variable number tandem repeats (VNTR) 

that consist of a repeating series of 6-100+ base pairs that are GC-rich, while 

microsatellites are a repeating 2-6 base pair sequences (De Vincente et al., 2004).The 

smallest form of genetic marker is the SNP, which is a single base pair position in the 

genome in which different sequence alleles exist in a population. They are co-dominant 

which is advantageous when performing genomic analysis (Brookes, 1999). The SNP is 

the most common widespread form of subtle genome variation and differs from rare 

variants by having an allelic frequency of 1% or more which makes it a good candidate 
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for selection purposes (Brookes, 1999; De Vincente et al., 2004). Using SNP data may 

allow associative studies to elucidate genomic areas associated with Spastic Syndrome.  

1.3.2.1 Marker Assisted Selection 

Genomic markers can be used for indirect selection purposes as well as in tandem 

with traditional selection methods. This combination could increase the accuracy of 

selection for not only production traits but also with managing traits associated with 

conformation and health of the animal. Gene mapping, the general process of localizing 

areas of the genome that harbour loci of interest, is a statistically informative way to 

narrow down genomic areas to perform further analysis, or for selection purposes.  

Informative genetic variants that are causative (direct), or linked in equilibrium 

(LE) or disequilibrium (LD) with a trait of interest, or disease trait can be incorporated 

into a prediction or selection model to obtain breeding values of the animal; these SNPs 

can also be placed in an association study to find possible SNP effect on the trait of 

interest (Dekkers, 2004). In conjunction, obtaining markers associated with Spastic 

Syndrome may allow breeders to make informed decisions earlier in the animal’s life. 

The inherent assumption of marker assisted selection (MAS) is that the marker of interest 

is associated at a high degree with the QTL due to linkage (Meuwissen and Goddard, 

1996; Dekkers, 2004). Marker assisted selection is equally efficient with sex-limited and 

non-sex-limited traits for extra selection gain; it has been suggested that these extra gains 

can be substantial when there is a continual attainment of new QTLs, and when selection 

of the animals is done before the trait is recorded, such is the case with Spastic Syndrome 

(Meuwissen and Goddard, 1996).  
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The advantage of MAS as opposed to traditional selection methods is that the 

increase in accuracy of selection is approximately proportional to the genetic variance 

accounted for by the QTL. Both MAS and non-MAS takes advantage of QTL variance 

for selection gains, MAS merely exploits it faster (Meuwissen and Goddard, 1996). In 

terms of Spastic Syndrome, taking advantage of genetic variance in breeding decisions 

will allow breeders to possibly decrease the number of animals affected with Spastic 

Syndrome while keeping other desirable production traits relatively stable. Factors 

governing the additional gains achieved through MAS are as follows: accuracy of 

existing breeding values, accuracy with which the effect of the QTL is estimated, and the 

ability to decrease generation interval via MAS and breed at an earlier age (Goddard and 

Hayes, 2007). Although, as the number of SNPs being analysed increases, so does the 

possibility for obtaining false positives, and SNPs that detect the same QTL. Controlling 

for false positives is discussed later. 

 There is a balance to be struck with MAS. While the main objective is herd-wide 

improvement in trait(s) selected, i.e. the removal of Spastic Syndrome from North 

American Holstein herds, traits not being emphasized for selection must not regress, for 

the success of a breeding program depends on the overall effect and total number of 

production traits being measured (Dekkers, 2004). 

1.3.2.2 Linkage Analysis 

Linkage is a process by which genetic loci are “inherited together” and less likely 

to be separated during chromosomal cross over. It is a failure of Mendel’s second law of 

independent assortment; Smith and Haigh (1973) labeled this as a “hitchhiking effect of 
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alleles”.  To test for linkage,      
 

 
 (i.e. no linkage), vs      

 

 
 (i.e. linkage is 

present), where θ is the recombination fraction (Laird and Lange, 2011). A linkage 

analysis traces a QTL through a known pedigree and calculates the probability that any 

two QTL alleles are identical by descent.  Linkage analyses can be determined by looking 

at the similarities of markers around the QTLs, and assumes an evolutionary model 

between the marker and the QTL (Goddard and Hayes, 2007). Performing analyses on 

known linked, or associated, genes of interest to measurable markers is beneficial when 

the trait of interest is difficult to improve by conventional selection techniques. Such 

traits may have low heritability, may have expensive measure requirements, or the trait 

may only be observable in later life like Spastic Syndrome (Dekkers, 2004). The types of 

linkage between SNPs and genomic areas of interest contribute to QTL detection and 

application in selection programs in different ways. Causal markers and markers in LD 

allow for genetic selection across the population due to a relatively stable association 

between genotype and phenotype (Dekkers, 2004). Alternatively, markers in equilibrium 

(LE) with the trait need to adjust for different linkage phases between marker and QTL 

from family to family, and for this reason MAS with LE has not been wholly adopted by 

industry selection practices, even though there has been success reported with this form 

of selection (Dekkers, 2004).   

Linkage can be used to establish an animal rating for selection purposes as 

explained by Lande and Thompson (1990) and Dekkers (2004), in forms such as a) initial 

selection based on rating, followed with phenotypic/EBV selection on candidate animals; 

b) index selection achieved through combining animal score and phenotype/BV; or c) 
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pre-selection through animal score or calculated EBV while young, followed by updated 

EBV selection later in life. This rating system would be beneficial for selection against 

animals affected with Spastic Syndrome. Assuming the disorder is monogenic, and an 

identified and testable gene was used in a blood test, initial selection could remove bulls 

identified as ‘positive’ for carrying the causative allele for Spastic Syndrome. If Spastic 

Syndrome is multi-genic however, pre-selection of young animals may not remove all 

affected individuals. A future EBV selection would enable more affected 

animals/offspring to be identified, and follow-up genetic tests could possibly identify new 

region(s) influencing the Spastic Syndrome phenotype. However, aggressively selecting 

for single/few trait(s) with a high animal rating (tandem selection) can decrease selection 

response as much as 60% if the QTL has a small effect; incorporating desirable traits 

with low allelic frequency in an index reduces this response loss (Dekkers, 2004). So an 

index would be helpful to quantify Spastic Syndrome risk, rather than intensive selection 

of animals that do not show the phenotype even late in life. This index should use 

markers that are reliable for selective purposes against Spastic Syndrome.  

1.3.2.3 Biallelic Linkage Disequilibrium  

Linkage disequilibrium is the non-random association of alleles between two loci, 

across an entire population. This means that the association must have persisted in the 

population for a great number of generations, and therefore, the marker and QTL must be 

closely linked (Hayes, 2007). In livestock populations, a finite population size is 

reportedly the main cause of LD due to relatively small effective population sizes 

generating relatively large amounts of LD, as well as relatively high selection intensity, 
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and minimal mutation (Hayes, 2007). In general, a smaller sample size is required in 

linkage disequilibrium analysis compared to linkage analysis, for the same resultant 

power (Sargolzaei et al., 2008). 

There are three commonly used measures of LD in the literature, illustrated in 

Hayes (2007). Hill (1981) proposed an LD measure, D, 

                                                  

where freq(An_Bn) is the haplotype frequency. 

 The D statistic is highly dependent on frequencies of individual alleles and 

therefore not as useful for comparing LD pairs at different points in the genome (Hayes, 

2007). Another measure of LD, D’, was proposed by Lewontin (1964). To obtain D’, the 

value of D must be standardized to its maximum, 

            

if D>0, then                                                  , 

otherwise                                                   F D<0.The 

D’ statistic can still be affected by allele frequencies, as in cases with small sample sizes 

or low allele frequencies, which results in an upward bias (Hayes, 2007; Sargolzaei et al., 

2008; Larmer, 2012). In terms of Spastic Syndrome, the initial population being tested for 

associative alleles is relatively small, and allelic frequencies are unknown so relying on 

D’ to determine disequilibrium may obtain biased results. Hill and Roberston (1968) 

proposed the third method to calculate LD,   , which depends less on allele frequencies, 
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where freq is the allelic frequency. 

 The r
2 

values range from 0 to 1, where 0 is a pair of loci with no LD, and 1 is a 

pair of loci in complete LD (Hayes, 2007). For instance, in Holstein populations the 

average r
2
 is 0.35 when loci are 50 kb apart, and an r

2
≥ 0.2 is a ‘useful’ measure of LD 

(Meuwissen, 2001; Sargolzaei, 2008). The r
2
 measure of LD is more useful for MAS 

(Chen et al., 2006). However, an issue for LD measures is the dependence on allelic 

frequency; even for alleles in high LD an LD statistic of zero can be obtained if MAF is 

low which creates an upward bias for the D’ measure, and a downward bias for the r
2 

measure (Laird and Lange, 2011). The LD and the linkage analysis can be combined to 

create an identical-by-descent probabilities matrix between QTL alleles.  This can be 

used to estimate QTL effects (Goddard and Hayes, 2007). 

Once LD has been established between markers and QTLs of interest, those that 

are close (i.e. 1 to 5 cM) can be identified through candidate gene analysis or fine 

mapping procedures (Dekkers, 2004). These candidate genes in turn can become the basis 

for a selection program to either select against traits like Spastic Syndrome. 

1.3.3 Genomic Selection 

With genomic data increasing in density, new markers linked to QTLs will be 

more readily identified and located, and subsequent selection will be more accurate 

(Goddard and Hayes, 2007). Genomic selection is a type of MAS in which all QTL are in 

LD with at least one marker, and potentially all genetic variance can be explained by the 

markers (Meuwissen et al., 2001; Goddard and Hayes, 2007). When obtaining genomic 

estimated breeding values (GEBVs), markers can be linked to one allele where the allele 
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substitution effect (the average deviation of individuals that received a specific allele 

from one parent and the other allele from the general population) can be derived, or 

linked to multiple alleles, i.e. haplotypes. Association tests can be performed on these 

alleles to obtain relevant genomic areas of interest. When using simulated data, predicted 

accuracy of breeding values can be up to 0.85 from marker data alone (Meuwissen et al., 

2001). The accuracy of estimated haplotype effects is generally lower, but the increase 

variance in QTLs can allow for greater selection gain (Goddard and Hayes, 2007). 

Genomic selection does not identify functional mutations in the genome, it merely uses a 

random set of markers across the genome to estimate a breeding value, and therefore it 

could be utilized in obtaining breeding values for Spastic Syndrome risk (Goddard and 

Hayes, 2007). 

1.3.3.1 Imputation 

For a comprehensive association analysis, genetic markers must cover the entire 

the genome. It is common to genotype young bulls with a 50k SNP panel during the 

proofing process, making a relatively abundant source of genomic information readily 

available for other genomic analyses. Imputation of genomic data to a higher density is a 

readily available, cost-effective method that has been shown to be highly accurate 

(Sargolzaei et al., 2010; Zhang et al., 2010; Larmer, 2012). Imputation is a process by 

which the linkage between markers in a given haplotype is exploited, to surmise which of 

the higher density markers would be contained within a region (Larmer, 2012). 

Imputation can utilize haplotype information from both the population as well as familial 

information from the target population (Sargolzaei et al., 2010). Sargolzaei et al., (2010) 
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reported that more closely related individuals share longer haplotypes with lower 

frequency, and the North American Holstein population is a relatively inbred population 

(Miglior et al., 2005). Therefore an effective strategy for imputing Holstein cattle 

genomic data would be both the family-based method which takes advantage of 

genealogy, and the population-based method because of general population inbreeding 

scores. A high density genotype will allow a more comprehensive view of the genome to 

examine and validate associative/causal loci for Spastic Syndrome.  

1.3.3.2 Genome-Wide Association Studies  

The linkage between measurable SNPs and phenotype can be utilized to shed light on 

regions in the genome where mutations may be causing the variation in traits. A 

commonly used model for GWAS is single marker regression. In this model, the effect of 

SNPs on the trait is estimated where the EBV for the QTL is based on the allele 

substitution effect (α) or the additive effect of an allele, 

           

where a and d are additive and dominance effects respectively, and q and p are allele 

frequencies  (Falconer and Mackay, 1996; Dekkers, 1999). 

 An optimal EBV for the QTL, in which the QTL has two alleles, can be derived as 

twice the expected mean frequency of progeny, conditional on the information available 

in the analysis (Dekkers, 1999). The breeding values that are obtained using the allele 

substitution effect are for a single generation and single locus only, the BVs must be re-

estimated if the breeding population changes. Additionally, if there is uncertainty of the 

QTL effect, i.e. if the variance is incorrectly calculated, the projected additional genetic 
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gains will also be incorrect (Meuwissen and Goddard, 1996). Breeding value estimates 

also tend to be overestimated when using single SNP regression, so multiple testing 

populations are needed to curtail the overestimation (Meuwissen and Goddard, 1996). An 

additional issue with allele substitution effect in terms of obtaining BVs is the large 

number of SNPs needed to obtain accurate results for traits affected by many genes. The 

availability of high density genomic marker panels such as BovineSNP50 BeadChip 

(Illumina Inc., San Diego, USA) provides a number of SNP markers that is greater than 

the number of collected observations.  This in turn creates an over parameterization 

problem where the model has more parameters than can be estimated from the data. The 

large number of SNP markers also creates a multiple testing problem, although this 

problem could be solved by controlling error rate.   

Different methods have been proposed to control type one error rates. To verify 

significant SNPs that arise from the association test, an appropriate compound error 

measure is characterized in accordance to the defined acceptable number of false 

positives. The error rate needs to be controlled at a desired level while maintaining as 

much power of each test as possible, where power is the ability to correctly reject a false 

null hypothesis (Benjamini & Hochberg, 1995; Storey, 2003). The commonly used 

family wise error rate (FWER), more specifically the Bonferroni method, is the 

probability of garnering one or more false positives out of the total hypotheses tested,  

       

where α is a chosen significance level, and n is the number of hypothesis tests (Benjamini 

& Hochberg, 1995). There are shortcomings with the applicability of the Bonferroni 
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correction to multiple data sets that are dense.  Due to the conservative stringency of the 

test there is a decrease in the sensitivity of proving positive results, as well as the inability 

to quantify the number of errors made (Benjamini & Hochberg, 1995; Storey, 2003). In a 

seminal paper, Benjamini and Hochberg (1995) define a new hypothesis testing error 

measure, the false discovery rate (FDR). Table 1.1 is an illustration of the summary of 

errors committed when testing m hypotheses where m is the number of tested hypotheses. 

If Q is defined as the proportion of the erroneously rejected null hypotheses,       

  , where Q = 0 when V + S  = 0 (Benjamini and Hochberg, 1995). By that, the FDR is 

generally said to be the expected proportion of false positives among all significant 

hypotheses, 

       
 

     
     

 

 
              . 

Benjamini and Hochberg (1995) illustrate two properties of the false discovery rate 

(FDR), 1) if the null hypothesis is true, the FDR is equivalent to the family-wise error 

rate (FWER); 2) when the number of true hypotheses is larger than the number tested, 

FDR ≥ FWER, any process that controls the FWER also controls the FDR. The FDR is 

appropriate when obtaining several significant results among many tests (Storey, 2003). 

The FDR test is generally more powerful than the Bonferroni correction of FWER and is 

simple for calculating large data sets (Benjamini and Hochberg, 1995), although there is a 

computational concern when the number of H
0
 rejected is zero, i.e. no significance was 

determined.  
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 Storey (2003) adds a caveat to the FDR value with the positive false discovery 

rate (pFDR), where the term “positive” refers to the test’s assumption of at least one 

positive finding to have occurred;      . The pFDR method is defined as, 

        
 

 
      . 

 Controlling for error with pFDR shows an improvement in power, while still being 

considered a conservative measure (Storey, 2003). Storey (2003) also describes the q-

value, which is the pFDR Bayesian analog of the p-value, and is the expected proportion 

of false positives to occur when significance is claimed. This q value is the minimum 

posterior probability of a null hypothesis over all significant regions (Storey, 2003).  For 

example, a significant SNP n with a q-value of 0.014 means 1.4% of SNPs that have a q-

value at least as small as SNP n are false positives. Utilizing a less conservative error 

threshold for significant SNP discovery through GWAS for Spastic Syndrome is crucial, 

as the inheritance and genes implicated with this disorder are not known at this time.  

The GWAS can be done by testing for association between the frequency of each 

common variant (SNPs) and a given phenotype (Gibson, 2010). Feng et al., (2011) 

discuss a novel association test, the generalized quasi-likelihood score (GQLS) which has 

the capability to perform association tests with continuous or binary traits. A logistic 

regression is utilized to associate the covariate (phenotype) with the response variable 

(genotype) (Feng et al., 2011). For the GQLS method, let               with    

representing the observation of the ith subject, which can be         for binary traits, 

or coded for a quantitative trait analysis. Let               with        

                       
               

     representing the fraction of allele 1 in the 



 

 

31 

 

genotype of individual i, the resultant proportions will be 0, ½, and 1. The expected SNP 

allele frequency is represented by µ where 

                    , such that       . To logistically regress the 

marker’s expected allele frequency µ to the trait X let 

             
        

           
 

 

Where    is the constant term and    is the angular coefficient.  

 The hypothesis test for the association between the SNP marker and the trait (i.e. 

Spastic Syndrome) is  

          the SNP is not associated with the trait; against 

        , the SNP is associated with the trait. 

 Under the null hypothesis, where the SNP is not associated with the trait,   can be 

inferred as       
   

      
, for all        . Y, the mean vector does not depend on 

  , and thus becomes             where 1 is a vector of ones. As well, under the 

null hypothesis, the covariance matrix of Y is given by    
 

 
       , where 

   

             

             

    
             

  

where    is the inbreeding coefficient of the individual i, and     is the kinship 

coefficient between individuals i and j. The covariance matrix,   , is invertible if 

        . The quasi-likelihood score function is  
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where D in an n 2 derivative matrix as 

  
  

  
  

  

   
 
  

   
  

and   is the covariance matrix of Y. Under the null hypothesis where the SNP is not 

associated with the trait,      and a covariance matrix of     . Therefore the quasi-

likelihood score function’s equation has the solution              and gives a 

  estimation of  

         
           

which gives the    estimate        
  

    
 also under the null.  

When     , the marker is associated with the trait, and    and    expected values 

are again given by the equation  

             
        

           
 

for binary traits (affected =1, unaffected =0).  Feng et al. (2011) transform the model 

such that    
   

      
, and    

      

         
 

   

      
.  Under the null hypothesis where 

    , the generalized quasi-likelihood scoring statistic to test the association between 

marker and trait is 

               
  

   
              

In reference to Heyde (1997), WG (a generalized test statistic) follows a Chi-squared 

distribution with one degree of freedom under the null hypothesis. Feng et al. (2011) 
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propose a correction for the problem of population stratification by considering the 

relationship matrix when calculating the    statistic of the generalized quasi-likelihood 

score, where  

   
 

        
       

         
 

        
         

          
             

      

        
          

One advantage of the GQLS logistic regression method is that models are fitted SNP by 

SNP which is the same approach as a single locus regression model, but the model is not 

constrained by the number of SNPs being tested so the GQLS method can be performed 

on any density of genotype, including sequence data (Feng et al., 2011).   

Having a multiple-technique approach to detecting SNPs of interest associated 

with Spastic Syndrome may decrease subsequent in silico analyses if false positives from 

the initial method are detected. Such is the case with the Random Forests (RF) approach 

to significant SNP detection; it is a non-parametric learning machine designed to deal 

with the issue of large numbers of prediction values (SNPs) alongside a small number of 

observations (numbers of cases and controls) (Liaw and Wiener, 2002). 

Random Forests are an ensemble learning method for classification and/or 

regression of multiple variables where both the trait values and the prediction values are 

shuffled (Liaw and Wiener, 2002; Li et al., 2014). For both classification and regression 

of RF, Li et al. (2014) describe the process as follows: a) random selection of a subset of 

binary observations; b) random selection of a subset of prediction values (i.e. SNPs) (m); 



 

 

34 

 

c) creation of a single unpruned tree by recursively splitting the subset of prediction 

values in the subset of samples to form the tree nodes; d) determination of the prediction 

error of the tree by using ‘out-of-bag’ (OOB) data of additional animal samples with 

replacement; e) creation of a forest of trees by repeating steps a-d; f) obtaining of final 

SNP importance (vim%) by averaging the prediction error values across all trees in the 

forest, more important prediction values will have a higher vim%. Prediction error of 

trees is obtained with a process called ‘bagging’ in which successive trees do not depend 

on earlier trees as all trees are independently constructed using a boot-strap sample of the 

data and in the end a simple majority vote is taken for prediction (Liaw and Wiener, 

2002; Li et al., 2014). Once RF is completed, all SNPs are ranked based on their variable 

importance values. Large positive vim% values indicate that when an ‘important’ SNP is 

removed from the forest there is a relatively large increase in prediction error and hence it 

is a notable SNP. This method is prone to an upward bias because non-optimal SNPs may 

be artificially preferred due to random creation of forests (Li et al., 2014). When tested in 

tandem with a genome-wide single SNP analysis using RF on Manchega sheep 

pigmentation, this regression method was able to correctly confirm the association of the 

variant s26449 to the gene MC1R in which a non-synonymous substitution within this 

gene is responsible for solid black coat colour (Li et al., 2014).  

The implementation of the RF classification and regression for SNPs potentially 

implicated with Spastic Syndrome would be ideal to verify areas of interest in the 

genome, or to eliminate false positives identified by other GWAS methods. This may in 
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turn decrease in silicio analyses, as fewer SNPs would be confirmed as significantly 

associated with Spastic Syndrome. 

Currently there are no reported SNPs associated with Spastic Syndrome in 

Holstein cattle that the author is aware of. However, genome-wide association studies 

have been successfully employed in identifying genomic areas of interest associated with 

some forms of spasticity previously described. For example a GWAS was conducted on 

HYPP in quarter horses and determined that this movement disorder is caused by a fully 

penetrant autosomal dominant mutation on chromosome 17 (Rudolph et al., 1992). 

Additionally, a GWAS performed on Parkinson’s disease indicated evidence of GWAS-

linked loci with known pathogenic genes involved in autosomal dominant forms of PD in 

stratified Asian populations (Tan et al., 2010). There are meta-analyses currently being 

performed on 13,703 PD cases, and 95,282 controls from 15 independent GWAS data 

sets of European descent (Lill et al., 2012; Nalls et al., 2014).  

1.3.3.3 Functional and In Silico Analysis 

Once significant SNPs have been identified from the association analysis, 

aligning them with nearby genes is necessary for the creation of a candidate gene list. In 

screening analyses, flanking distances of significant SNPs tend to be larger to ensure the 

majority of possible candidate genes are included for further in silico and enrichment 

analysis. The aligning procedure can be done by referencing significant SNPs found from 

the GWAS.  

In silico analyses refers to the use of computers and bioinformatics as a means to 

analyze biological processes, such as gene function. Genes that are obtained from the 
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alignment of significant SNPs can be submitted to a number of online databases to obtain 

relevant information such as biological processes, protein product, protein-protein 

interaction, and molecular functions. 

The database for annotation, visualization and integrated discovery (DAVID) 

(Huang et al., 2008) is an online source for functional annotation bioinformatics, which  

provides gene-enrichment analysis via the one-tailed Fisher Exact Probability Test, and 

agglomerates information from other public genomic resources such as NCBI, 

PANTHER, and Uniprot, to give a “global view” of the gene of interest. The National 

Centre for Biotechnology Information (NCBI) is an interactive online collection of 

genomic and biomedical databases, including a bibliographic database of scientific 

literature (Geer et al., 2009). Another online bioinformatics resource is the Protein 

ANalysis THrough Evolutionary Relationships (PANTHER) website, a database that 

classifies gene product and function (Mi et al., 2013). The proteins analysed by 

PANTHER are classified according to evolutionarily related proteins (family), molecular 

function(s) of the protein, biological process(es) of the protein,  and pathway function of 

the protein(s) of interest (Mi et al., 2013).  

A literature search of possible candidate genes can eliminate irrelevant results 

obtained from the alignment procedure by isolating specific tissues or functions of 

interest. If gene information does not exist for the species (e.g. Bos taurus), orthologs 

from other species can be used for preliminary in silico analysis.  

Possible issues may arise in forming the candidate gene list and reviewing the 

literature if important candidate gene(s) are eliminated after being incorrectly labelled as 
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irrelevant (Hayes, 2007). Also, the number of genes identified from mapping and 

aligning can be substantial and lead to possible oversight of relevant genes (Hayes, 

2007). A candidate gene list will provide a narrower portion of the genome for validation 

studies, and more animals with a higher marker density used in screening and validation 

studies may eliminate spurious results due to population stratification and or sampling 

errors.  

1.4 Selection for Disease Resistance Through Genomics 

If Spastic Syndrome is not a simply inherited trait, complete elimination of this 

disease from herds may be impossible. Instead, an optimized breeding plan could be 

developed to decrease ‘risk’ alleles to a degree where Spastic Syndrome could be below 

symptomatic threshold for those that may possess some risk variants. This breeding plan 

could make use of genomics in conjunction with traditional selection methods as a 

strategy for decreasing risk to this possibly multi-genic disease. Initial screening and 

validation studies will analyze cattle populations using high density genotypes which will 

allow for maximal detection of genes of interest. As stated by Dekkers (2004), MAS 

progress depends on the effect that direct selection on an individual locus has on progress 

at other loci, as well as other traits that influence genetic merit. Therefore, intensive 

selection to eradicate Spastic Syndrome may be met with changes in other desirable 

phenotypes such as milk or protein production. A MAS index with accurate and reliable 

(i.e. in high LD) markers associated with Spastic Syndrome could be more applicable 

than direct selection of animals with uncertain phenotypes (Dekkers, 2004). 
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1.5 Hypothesis 

As illustrated in the literature review, there is a substantial lack of understanding of 

the genetic contribution to Spastic Syndrome in Holstein cattle. It is hypothesized that 

performing genome-wide association studies on a high density genome panel will lead to 

genetic variants located within, or flanking genes that could reveal the inheritance pattern 

of Spastic Syndrome. It is also hypothesized that the relevant genes linked to significant 

markers will contribute to a candidate gene list for Spastic Syndrome that may lead to test 

of risk for this disorder.  
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1.6 Tables 

Table 1.1: Error rates when testing null hypotheses
1
 

 Accept null 
Do not accept 

null 
Total 

True null U V    

Non-true null T S      

 m - R R m 

  
1
m is the number of tested hypotheses, of which m

0
 are true; R is the 

observable number of hypotheses rejected; U, V, S, and T are unobservable 

random variables (Benjamini and Hochberg, 1995).  
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1.7 Figures 

 

Figure 1.1: A 4 year old Holstein male presenting a mild form of Spastic 

Syndrome, body condition score in the hind end has not yet been affected 

(Wells et al., 1987). Note the ‘stretch’ position the hind limb is in. 
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Figure 1.2: A 9 year old female Holstein moderately affected by Spastic 

Syndrome (Roberts, 1953). Hind end body condition score has not yet deteriorated. 

Caudal hyperextension of hind limbs is present, as well as head raising. 
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Figure 1.3: A 13 year old Ayrshire male presenting an acute episode of Spastic 

Syndrome as well as a unilateral ventral hernia (Roberts, 1953). This male could no 

longer serve cows because of the severity of Spastic Syndrome. Muscle wasting in 

the hind end is moderate. 
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Figure 1.4: An 11 year old Holstein bull with a severe presentation of Spastic 

Syndrome (Roberts, 1953). Note the head raising, kyphosis, moderate 

hyperextension of caudal limbs, as well as hind end wasting. 
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Figure 1.5: A 4 year old Guernsey bull severely affected by Spastic Syndrome 

(Roberts, 1965). Observable rigidity and muscle wasting of the hind end and back is 

evident. 
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Figure 1.6:  Frequency of Holsteins classified as "affected" with Spastic 

Syndrome over a period of 20 years (Vandoormal, 2013). Incidence rates appear 

to be increasing. 
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Figure 1.7: Holstein sire usage by age and proof status (Dairy Information 

Centre, 2013). Trends suggest that proven sires between 5 and 8 years of age are 

most commonly used.  
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Figure 1.8: Sire usage trend by proof and age (Dairy Information Centre, 2013). 
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1 CHAPTER TWO 

1 IMPUTATION AND GENOME-WIDE ASSOCIATION FOR 

SPASTIC SYNDROME OF 40 AND 265 HOLSTEIN DAIRY 

CATTLE ANIMALS 

 ABSTRACT 

Selection against Spastic Syndrome would be facilitated if associated genomic 

markers were identified. In this study, case-control genome-wide association studies 

(GWAS) were performed on two adult Holstein cohorts. Study animals were accurately 

imputed to the high density (HD) single nucleotide polymorphism (SNP) genotype panel 

from the 50K SNP panel. The GWAS was performed using single SNP logistic 

regression via generalized quasi-likelihood score. A significance threshold of 10% 

chromosome-wise positive false-discovery rate resulted in six and 18 significant SNPs in 

two regions for the first cohort’s 50k and HD GWAS, respectively, and 98 and 522 

significant SNPs in approximately six and 12 regions for the second cohort. Resultant 

genomic areas were on chromosome 9 at approximately 87 megabase pairs (MB) and 

chromosome 7 between 1–20 MB, validated with Random Forest regression. These 

GWAS suggest that inheritance of Spastic Syndrome is multi-genic, with areas of interest 

on chromosomes 7 and 9. 
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2.1 Introduction 

The success of North American dairy production systems depends on the selection of 

traits such as large milk yields per lactation and ideal conformation traits so that these 

cows, mainly Holstein, maintain a world-renown phenotype for milk production. In 

traditional sire selection, only elite females are selected as dams of young sires. These 

elite females have usually completed at least two lactations, have a history of 

acknowledged ancestry, and have been classified as ‘very good’ or better in terms of 

type, i.e. stature, body depth, feet, udder depth, etc. (Schaeffer, 2006). The young sires 

from these elite females are purchased by artificial insemination (AI) testing facilities and 

undergo the proofing procedure to obtain estimated breeding values (EBVs) for semen 

selection purposes (Schaeffer, 2006). These elite young bulls are evaluated, have ideal 

physical conformation, and have daughters with good performance in milk production 

and physical characteristics. The time it takes for the traditional progeny test approach to 

prove young bulls is approximately 64 months and the current estimated cost is 

approximately $58,700 (Schaeffer, 2006; The Consumer Price Index, 2012). The large 

monetary commitment to these elite bulls would be therefore unprofitable in the long-

term if the bulls were to be prematurely eliminated from the breeding herd due to 

undesirable phenotypes, especially those undetected until adulthood. 

 In the era of genomic selection however, the selection of elite sires has been adjusted 

for genomic data. Genomic breeding values (GEBVs) are calculated through molecular 

marker information, mostly single nucleotide polymorphisms (SNPs) and are a sum of 
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potentially all the quantitative trait loci (QTLs) effects that contribute to the trait(s) of 

interest, like milk production (reviewed in Hayes et al., 2009). These QTL effects are first 

estimated with phenotypic information of interest in a large reference population. In 

subsequent generations, only the marker information is needed to calculate GEBVs for 

both male and female animals (Schaeffer, 2006; reviewed in Hayes et al., 2009). This in 

turn reduces the generation interval, as selection based on genomic estimated merit and 

not on progeny tests is done earlier in the animal’s life (Schaeffer, 2006; Lillehammer et 

al., 2011). It has also been predicted that genomic selection could double the rate of 

genetic gain when selecting and breeding bulls at two years-of-age instead of the usual 

five with traditional young bull selection (Schaeffer, 2006). Accuracies of prediction of 

GEBVs are defined as the correlation between true breeding value and EBV, and depend 

on the following four parameters: 1) the level of linkage disequilibrium (LD) between the 

marker and the QTL, 2) the number of animals with phenotypes and genotypes in the 

reference population from which the SNP effects will be estimated, 3) the heritability of 

the trait in question (or reliability, if de-regressed breeding values are used), and 4) the 

distribution of the QTL effect(s) (Reviewed in Hayes et al., 2009). It has been 

demonstrated that accuracies of prediction using marker information alone can be as high 

as 0.85, and reliabilities (the square of the accuracy) of GEBVs are shown as 

substantially greater than breeding values obtained from parental average (Meuwissen et 

al., 2001; reviewed in Hayes et al., 2009). It has been hypothesized that genomic 

selection results in a lower rate of inbreeding when selecting for elite sires, as genomic 

breeding values for related individuals would potentially be less alike. However, as the 



 

 

51 

 

generation interval is decreased with genomic selection, it has also been hypothesized 

that cumulative inbreeding may increase as the chance to breed related individuals is 

increased over time.  Additionally, increases in inbreeding can be observed with 

conventional breeding schemes, as half-sibs tend to have more same or similar EBVs and 

thus would more likely be selected as mates (Lillehammer et al., 2011). Thus a balance 

needs to be struck when selecting mates to avoid increases in inbreeding in either 

conventional or genomic selection.  

 Genomic selection has been adopted widely around the world in the dairy industry 

due to a large pool of reference bulls genotyped from many different countries (de Roos 

et al., 2011). If a large enough test population were to be analyzed for markers associated 

with QTL effects that contribute to an adult-onset disorder, such as Spastic Syndrome, 

genomic selection would be an effective tool to decrease future instances of the disease. 

Complete knowledge of the disease including all clinical signs, alongside  correlations to 

production and physical traits need to be known, as selection against Spastic Syndrome 

could negatively affect desired production traits like total milk yield per lactation (La 

Fortune, 1956). 

Spastic Syndrome is a chronic, progressive neuromuscular cramping disorder that 

affects both male and female adult cattle and has been reported in a number of breeds 

including dairy Holstein, dual purpose Shorthorn, and beef Hereford (Roberts, 1953; La 

Fortune, 1956; Tenszen, 1998). Spastic Syndrome can be regarded as a true cramp 

disorder, due to affected limb muscle(s) shortening with no apparent trigger, creating the 

following observable clinical signs: locomotory disturbances, spasticity in the muscle(s), 
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and evidence of pain/discomfort (Roberts, 1965; Jansen et al., 1999; Greenough, 2012). 

Clinical signs usually commence in one of the pelvic limbs, after three years-of-age or 

once linear growth is complete (Roberts 1953; Tenszen 1998). The progression of clinical 

signs can span from one to 10 years, ultimately leading to culling or destruction of the 

animal as there is no cure or effective treatment at this time (Roberts, 1953; La Fortune, 

1956; Tenszen, 1998). Spastic Syndrome is a disorder that decreases the functional 

lifespan of affected animals, and prevalence reports have been as high as 30% in older, 

proven dairy sires (Tenszen, 1998).   

Currently, the phenotypic detection of Spastic Syndrome in herds is difficult. This is 

due to adult onset of the disorder, initial clinical signs are mild and may not easily 

observed, or not observed during recumbancy (Tenszen, 1998). Although phenotypic 

detection is challenging for this disorder, it has been hypothesized that sires known to be 

affected with Spastic Syndrome are still used in AI facilities, as they may possess other 

desirable production traits like excellent milking persistency, and this could lead to 

unintentional propagation of the disease (La Fortune, 1956).  

Genetic studies on Spastic Syndrome in cattle and estimates of its degree of 

inheritance are scarce in literature. Therefore ascertaining preliminary heritability 

estimates is logical to determine to what extent Spastic Syndrome is heritable. Estimating 

heritability of Spastic Syndrome as a binary trait (where 0=unaffected and 1=affected) 

assumes an underlying normally distributed disease liability. This assumption implies 

that disease risk for Spastic Syndrome is multi-faceted, and genetic as well as 

environmental contributions are small (Visscher et al., 2008). Heritability estimates for 
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Spastic Syndrome were previously obtained by Boettcher and Wang in 2000 for Holstein 

cattle in Ontario, resulting in an estimated heritability of 0.23 in the underlying liability 

scale and of 0.003 in the observed binomial scale, with a population prevalence of 0.11%. 

No disease criteria were defined by Boettcher and Wang (2000), and cattle were 

relatively young, between the ages of 22 and 34 months to classify for Spastic Syndrome, 

which is a late onset disorder (Roberts, 1956; Tenszen, 1998). In conjunction, it was 

previously hypothesized that the inheritance of Spastic Syndrome is autosomal recessive 

with incomplete penetrance (Becker et al., 1961). However, more recently it has been 

hypothesized that inheritance is autosomal dominant with incomplete penetrance 

(Greenough, 2012).  

At this time there are no reported genes associated with Spastic Syndrome that the 

author is aware of. Yet, there are reports of variants (i.e. SNPs) associated with genes that 

are implicated to other forms of adult-onset spasticity in humans. Parkinson’s disease 

(PD) in humans is a well-known umbrella disorder for diverse family of adult-onset 

neurological disorders that result in spastic phenotypes. This condition parallels Spastic 

Syndrome in many ways such as: adult onset of limb spasticity, asymmetric limb 

progression of symptoms, vague family history, no specific lesions in computed 

tomography (CT) or magnetic resonance imaging (MRI) scans, and differential diagnosis 

is needed for correct classification of the disorder (Hoehn and Yahr, 1967; Jankovic, 

2008; Tan et al., 2010). With PD, there are over 28 variants associated with 24 loci on 13 

different chromosomes implicated as risk factors for the disease. Obtaining risk variants 

was accomplished through genome wide association studies of over 7,700,000 variants, 
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linkage studies of those variants, candidate gene analyses, and meta-analyses of over 

10,000 variants (Scholz et al., 2012; Nalls et al., 2014). Therefore a genome-wide 

association study (GWAS) to screen for areas of interest associated with bovine adult-

onset spasticity seems to be an appropriate strategy to uncover genomic regions of 

interest related to Spastic Syndrome. 

For a comprehensive GWAS, genetic markers must cover the entire the genome, 

although at this time the cost to genotype at high density is quite limiting for most 

producers at $150 per individual (Illumina Inc., San Diego, USA). An alternative to high 

density genotyping is to impute to a high density (HD) genotype using a reference panel 

of animals genotyped with the 777k SNP panel. Imputing to high density is a relatively 

low-cost way to obtain increases in accurate genomic information (Larmer, 2012; 

Illumina Inc., San Diego, USA). Higher density SNP panels are useful for GWAS 

because the results may show areas of association to the trait studied (i.e. Spastic 

Syndrome), which may not be observed with a lower density panel due to lack of 

coverage or low linkage disequilibrium. 

Therefore, the objectives of this study were to measure the degree of inheritance of 

Spastic Syndrome via heritability estimation using all available pedigree information; 

obtain an accurate HD genotype dataset for the phenotyped animals genotyped with the 

50k SNP genotypes through genome-wide imputation; interrogate both low and high 

density genotypes for the discovery of SNP(s) associated with Spastic Syndrome through 

GWAS. 
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2.2 Materials and Methods 

2.2.1 Spastic Syndrome Phenotypic Data 

Spastic Syndrome disease status was determined by veterinarians via differential 

diagnosis, where other diseases/disorders presenting with similar clinical signs are 

evaluated and systematically eliminated. Animals that were three years or older and 

displaying episodes of spasms of the extensor and abductor muscles of the pelvic limb(s) 

were considered to have Spastic Syndrome, once other causes for hind-limb aversion had 

been ruled out, such as evident injury, tetanus, or epilepsy (Roberts, 1953; Greenough, 

2012). Additionally, adult cattle displaying signs of other neuromuscular diseases were 

also excluded to provide a clearer distinction between affected and unaffected animals.  

Cattle under two years of age were not included in this study, and this was due to a 

disease with a similar phenotype seen in young cattle known as spastic paresis, or “Elso 

Heel”. Clinical signs of spastic paresis, which is a congenital neurological disease, are 

usually observed in cattle three to six months of age, where one pelvic limb (usually the 

left) is caudally hyperextended due to prolonged contraction of the gastrocnemius 

muscle, alongside tautness of the Achilles’ tendon (Daniel and Goulden, 1967; Harper 

1993). The animals identified as unaffected with Spastic Syndrome had reached at least 

eight years of age with no hind limb spasticity. 

2.2.2 Genotypic Data and Quality Control 

All animals were genotyped with the Illumina BovineSNP50 BeadChip (Illumina 

Inc., San Diego, USA). This 50k SNP panel contained 41,847 SNPs after quality control, 
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with an average of 51.5 kb spacing between SNPs. Genotype quality control was applied 

as per Wiggans et al. (2009). Only autosomal chromosomes and SNPs with known 

genome position according to UMD_3.1 bovine assembly map (Zimin et al., 2009) were 

used in this GWAS. The imputed high density (777k) SNP panel contained 305,341 

SNPs evenly spaced across the genome after imputation from the 50k SNP panel 

genotype. The genotypes were coded as 0,1,2,5 where 0 and 2 are opposing 

homozygotes, 1 is heterozygote, and 5 is missing genotype.  

The pedigree data contained 79,613 Holstein cattle from Canada, the USA, Germany, 

Denmark, Spain, Finland, France, Great Britain, Italy, and the Netherlands. There are 

11,227 sires, 51,350 dams, and 9,363 founders. Within the pedigree, there were 41,264 

inbred animals with an average inbreeding coefficient of 0.0441, obtained using the 

software CFC (Sargolzaei et al., 2006). 

2.2.3 Phenotypic and Genotypic Data for the 40-Animal Study Population 

The initial study population consisted of 40 phenotyped animals; 24 Canadian 

Holstein bulls (15 affected, nine unaffected), and 16 American Holstein bulls (11 

affected, five unaffected). In total, there were 26 affected and 14 control animals in the 

40-animal study, summarized in Table 2.1. The phenotypic observation and diagnosis of 

Spastic Syndrome were performed by Dr. John Baird and Dr. Brad Hanna from the 

Ontario Veterinary College in Guelph, Ontario. Their diagnosis included phenotypic 

categories of unaffected, affected mild, affected moderate, affected severe, and uncertain. 

The Canadian Dairy Network (CDN) provided the genotypes for these animals, as they 
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had been genotyped with the BovineSNP50 BeadChip for genomic evaluation (Illumina 

Inc., San Diego, USA). 

2.2.4 Phenotypic and Genotypic Data for Additional 225 Animals 

To add statistical power to the analyses, CDN provided more phenotypic and 

genotypic data of North American Holsteins diagnosed as “affected” or “unaffected” with 

Spastic Syndrome by local veterinarians.  For affected animals, 131 more animals were 

added, bringing the total number of affected animals to 157; 19 Canadian cows, two 

American cows, 77 Canadian bulls, and 59 American bulls. The CDN provided 94 more 

control animals, bringing the total to 108; 87 Canadian cows, two American cows, 12 

Canadian bulls, and seven American bulls. This group of animals will be referred to as 

the 265-animal cohort. Refer to Table 2.1 for the distribution of affected and control 

animals, 

2.2.5 Heritability 

To estimate the heritability of Spastic Syndrome, a binomial model was fit with 

ASReml software, which included only the overall mean and the random animal additive 

genetic effect. The pedigree information of 42,010 Holstein cattle was utilized to 

calculate the additive relationship matrix for fitting the animal genetic effect. The 

ASReml software utilizes an approximation likelihood technique, the penalized quasi-

likelihood (PQL) (Gilmour et al., 2009; Collins, 2015). The probit link function was used 

in the generalized linear model  (Gilmour et al., 2009). The underlying heritability 
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estimate was transformed to heritability estimates on the observed binary scale using the 

following transformation (Dempster and Lerner, 1950; Gianola, 1979): 

   
  

    
     

         
  

where,   
            

       
    and where 

   
  is the heritability estimate on the observed scale, 

     
  is the heritability estimate on the underlying scale, 

    is the proportion of affected individuals within the population of   

  interest, 

  e is the exponential constant, 

  z is the standard normal deviate corresponding to the proportion of   

  affected animals ( ) 

    is the mathematical constant pi. 

 

 Using this transformation, heritability estimates for different reported prevalence 

rates within either a general population of classified Holsteins cows of 0.55% (Van 

Doormal, 2013), or a Holstein sire populations within AI facilities of 30% (Tenszen, 

1998) were obtained. In addition, the prevalence of Spastic Syndrome within the 265-

animal cohort in this study, which was 59.25%, i.e. 157 affected animals within a total of 

265 animals were also used. 
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2.2.6 Imputation Software 

The software used to impute genotypes to high density was FImpute (version 2.1), a 

family and population-based imputation method (Sargolzaei et al., 2014). It was utilized 

to obtain high density (777k) genotypes from 50k SNP panel genotypes for all 

phenotyped animals using a reference population of 1,659 high density (HD) genotyped 

animals. A family and population-based imputation method was appropriate due to 

relationships among the genotyped animals.  

The FImpute algorithm is described by Sargolzaei et al. (2014) where the available 

pedigree information is first used for phasing and imputation using an iterative approach. 

Once the family imputation is complete, the remaining missing genotypes are imputed 

with an overlapping sliding window approach that assumes some relatedness with all 

individuals. First, information from close relatives is captured through moving long 

windows over a chromosome. Shortening the window in subsequent iterations obtains 

information from more distant relatives. Each window creates a haplotype library that is 

used for phasing and imputation within the window itself. Untyped loci are filled in with 

imputed data. 

2.2.7 Genome-Wide Imputation and Imputation Accuracy 

The genotype and pedigree information previously described were used for 

imputation from 50k to HD SNP genotype panels. Both genotypes and haplotypes were 

saved for further analyses, and a parentage test was applied to set conflicting parents to 

‘missing’. The number of jobs to run in parallel by FImpute was set to 10 to decrease 
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computing time. The default setting was used for the sliding window shrink factor and 

overlap: 0.150 and 0.650 respectively, with the initial window covering the whole 

genome.  

The initial target population for imputation consisted of 16,056 male and female 

Holsteins genotyped with the 50k SNP panel genotype; 40 of which were phenotyped as 

affected or unaffected for Spastic Syndrome. Subsequently, 225 more phenotyped 

animals (131 affected animals and 94 control animals) genotyped with the 50k SNP panel 

genotype were added. The reference population of 1,659 Holsteins (1,496 male, 163 

female) with the high density (777k) genotype was utilized for the imputation. The 

chromosomal length and number of SNPs per chromosome (50k and 777k) are presented 

in Table 2.2. Information regarding the pedigree data used is given on Table 2.3. Two of 

the phenotyped animals within the second cohort of 225 phenotyped animals were 

initially genotyped with the high density panel (HOCANM10713169, and 

HOUSAM138821421) and thus remained in the reference population for the imputation.  

After imputation of the phenotyped animals was complete, the reference groups of 

1,659 high density genotyped animals were used to ascertain accuracy of imputation.  

High density genotypes were pared down to the 50k genotype panel (41,847 SNPs) for 

469 (30%) of the youngest male animals. This was completed by going through imputed 

high density genotypes of the selected individuals SNP by SNP and, while referring to 

the SNP information file, HD portions of the genotype were systematically erased leaving 

only the 50k genotypes. Then using the remaining 1,190 (70%) HD genotyped animals as 

the reference population and the pedigree information, the 469 animals with mimicked 
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50k genotypes were re-imputed to the HD genotype. The concordance rate of imputation 

was utilized as a measure of imputation accuracy, through comparing the total number of 

SNPs that were imputed correctly to the total number of reference SNPs to be imputed 

for animals with 50k mimicked genotypes (Browning and Browning, 2009). 

2.2.8 Genome-Wide Association Study via Generalized Likelihood Score 

Single nucleotide polymorphism association analysis was carried out via Sleuth 

(Sargolzaei, University of Guelph) software which uses a generalized quasi-likelihood 

score (GQLS) method  to analyze genetic association between SNPs and the trait 

considered (Feng et al., 2011). The GQLS method can be performed on either a 

quantitative or a binary trait; Spastic Syndrome is considered a binary trait, where 

affected animals are given a score of ‘1’ while unaffected animals were given a score of 

‘0’ (Feng et al., 2011). With this method, a logistic regression is used to associate the 

disease status with the genotypes, treated as covariates and response variables, 

respectively. Analyses are done one SNP at a time where Xi = (X1, . . . , Xn)’, with Xi 

being the phenotypic (disease status) observation of the ith animal as 0 or 1, and where Yi 

= (Y1, . . . , Yn)’ represents the genotypes of the animal with Yi = ½ * (the number of 

alleles 1 in the genotype of animal i). With genotypes coded as ‘0’,’1’, and ‘2’, the allelic 

proportions would be 0, ½, or 1. The expected SNP allele frequency is represented by μ 

where μ = (μ1, . . . , μn ) = E(Y|X), such that 0 < μi < 1. To associate the SNP allele 

frequency μi with the phenotypic Xi, the following logistic regression model is defined: 
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In which β0 is a constant and β1 is the angular coefficient. To verify the association 

between the marker and the trait, the hypothesis assumes: 

H0: β1 = 0, the null hypothesis where the marker is not associated with the trait 

(Spastic Syndrome); against H1: β1 ≠ 0, the alternative hypothesis where the marker is 

associated with the trait.  

Both the 50k genotypes as well as the imputed high density genotypes were analyzed 

with a minor allele frequency threshold of less than or equal to 0.00001. This threshold 

will screen for virtually all possible SNPs of interest, including rare variants. The call rate 

for individuals and SNPs were both set to 0.90, heterozygosity excess of greater than or 

equal to 0.499 were excluded. Significance thresholds were set to 1%, 5%, and 10% 

chromosome-wise positive false discovery rate (pFDR). Positive false discovery rate was 

used to increase the sensitivity of correctly detecting SNPs with potentially small effect 

on the disease, as the pFDR allows for more statistical power than traditional control of 

family-wise error rate (FWER) (Benjamini and Hochberg, 1995).  

To narrow down potentially large number of significant SNPs found in the GWAS for 

HD genomic data, a post-GWAS minor allele threshold of 0.2 was put in place to obtain 

SNPs in relative abundance, as disease prevalence in this study’s phenotyped populations 

are approximately 60%. To further reduce the list of significant SNPs for post-GWAS in 

silico analyses, a chi-square test was performed to obtain which significant SNPs are 

significantly different when comparing to disease status with a threshold of 0.05. 

Additionally, the population proportionate distributions of homozygotic SNPs were 
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calculated in the affected and unaffected population, and the difference of the 

homozygous states were taken. Then, the absolute difference of the difference in 

homozygotic status was retrieved to identify potential polarity of homozygous SNP 

genotypes and disease status using a threshold of 0.3. For example, this analysis would 

highlight the SNPs that have one homozygotic variant observed more frequently within 

the population of affected animals, and the alternative homozygotic variant observed 

more frequently in the population of unaffected animals. 

2.2.9 Genome-Wide Association via Random Forest 

An alternative approach for a genome-wide association study is a Random Forest 

(RF) regression and it was used to validate significant SNPs found through the GQLS 

logistic regression method. Liaw and Wiener (2002) developed this non-parametric 

learning machine method to approach the issue of having a large number of parameters to 

estimate i.e. SNP effects, with a small number of observations i.e. Spastic Syndrome 

cases and controls. 

 Random Forest regression is a tree-based ensemble machine tool for the 

classification/regression of multiple variables. Both the trait value and the SNP marker is 

shuffled to provide robustness against model over fitting (Liaw and Wiener, 2002; Li et 

al., 2014). The approach is as follows: a) a random subset of binary observations is 

selected (i.e. affected or unaffected animals); b) a random subset of SNP markers is 

selected; c) a single tree is created by recursively splitting the subset of SNPs in subset of 

samples to form tree nodes; d) additional animals are sampled with replacement, and then 

using ‘out-of-bag’ (OOB) data which will be explained further, and the prediction error 
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of the tree is determined; e) a forest of trees is generated by repeating steps a-d; and f) the 

final SNP variable importance (as vim%) is obtained by averaging the prediction error 

values across all trees in the forest (Li et al., 2014). To determine the prediction error of 

the test set, a process called ‘bagging’ is used in which successive trees do not depend on 

earlier trees, where all trees are independently constructed using a boot-strap sample of 

the data. Approximately one third of the trees created are left out of the bootstrap sample 

and used for the OOB error estimate, where a simple majority is taken to obtain the error 

estimate (Liaw and Wiener, 2002; Li et al., 2014). The weighting of the prediction error 

was even between disease statuses, and training sets showed less error rates when 

regressing on the affected status (data not shown). Less error to correctly describe SNPs 

implicated with Spastic Syndrome seems adequate as this is a screening study and may 

include SNPs that are not truly associative to Spastic Syndrome. To optimize 

performance of RF and high density genotype analysis, Big Random Forest (bigRF) was 

also implemented (Lim et al., 2013). BigRF allows trees in the forest to be grown in 

parallel on a single machine, or be built in parallel on multiple machines and then merged 

into one to decrease computing time and computational load (Lim et al., 2013). Once the 

RF procedure has finished, all SNPs are ranked based on their variable importance values 

(vim%). The vim% is also known as the “mean decrease in accuracy”, where large 

positive vim% values indicate a SNP of interest. Essentially if the SNP with a large vim% 

is removed from the forest and there is an increase in the prediction error, the SNP is 

considered to be ‘important’ (Li et al., 2014). Random Forest is prone to upward bias for 

variable selection in the classification trees, as suboptimal predictor variables (SNPs) 
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may be artificially preferred due to the randomness of variable selection for forest 

creation (Strobl et al., 2007; Li et al., 2014). 

 The RF regression was performed using the 40-animal cohort to estimate the vim% 

of SNPs in the HD SNP genotype panel of 305,341 SNPs. The 40-animal cohort was then 

used for prediction purposes of the additional 225 phenotyped animals to validate 

estimates obtained. This approach was taken due to possible greater diagnostic accuracy 

of the 40-animal cohort compared to the 225-animal cohort. The forest was grown to 75 

trees, as preliminary research suggests cumulative estimation and prediction error rates 

do not decrease with an increase in forest size, up to 1,500 trees (data not shown). The 

forest was replicated 100 times to limit the number of SNPs associated by chance. 

Alternatively, SNPs with occurrence frequencies in the top 50% were attained as an 

alternate form of obtaining genomic areas of interest. All SNPs with a non-zero vim% 

were saved and compared with other forest results. Common SNPs from at least two 

forests were obtained and average vim% values were calculated. These ‘significant’ 

SNPs were then compared to results obtained from the HD SNP genotype panel GQLS 

regression of 265 phenotyped animals for possible common areas of significance. The 

analysis was performed genome-wide to ascertain which SNPs were important on a 

genomic scale. 
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2.3 Results 

2.3.1 Heritability 

The underlying heritability estimate for Spastic Syndrome was 0.41 with a standard 

error of 0.07. On the observed scale, the estimated heritability in the 265-animal cohort 

with a prevalence of 0.593 was 0.26. Using a prevalence of 0.30 as in older proven AI 

bulls reported by Tenszen (1998), a heritability estimate of 0.24 was obtained. For a 

predicted prevalence of 0.6% in the general population of Holstein cows in Canada, the 

heritability estimate would be 0.02.  

2.3.2 Imputation 

The results of imputation accuracy using the 469 animals with HD genotypes 

mimicked to the 50k panel are shown in Table 2.4. The percent of imputed SNPs as well 

as accuracy of imputation per chromosome and overall genomic accuracy are also 

presented in Table 2.4. An overall imputation accuracy of 99.20% was observed when 

imputing the 50k SNP panel to high density; chromosomal accuracies ranged from 

98.70% to 99.60%. 

2.3.3 Genome Wide Association study 

The chromosome-wise positive false discovery rate (pFDR) was used for both 

phenotyped populations and in all figures. The x-axis of the Manhattan plot is the 

genomic position of the SNP in megabase pairs (Mb), and the y-axis is the –log(q) value, 

such that the more significant the SNP, the more positive the value will be on the y-axis. 

The q-value obtained from the pFDR is the “posterior Bayesian p-value” and the 



 

 

67 

 

translation from the traditionally used p-value is explained graphically on Figure 2.1 

(Storey, 2003). The Manhattan plots given from Figures 2.3 to 2.6 truncate significance 

on the y-axis at the –log(q) value of 6 to allow for viewing consistency across all 

chromosomes. Single nucleotide polymorphisms that exceed the significance threshold of 

6 are presented as triangles within Manhattan plots. 

 

2.3.3.1 Low Density (50k) Single Nucleotide Polymorphism Panel 

The distribution of significant SNPs per chromosome is summarized in Table 2.5, for 

both phenotyped populations analyzed with 50k SNP genotypes. The 40-animal GWAS 

produced six significant SNPs found on chromosomes 9, 20, and 21, all of which appear 

to be single-SNP peaks. Location/significance information of these SNPs is given on 

Table 2.5, and Figure 2.5 presents the chromosome-wide Manhattan plots of this GWAS. 

 The second GWAS of 265 phenotyped animals produced 98 significant SNPs across 

all chromosomes except 10, 13, 23, 24, 27, and 28, as summarized in Table 2.5. Figure 

2.6 presents a genome-wide Manhattan plot for this GWAS; significant SNPs are held 

within QTL patterns as well as single-SNP peaks. The following chromosomes had 

significant SNPs held within QTL patterns and approximate location of the QTL-pattern, 

in megabase pairs (Mb): 7 (20Mb), 8 (65-100 Mb), 15 (40Mb), and 22 (40-50 Mb). Table 

2.6 displays the top 10 significant SNPs based on p-value, for the 40-animal and 265-

animal 50k GWAS, highlighting the SNP location, and at what pFDR threshold the SNP 

was found to be significant. 
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2.3.3.2 High Density (777k) Single Nucleotide Polymorphism Panel 

The GWAS of HD genotypic SNP data performed on the initial phenotyped 

population of 40 animals also used pFDR thresholds of 1%, 5%, and 10% at the 

chromosome-wise level. There were 18 SNPs found to be significant and Figure 2.7 

presents a genome-wide Manhattan plot of this GWAS. The significant SNPs occur on 

chromosomes 1, 2, 5, 9, 13, and 23 with the majority of the significant SNPs located on 

chromosome 9. A summary of significant SNP frequencies per chromosome is given on 

Table 2.7. With this analysis, no significant SNPs met the post-GWAS MAF threshold of 

0.2 (data not shown). The polarities of homozygous SNP genotypes between control and 

affected groups were also obtained, and no SNP met the homozygotic polarity threshold 

criteria of 0.3 (data not shown). 

The GWAS performed on 265 animals using the high density SNP panel (777k) 

produced 522 significant SNPs across all chromosomes except chromosome 25 when 

using the significance thresholds described above. Genome-wide Manhattan plot of this 

GWAS are on Figure 2.8. There are a number of chromosomes that contain peaks that 

resemble QTL patterns, these peaks are located in chromosome: 7 (1-20 Mb), 8 (60-80 

Mb), 14 (80 Mb), 16 (75-80Mb), 20 holding two peaks (10-20Mb), and 22 (20-40Mb).  

To narrow down the list of significant SNPs, those with a minor allele frequency 

(MAF) of 0.2 or greater were identified for further analyses, narrowing the significant 

SNP list to 118 on chromosomes 1, 2, 3, 5, 7, 8, 9, 10, 12, 14, 16, 17, 18, 20, 21, and 22. 

The Chi-square test resulted in 114 significantly different SNPs, located on chromosomes 

1, 2, 3, 5, 7, 8, 9, 10, 12, 14, 16, 17, 18, 20, 21, and 22. The difference in proportion of 
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alternate homozygous SNPs of affected and control genotypes and resulted in 67 

significant SNPs across chromosomes 1, 2, 3, 5, 7, 8, 9, 10, 12, and 14. The majority of 

the significant SNPs were within chromosome 7 after the post-GWAS threshold criteria 

were placed. A summary of SNPs found significant at each threshold can be found on 

Table 2.8. Table 2.9 highlights the top 10 significant SNPs based on p-value obtained for 

both HD GWAS populations and their various post-GWAS threshold criteria values. 

 

2.3.3.3 Sample Size 

When comparing GWAS performed on the 40-animal sample at both genotypic 

densities (50k vs HD), there are no significant SNPs in common with primary threshold 

of maximum pFDR chromosome-wise at 10%. 

 There are 73 common significant SNPs when comparing the 50k GWAS to the HD 

GWAS of the 265–animal analysis. The common significant SNP frequency per 

chromosome is summarized in Table 2.10. After all post-GWAS threshold criteria were 

placed on the 265-animal HD GWAS, 10 SNPs remained in common with the 50k 

GWAS of 265 animals. Information on the common SNPs after all threshold criteria is 

given in Table 2.11. 

With the phenotyped animals in this study, there were no common SNPs when 

comparing the 265-animal GWAS output to the 40-animal analysis of either density. 

However, there are significant SNPs observed as single or multiple-SNP peaks on 

chromosome 9 at approximately 87 Mb for both sample sizes and at both genotypic 

densities.  
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2.3.3.4 Genome-Wide Association via Random Forest 

The number of SNPs with a non-zero vim% ranged from 67 to 105 per forest, when 

100 forests were grown with 75 trees each, and total OOB estimation and prediction error 

rates ranged from 25.0% to 47.6%, and 28.4% to 39.1%, respectively. In total, 913 SNPs 

occurred from in at least two forests, up to 19 forests; see Table 2.12 for summary of 

SNPs per chromosome. The following SNPs occurred with relatively high forest 

frequency:  BovineHD0700003818 located on chromosome 7 at 14 Mb occurring in 19 

out of 100 forests, BovineHD1600011731 located on chromosome 16 at 42 Mb occurring 

in 10 forests, and BovineHD0900015016 located on chromosome 9 at 54 Mb occurring in 

nine forests.  

  When comparing significant SNPs of the RF regression to the 522 significant 

SNPs of the GQLS regression, there were 16 SNPs in common located on the following 

chromosomes: 7, 8, 14, and 20. All common SNPs have relatively high MAF, ranging 

from 0.26 to 0.49, and homozygotic polarity scores ranging from 0.20 to 0.47. One SNP 

does not have a homozygotic polarity score as there is only one homozygotic state for all 

tested animals. Table 2.13 provides summary information of these common SNPs, 

including post-GWAS threshold criteria values imposed on SNPs found significant with 

the GQLS regression SNPs. 

 Average maximum vim% for all significant SNPs was small, ranging from a 

minimum of 2.69*      , to a maximum of 0.00614%, and common SNPs to the 

GQLS regression had average vim% ranging from 0.00067% to 0.00177%. In general, 

error rates were lower of SNPs regressed to the affected phenotype, ranging from 0.00% 
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to 23.08% for estimation error rates and 1.53% to 14.50% for prediction error rates. The 

estimation and prediction error values for the SNPs regressed on the unaffected 

phenotype ranged from 50.00% to 100.00% and 56.38% and 89.36%, respectively. This 

suggests that RF was able to more accurately able to correctly identify variants 

implicated with the disease phenotype. 

2.4 Discussion 

2.4.1 Disease Diagnostics for Spastic Syndrome 

In order to have accurate genomic analyses for Spastic Syndrome, a universal 

diagnostic criterion is necessary, as GWAS results in particular can be skewed if there are 

misdiagnosed animals present. The 40-animal analysis used only bulls with phenotypes 

assessed by experienced veterinarians with respect to this disease. Experienced 

veterinarian diagnostics adds validity to the results, as the likelihood for misdiagnosis is 

relatively low. In contrast the sample size was limited which may decrease the power of 

SNP detection. To increase the power of the GWAS, 225 additional phenotyped animals 

were added to the study based on observed spasticity by field veterinarians. If the 

veterinarian is not familiar with the clinical signs presented in Spastic Syndrome when 

compared to other disorders that can result in limb spasticity, this could lead to 

misdiagnosis.   

The broad set of clinical signs used for Spastic Syndrome diagnostics (episodic, 

involuntary muscle contractions or spasms involving the pelvic limbs that are associated 

with postural and locomotor disturbances, as well as spasticity) could also be sufficient to 
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misdiagnose undiscovered disorders with similar phenotypes as affected with Spastic 

Syndrome (Greenough, 2012). A report with possible misdiagnosis is made in Scott et al. 

(2011), a cattle disease reference that appears to cater to a more general audience. In 

Scott et al. (2011) an adult male was identified as affected with Spastic Syndrome, but 

the animal is observed standing with lordosis (see Figure 2.3). This is in contrast to 

virtually all other reports on the clinical signs observed with Spastic Syndrome, where 

affected animals stand with kyphosis, where there is excessive outward curvature of the 

spine, causing hunching of the back (Roberts, 1953; La Fortune, 1956; Becker et al., 

1961; Tenzsen 1998; Greenough, 2012); see Figure 2.3. When the animal is in kyphosis, 

weight distribution is shifted more to the thoracic limbs, and when an animal is 

experiencing an episode of spasticity, the animal moves into kyphosis to alleviate pelvic 

limb discomfort/pain, as seen in Figure 2.3 (Roberts, 1953; Roberts, 1965; Becker et al., 

1961; Tenszen 1998). In contrast, when an animal is displaying lordosis, where the spine 

is excessively curved inward, there is a shift of body weight to the pelvic limbs. If it is 

strongly supported that Spastic Syndrome is implicated with pelvic limb pain, then an 

affected animal would not be in lordosis for pain relief measures of the pelvic limbs. In 

addition, the bull in Figure 2.2 does not appear to have any hind limb wasting, while the 

bull diagnosed with Spastic Syndrome by Dr. John Baird seen in Figure 2.3 presents with 

severe pelvic wasting. An affected animal with little to no pelvic limb wasting is not 

sufficient to characterize the animal as misdiagnosed because minimal wasting of the 

pelvic limbs can occur in early stages of the disease, so other clinical signs must be 

critically observed to ascertain if the animal has been correctly diagnosed. Universal 



 

 

73 

 

disease diagnostic criteria may eliminate suspect classification of Spastic Syndrome. 

Furthermore, misdiagnosis could be present at large because in the seminal research of 

Spastic Syndrome conducted by Becker et al., (1961), diagnosis of affected animals 

included “some diagnosis of rheumatism”. Rheumatism can be observed macroscopically 

through increased synovial fluid retention, although it was known at the time of the report 

that Spastic Syndrome shows very little in the form of muscular and joint lesions (Becker 

et al., 1961; Wells et al., 1987, Østergaard et al., 1997).  

It is important to note parallels between animals and humans when discussing 

neuromuscular disease diagnostics, especially the susceptibility for misdiagnosis. This is 

because human disease research has been more thoroughly investigated in terms of 

symptomatic progression as well as possible causality of various neuromuscular 

disorders. As mentioned before, similar to Spastic Syndrome in cattle is PD in humans. 

One study of retrospective accuracy (the probability of a positive test given the individual 

has a condition) of PD diagnosis was reported at approximately 82%, so at the time of the 

study there was still a risk of misdiagnosis (Hughs et al., 1992). Diagnostic accuracy is 

imperative for humans and animals alike, for both treatment and management decisions, 

but also when screening the genome for areas of interest associated with the disease. 

Ensuring a proper disease definition and training for veterinarians with a universal 

disease diagnostic criterion for Spastic Syndrome will allow for greater precision and 

accuracy in GWAS and further in silico analyses.   

In conjunction, if proper disease knowledge, diagnostics, and both a facility and 

veterinary approved protocol for affected animals were put in place, this could allow for 
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these facilities that knowingly possess affected animals to make industry and veterinary-

supported decisions. It has been hypothesized that known affected animals have been still 

used as sires due to other desirable phenotypes, which  could lead to unintentional 

propagation of the disease if consumers of affected bull semen are not made aware of the 

condition (La Fortune, 1956). The monetary commitment to produce and maintain ideal 

sires could be a motivating factor to knowingly keep and continue to use affected bulls. 

Some possible industry and veterinary supported options could be culling the affected 

animal, veterinary-supervised pain management plans while the animal is not severely 

affected, public awareness of affected sires, and/or developing a breeding plan to attempt 

to decrease future propagation of the disease (La Fortune, 1956). 

2.4.2 Heritability 

The heritability measure of 0.41 on the underlying scale and 0.26 on the observed 

scale within the 265-animal cohort indicates that Spastic Syndrome is moderately 

heritable within this study population. This is similar to the heritability estimate of 0.233 

on the observed scale with a herd prevalence of 30% reported by Tenszen (1998). Thus, 

when Spastic Syndrome prevalence is relatively high, heritability estimates on the 

observed scale are moderate. However, heritability estimates are higher than what would 

be expected within the general population of cows. In the report by Van Doormal (2013), 

incidence rates of classified Holsteins for Spastic Syndrome in 2013 were approximately 

0.55% and appear to be increasing 0.018% per year. Accordingly, one could expect a 

current general cow population prevalence of Spastic Syndrome of approximately 0.6% 

and a heritability estimate on the observed scale of approximately 0.02, or 2%, which is 
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in the range of heritability estimates of other common disease traits in dairy cattle (Koeck 

et al., 2014). 

2.4.3 Imputation Accuracy 

Accuracy of imputation reached over 99% for most chromosomes when imputing 469 

animals of the reference population with mimicked 50k genotypes, refer to Table 2.4. The 

high degree of accuracy obtained with this imputation supports the notion that this 

reference population is sufficient to impute from 50k to high density accurately. The high 

imputation accuracy is due to a number of factors. The first factor is that a relatively large 

reference population of 1,659 high density genotyped animals for imputation from the 

50k SNP panel, and reflects the findings of imputation accuracy by Larmer (2012) and 

Sargolzaei et al. (2014), with comparable reference population sizes. Secondly, the 50k 

SNP panel is relatively dense itself, and contributes to high imputation accuracy due to 

FImpute’s ability to find shared haplotypes between distant relatives with high precision 

(Sargolzaei et al., 2014). When imputing from 50k to HD genotypes, FImpute was set to 

use both family as well as population genomic information, as it has been reported that 

utilizing both forms of information contributes to accuracy of imputation, given animals 

are relatively related, like in Holstein populations (Sargolzaei et al., 2010; Stachowicz et 

al., 2011). Thus, highly accurate imputed high density genotypes could lead to the 

identification of areas of interest for the GWAS that may not have been identified with 

50k genetic data. 

Although the imputation provides highly accurate high density genotypes, there is 

still a possible concern when the genotypes are used to screen for a disorder of uncertain 
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inheritance. In the case of a single allelic disorder, affected animals with lower density 

genotypes may not be imputed with the causative allele present in the high density panel. 

This may be due to the reference population either not having the genotype with the 

causative SNP present, or not having the causative allele in adequate abundance, i.e. is it 

a rare allele and thus excluded from imputation results. This could lead to erroneous 

GWAS results, as the proper SNP is not included in the analysis which is why low initial 

thresholds were put in place for these GWAS. Any significant GWAS findings need to be 

validated when SNP information and genomes are updated. 

2.4.4 Genome-Wide Association Studies 

The genome-wide association studies used for screening for Spastic Syndrome 

assumes that this disorder is not sex-linked; as virtually all reports state an even 

prevalence of Spastic Syndrome for both male and female cattle (Roberts, 1953; La 

Fortune, 1956; Becker et al., 1961; Roberts, 1965; Tenszen, 1998). Additionally, both 

phenotyped populations in this study had a disease prevalence rate of approximately 

60%, higher than reported herd prevalence of up to approximately 30% in older dairy 

sires (Tenszen, 1998). If both screening populations of phenotyped animals were 

identified as affected with the exact same diagnostic protocol, there would potentially be 

very similar or identical peaks obtained with GWAS between cohort sizes. The genomic 

areas of significance observed in the second screening population of 265 in general do 

not reflect the patterns of significance observed with the initial study population of 40 

animals except for chromosome 9 at approximately 87 Mb. This may be attributed to the 
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inclusion of other forms of spasticity within this second phenotyped population, or 

simply due to sampling in the smaller population of 40 animals. 

2.4.4.1 Generalized Quasi-Likelihood Score 

The discussion of the GQLS results will focus primarily on the high density (777k) 

genomic results, as SNPs considered significant are more likely to be closely associated 

with loci near to or within genes that contribute to Spastic Syndrome. The threshold for 

significance that was used was a maximum pFDR of 10%. Although the false discovery 

rate (controlling the proportion of false positives among the set of rejected hypotheses) is 

adequate in multiple test screening analyses that need higher power, fixing the 

chromosome-wise rejection threshold to a certain value as in the pFDR threshold 

contributes to a greater power of detection of genomic areas of possible interest (Storey, 

2001). This threshold was used to detect SNPs with possibly a small phenotypic effect, 

and in turn inflated the number of significantly associated SNPs. There were a number of 

‘peaks’ obtained with both screening populations which will be discussed further, and 

these preliminary GWAS results indicate that Spastic Syndrome inheritance may not be 

monogenic. 

Given that the affected animals were accurately diagnosed with Spastic Syndrome 

and the disease prevalence is considerable within the test populations, any significant 

SNPs obtained from the GWAS that truly associate with Spastic Syndrome would likely 

not be rare in the analyses. However initial MAF thresholds for the GQLS method were 

set low, at 0.00001, to clearly observe all significant SNPs that contribute to a possible 

QTL, even rare allele contributions. Keeping a low initial MAF will allow for all 
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significant SNPs to be highlighted if Spastic Syndrome inheritance is governed by a large 

number of genes and genomic regions. However, if causal variants for Spastic Syndrome 

were very rare, the limited sample size within this study may prohibit detection of these 

variants. 

 The GQLS method for the GWAS was primarily used as the single SNP regression 

used is not constrained by the amount of genotypic data, and because the method allows 

for additive genetic relationships (Feng et al., 2011). Placing further threshold criteria on 

SNPs found significant with the HD GWAS was necessary due to the large number of 

significant SNPs obtained. As this is the first GWAS for Spastic Syndrome that the 

author is aware of, reducing the number of SNPs for further analysis to those with higher 

likelihood of association with the disease would be important to limit unnecessary 

subsequent analyses with these SNPs. An initial threshold of 0.2 for the MAF is 

appropriate because disease prevalence reaches over 60% in both study populations, so 

SNPs that associate to genetic areas that contribute to the disease would most likely not 

be rare. This will also eliminate SNPs likely found to be associative by chance. For the 

HD 265-animal GWAS, this threshold decreased the number of significant SNPs by 404 

(522 to 118 SNPs) which indicated that the vast majority of the initial significant SNPs 

were relatively rare within this study population. A chi-square test was performed to 

determine which SNPs found significant through the GWAS and had a relatively high 

MAF were significantly different with respect to genotypic frequencies between the 

affected and the unaffected populations. In total the number of significant SNPs 

decreased by 4 (from 118 to 114 significant SNPs) which indicates that virtually all 
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relatively abundant significantly associated SNPs are significantly different between 

phenotype. Finally, obtaining SNP homozygotic polarity with respect to the disease status 

would help to identify SNPs that are possibly associated with genes directly involved in 

the phenotype of Spastic Syndrome. This analysis decreased the number of significant 

SNPs from 114 to 67, approximately 58% of the 114 SNPs showed homozygotic 

distributions of interest. Further functional and in silico analyses on these SNPs may 

produce a list of genes that are directly implicated with Spastic Syndrome. 

2.4.4.2 Comparison of Phenotyped Animal Sample Size 

Although the initial population studied was relatively small, consisting of 40 animals, 

significant SNPs in the genome were found at both genomic densities, six and 18 for the 

50k and HD GWAS, respectively. The validity of these findings is strong as diagnosis 

was performed by veterinarians experienced in bovine neuromuscular spasticity. The 

significant SNPs found with this GWAS would be of great interest if these significant 

SNPs had homozygotic polarity between genotypes of the affected and unaffected 

animals, as this could suggest an association to a single allele. They do not, and they are 

also relatively rare; see Table 2.11. These homozygotic polarity analyses illustrate that 

affected and control animals have similar significant SNP genotype distributions. With 

these findings, the inheritance of Spastic Syndrome does not appear to be single allelic 

within this screening population. Albeit an in silico analysis should be performed on the 

genomic area of interest on chromosome 9 as this area remains significant when looking 

at the 265-animal cohort. 
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In the second phenotypic population consisting of 265 animals, there were 98 and 522 

significant SNPs for the 50k and HD GWAS, respectively. The increase in number of 

significant SNPs is likely due to an increase in sample size, which adds statistical 

sensitivity to correctly identify SNPs that are associative, and statistical power to 

correctly reject SNPs that are not truly associative in the GWAS (Storey, 2003). 

However, if affected animals were incorrectly diagnosed with Spastic Syndrome while 

exhibiting other forms of adult spasticity, SNPs reported as significant could be 

associating with genomic areas related to this other undefined disorder. 

When comparing the HD GWAS results of both animal cohort sizes there are no 

common significant SNPs, though a common multi-SNP peak can be observed in 

chromosome 9 at approximately 87 Mb; refer to figures 2.6 and 2.7 for 40 animal and 

265 animal Manhattan plots respectively. This increases the possibility that this genomic 

area is truly associative to gene(s) involved with Spastic Syndrome, however, no 

significant SNPs from this common peak passes post-GWAS significance threshold 

criteria. One ‘top’ SNP of the 265-animal HD analysis within chromosome 9, 

BovineHD0900010787, is located at approximately 39 Mb (refer to Table 2.9). This SNP 

exceeds all post-GWAS thresholds although it is a considerable distance from the peak of 

interest located at approximately 87 Mb.  The change in the areas of genomic interest 

contributes to the idea that the supplemental animals within the second screening 

population may be affected by some other form of spasticity with a similar phenotype. 

BovineHD0900010787 does not appear to be misplaced when syntenic linkage of this 

SNP is analyzed across chromosome 9. In SNP peaks on chromosomes 7, 8, 9, 14, 16, 
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and 20, significant SNPs remain after post-GWAS significance threshold criteria were 

established for the 265 HD GWAS; refer to Table 2.8. These genomic areas may truly 

associate to genes that are implicated with the spastic phenotype, assuming these animals 

have been identified correctly, and should be analyzed further.   

2.4.4.1 Comparison of Genotype Densities 

The significant SNPs from the 50k and HD genotype GWAS of the 40-animal study 

tend to be single SNP peaks, as observed in Figures 2.3 and 2.5. However, significant 

SNPs are located mostly on chromosome 9 for both genotypic densities, which adds 

validity to these findings. When comparing the 50k results of both the 40-animal and the 

265-animal GWAS (Figures 2.3 and 2.4) there are no common significant SNPs, yet there 

is one common peak on chromosome 9 located at approximately 87 Mb. This common 

area reflects where most of the significant SNPs are located in the 40-animal analysis of 

either genotypic density, and indicates that this area is a strong candidate for possible 

genes that contribute to Spastic Syndrome. An in silico analysis of this genomic area 

should be performed on these SNPs.  

 When comparing GWAS results of chromosome 9, the 40-animal 50k analysis 

produced a significant SNP at a threshold of 1% pFDR chromosome-wise 

(Hapmap55329-rs29012585) located at approximately 87.3 Mb. Although not the most 

significant via p-value, the 40-animal HD GWAS produces a significant peak in 

chromosome 9, ranging from 86.1 Mb to 89.4 Mb, with all SNPs significant in that 

region at the 1% pFDR chromosome-wise threshold. The increase in genetic density 

allows for the GWAS to be conducted on a finer scale, revealing significant SNPs closer 
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to a possibly causative variant, and in this case appears to be located at approximately 87 

Mb. This common peak also adds power to the evidence that this genomic area may be an 

important contributor to Spastic Syndrome. 

The 265-animal 50k GWAS has additional genomic areas of interest that are not 

present in the 40-animal analysis, when comparing Figure 2.4 and 2.5 (50k GWAS), to 

Figures 2.6 and 2.7 (HD GWAS) respectively.    

The areas of significance observed with the 265-animal GWAS (refer to Figures 2.4 

and 2.6 for 50k and HD  GWAS Manhattan plots, respectively) are mainly within QTL 

patterns, not single-SNP peaks. When comparing the two different genotypic densities 

(50k vs HD), there were 73 significant SNPs in common when using the initial threshold 

of maximum pFDR chromosome-wise at 10%. This indicates that approximately 75% of 

the significant SNPs found in the 50k analysis remained significant after imputation (73 

out of 98). After narrowing the number of high density significant SNPs using the various 

post-GWAS threshold criteria described previously, 10 SNPs remain in common when 

comparing the 50k and HD GWAS. All of which are within observable SNP peaks within 

the HD GWAS.  This suggests that after all the post-GWAS threshold criteria imposed on 

the significant SNPs for the HD 265-animal analysis; there is still sufficient power of the 

50k genotype to detect associative SNPs.  

In conjunction, the comparison of the GQLS logistic regression to the RF regression 

of the HD SNP genotype panel resulted in common genomic areas on chromosomes 7, 8, 

14, and 20. These areas reflect significant SNPs that remained with the 265-animal cohort 
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50k analysis, as well as HD analysis after the post-GWAS threshold criteria were 

imposed (refer to Tables 2.11 and 2.13).  

 Again, the small initial MAF threshold for all GWAS allows for relatively rare 

alleles to be identified. The post-GWAS thresholds placed on the high density SNPs 

decreased the number of significant SNPs per chromosome, and in turn this may decrease 

possible spurious associations to the Spastic Syndrome phenotype. In contrast, it may 

also eliminate rare SNPs that are valid associations in the GWAS. This is one reason why 

all GWAS findings should be validated with a larger sample size, to possibly discern 

which SNPs are truly associative with the phenotype observed in Spastic Syndrome.  

 If Spastic Syndrome is single allelic and the causative allele is in the SNP panel, or in 

complete or very high linkage with the causative variant in either SNP panels, common 

significant SNPs should arise between study populations, i.e. the 40-animal and the 265-

animal study population. This is not the case in both genomic densities, and this may be a 

function of low power-of-detection in the 40-animal analysis. It could be that more than 

one area in the genome is responsible for the phenotype observed with Spastic Syndrome, 

or again, it could be due to a portion of affected animals within the 265-animal GWAS 

being affected with a different but phenotypically similar form of spasticity. 

2.4.4.2 Random Forest 

In total, only 75 trees per forest were grown, as similar error rates were obtained of 

forests up to 1,500 trees (data not shown). Decreased computing time and computational 

load for the RF regression can be obtained through minimizing the amount of trees per 

forest while maintaining minimal error rates. Additionally 100 replicates of the RF 
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regression were also done to avoid possible spurious associations due to sampling within 

the forest, as the RF regression can be prone to upward bias due to variable selection 

being random (Strobl et al., 2007; Li et al., 2014). The RF regression obtained SNPs with 

non-zero vim% for all forests, as this is a screening study it is necessary to analyze all 

SNPs that appear to be significant, but not spuriously so. Therefore the SNPs with non-

zero vim% that occurred in at least two forests were retained, as having occurred in at 

least two forests may decrease the chance that these significant SNPs are anomalous.  

As average vim% for all SNPs obtained with a non-zero vim% were small, the 

frequency of forest occurrence was an alternative measure of the importance of the SNP. 

SNPs that occurred within approximately the top 50% regarding forest frequency were 

highlighted. The SNP that occurs most frequently, BovineHD0700003818 is located on 

chromosome 7 at approximately 14 Mb and is within the bounds of the QTL-like peak at 

1-20 Mb obtained from the GQLS regression method. This is validation to the QTL-like 

peak within chromosome 7. Additionally, the SNP BovineHD0900015016 occurs in nine 

forests and is located on chromosome 9 at approximately 54 Mb. Although the QTL-like 

pattern located at approximately 87 Mb is relatively far from this significant SNP, there 

are significant SNPs within chromosome for all GQLS analyses at approximately 40-50 

Mb; refer to Figures 2.4-2.7. The occurrence of this SNP within nine forests act as 

validation for all GQLS results having significant SNPs within chromosome 9. 

The SNPs with non-zero vim% from at least two forests were then compared to the 

522 significant SNPs obtained from the GQLS regression of the 265-animal cohort with 

the HD SNP genotype panel. In total there were 16 common SNPs, and those that were 
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common tended to have higher MAF and homozygous polarity scores, refer to Table 

2.13. The RF regression appears to be relatively effective when combined with the GQLS 

regression to screen for associative SNPs that are not rare. 

In contrast, the generally large error rates for both the prediction and estimation of the 

RF regression suggest that this method for regression is not sufficient for association 

analyses, but appears to be sufficient to validate the GQLS regression results with this 

study population (refer to table 2.13). The weighting of the prediction error was even 

between disease statuses, and the lower error rates for variants regressed to the disease 

phenotype suggest that RF can more accurately identify SNPs that are associated with 

Spastic Syndrome. The 40-animal cohort was used to estimate SNP vim% as diagnostics 

may be more accurate within this cohort and an increase in phenotyped animals for RF 

estimation may decrease error rates for both estimation and prediction values.  One 

common SNP between both regression methods (BovineHD0700006040 located at  

approximately 21.9 Mb) appears close to a QTL-like pattern located on chromosome 7 

located at approximately 1-20 Mb (refer to Figure 2.7). This SNP has a relatively high 

MAF (0.381) whereas the homozygotic polarity score of this SNP is relatively low at 

0.18. The results from the RF regression may be validating an area of significance also 

obtained with the GQLS regression within chromosome 7. 

2.5 Implications and Further Research Recommendations 

To begin, it is important to provide cohesive terminology for this disorder within 

academia and industry. At this time terminology such as “crampy” and “stretches” are 

more commonly used terms, while “progressive posterior paralysis” and “periodic 
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spasticity” have been utilized within academia to describe Spastic Syndrome. The many 

terms used for Spastic Syndrome have caused confusion when discussing the disease. If 

one unified term was established, general misperception of this disorder may decrease. 

Additionally, establishing a universal protocol for differential diagnosis of Spastic 

Syndrome will allow for accurate diagnosis, and enable facilities to make informed 

decisions regarding affected animals, whether it is culling or management practices while 

the affected bull is still serviceable. If disease information would also be made available 

for consumers of bull semen, these consumers would then be able to make informed 

decisions on whether to use semen from affected animals for their own herd. Universal 

diagnostic criteria could also confirm and possibly improve future GWAS results, as 

other forms of adult-onset spasticity could be excluded. 

Results from this study indicate that heritability estimates on the observed scale 

within this study population of 265 animals is moderate, at 0.27. Therefore there is a 

heritable component of Spastic Syndrome and the GWAS in this study population could 

reveal areas of the genome associated with Spastic Syndrome. However, this estimate of 

heritability is inflated by the high disease incidence in this study population. It is 

predicted that the heritability would be 0.02 under the current estimated incidence of 

0.6% in the Canadian cow herd.  

Results also indicate that within both 50k and HD SNP genotype panels there are 

areas in the genome implicated with Spastic Syndrome. As this is the first genomic 

screening study for Spastic Syndrome that the author is aware of, all significant findings 

need to be validated. There could be risk factors for Spastic Syndrome not yet known, 
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such as environmental or nutritional conditions that act as risk factors for development of 

the disease.  

A follow-up study on the SNPs found significant in the 40-animal and 265-animal 

GWAS needs to be performed to ascertain the genes holding or surrounding the 

significant SNPs found in this study. A functional and in silico analysis of these genes 

will contribute to a candidate gene list for genes associated with the Spastic Syndrome 

phenotype, with an emphasis on the location of approximately 87 Mb on chromosome 9 

and 1-20 Mb on chromosome 7.   

Moreover, as imputation from the 50k SNP panel genotype to high density was 

highly accurate per chromosome (see Table 2.4), a next step would be to impute genomic 

data of phenotyped animals to sequence data and perform follow-up GWAS for both the 

40-animal and 265-animal cohorts. A GWAS on imputed sequence data may highlight 

possible causal variants in the 87 Mb region of chromosome 9 or 1-20 Mb within 

chromosome 7, or generate new genomic regions of interest associated with Spastic 

Syndrome.  

With more Spastic Syndrome phenotypic information becoming available, a 

follow-up study should also be performed in which highly related affected animals are 

clustered for the GWAS. These GWAS results would be compared to other unrelated 

clustered GWAS results for possible population-specific stratification that results in novel 

associative variants. Additionally, EBVs of Spastic Syndrome could be used in place of 

phenotypes in GWAS, as the CDN now has EBVs of Spastic Syndrome within its 
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records. These novel approaches with Spastic Syndrome GWAS may also validate the 

findings of this study, or elucidate new genomic areas of interest. 

In the human disorder Parkinson’s disease, validation of GWAS has been 

accomplished successfully. A meta-analysis of previous GWAS for Parkinson’s disease 

incorporated 17 past GWAS, two of which were also meta-analyses, to verify genomic 

areas of interest as well as identify six new loci implicated with this disease (Nalls et al., 

2014). While each locus had a small effect on disease risk, all 28 resultant variants 

showed substantial cumulative risk for Parkinson’s disease (Nalls et al., 2014). 

Eventually the same approach could be taken with Spastic Syndrome research, as the 

evidence in this study suggest the inheritance of Spastic Syndrome is not monogenic. 

2.6 Conclusions 

In total, four case-control genome-wide association studies were performed on 

two phenotyped populations of North American Holsteins affected with Spastic 

Syndrome. Both phenotyped populations were genotyped with the Illumina 50k SNP 

panel and imputed to the high density 777k panel using a family and population-based 

imputation method, FImpute. Imputation obtained high degree of accuracy which was 

validated with a sub-set of reference population of high density genotyped male 

Holsteins. Phenotypes were obtained through differential diagnosis by veterinarians at the 

Ontario Veterinary College for the 40-animal analysis and local veterinarians for the 

additional 225-animals of the second cohort. Heritability estimates and genome-wide 

association studies were performed to identify preliminary genomic areas of interest 

related to the disorder. 
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Heritability is moderate at 0.26 for the 265-animal cohort having a disease prevalence 

of approximately 60%. Results from the genome-wide association study suggest genomic 

areas of interest associated with Spastic Syndrome. The most notable findings were 

significant SNP peaks located on chromosome 9 at approximately 87 Mb for all analyses, 

and a peak within chromosome 7 located from 1-20 Mb observed within the 265-animal 

cohort. Findings within the areas of interest in chromosome 7 and 9 were validated with 

Random Forest regression. With these study populations, Spastic Syndrome does not 

appear to have monogenic inheritance. Significant SNPs in the 40-animal genome-wide 

association analyses are in general not polarized when referring to disease status. The 

significant SNPs that remained after post genome-wide association study significance 

threshold criteria for the 265-animal high density analysis tend to locate within and 

around genomic peaks not observed with the 40-animal analysis. Using SNPs found to be 

significant in these GWAS, functional and in silico analyses should be performed to 

create a list of candidate genes for Spastic Syndrome in Holsteins.  
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2.7 Tables 

Table 2.1: Disease status and population distribution for genome-wide 

association study for Spastic Syndrome with two screening populations of North 

American Holsteins. 

Sex Country of Origin Affected Control 

Male
a
 

Canada 15 9 

USA 11 5 

Male
b
 

Canada 62 3 

USA 48 2 

Female
b
 

Canada 19 87 

USA 2 2 

Total
1
 26 14 

Total
2
 131 94 

Grand Total 157
 

108 

 

a
40 animals obtained for the initial Spastic Syndrome screening population 

b
225 additional animals for second Spastic Syndrome screening population 
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Table 2.2: Chromosomal information of high density (777k) and 50k SNP genotype 

panels used for imputation to high density  

 SNP frequency  

Chromosome 
Length 

(Mb) 
777k

a
 50k

b
 

50k
c
 

1 158.23 17958 2662 2876 

2 138.66 15644 2167 2338 

3 121.37 14253 2019 2205 

4 120.88 14250 1968 2159 

5 121.14 13751 1711 1861 

6 130.00 14224 2003 2182 

7 112.62 12906 1774 1933 

8 113.35 11955 1913 2066 

9 105.66 12581 1608 1749 

10 104.28 13263 1696 1855 

11 107.26 13068 1786 1924 

12 91.08 10873 1352 1456 

13 84.06 9150 1418 1519 

14 84.41 9294 1446 1557 

15 85.20 10604 1347 1461 

16 81.63 9637 1292 1408 

17 75.11 9598 1294 1386 

18 65.80 8732 1083 1169 

19 63.95 8702 1110 1189 

20 71.93 9337 1251 1347 

21 71.53 8866 1093 1175 

22 61.29 8163 1050 1112 

23 52.42 7820 890 934 

24 62.37 7908 1007 1081 

25 42.80 6264 810 866 

26 51.55 7002 884 951 

27 45.63 6349 800 852 

28 46.23 6405 776 826 

29 51.13 6784 877 932 

Overall 2521.56 305341 41087 44369 
a
 Reference population of 1,659 Holstein animals 

b
 Phenotyped population of 40 Holstein animals  

c
 Phenotyped population of 265 Holstein animals  
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Table 2.3: Pedigree and genotype density information of male and female Holsteins 

used in imputation and GWAS screening for genomic areas of interest associated 

with Spastic Syndrome  

Animals genotyped with 50k SNP panel
a
  16,279 

Animals genotyped with 777k SNP panel
b
 1,659 

Animals in pedigree 78,707 

Sires 11,089 

Dams 50,791 

Founders 9,125 
a 
265 animals phenotyped in total 

b 
Two phenotyped animals genotyped with both 50k and HD panels 

(HOCANM10713169, and HOUSAM138821421) remained only in the high density 

SNP panel  
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Table 2.4: Accuracy and percentage of imputed SNPs per chromosome of 469 

Holstein males using the FImpute V.2.1 family and population based imputation  

Chromosome Imputed (%) 
Correct Call 

(%) 

Incorrect Call 

(%) 

Accuracy 

(%)
a
 

1 67.09 66.50 0.59 99.1 

2 66.59 66.20 0.39 99.4 

3 66.02 65.63 0.39 99.4 

4 65.29 64.96 0.33 99.5 

5 66.50 66.16 0.34 99.5 

6 65.83 65.20 0.63 99.0 

7 66.22 65.85 0.37 99.4 

8 67.29 66.92 0.36 99.5 

9 66.04 65.63 0.41 99.4 

10 66.55 66.07 0.47 99.3 

11 65.66 65.26 0.40 99.4 

12 65.37 64.97 0.39 99.4 

13 67.74 67.39 0.35 99.5 

14 67.21 66.87 0.34 99.5 

15 64.94 64.56 0.38 99.4 

16 66.67 66.17 0.50 99.3 

17 65.52 65.11 0.41 99.4 

18 64.59 64.20 0.38 99.4 

19 64.80 64.42 0.38 99.4 

20 67.43 67.16 0.28 99.6 

21 66.22 65.48 0.74 98.9 

22 65.56 65.17 0.39 99.4 

23 65.12 64.81 0.31 99.5 

24 65.09 64.79 0.31 99.5 

25 64.54 64.17 0.36 99.4 

26 65.94 65.06 0.88 98.7 

27 65.10 64.74 0.36 99.5 

28 64.29 63.90 0.39 99.4 

29 65.47 65.07 0.40 99.4 

Overall average 65.89 65.46 0.42 99.4 
a 

Accuracy derived from the concordance rate of imputation. The percentage of 

missing genotypes after imputation was 0.53. In total 66.39% of the genome was 

imputed, 65.85% was imputed with the correct call. Genomic accuracy of imputation was 

99.20%.   
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Table 2.5: Number of significant SNPs per chromosome associated with Spastic 

Syndrome two phenotyped using a screening populations of 40 and 265 animals 

genotyped with 50k SNP generalized quasi-likelihood score method via Sleuth 

Software  

 
Significant SNP(s)

a
 

Chromosome 40 Animal Analysis 265 Animal Analysis 

1 - 2 

2 - 1 

3 - 3 

4 - 1 

5 - 5 

6 - 6 

7 - 10 

8 - 17 

9 3 3 

10 - - 

11 - 11 

12 - 2 

13 - - 

14 - 5 

15 - 7 

16 - 1 

17 - 3 

18 - 4 

19 - 1 

20 1 6 

21 2 2 

22 - 13 

23 - - 

24 - - 

25 - 2 

26 - 3 

27 - - 

28 - - 

29 - 1 

Total 6 98 
a 
Significance threshold of a maximum chromosome-wise pFDR of 10% 
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Table 2.6: ‘Top’ 10 significant SNPs based on p-value and a maximum 10% chromosome-wise pFDR threshold 

criterion obtained from 50k data for 40-animal and 265-animal genome-wide association studies, using a 

generalized quasi-likelihood score via Sleuth Software 

 

SNP Name Chromosome Base pair location p-value 

pFDR 

Chromosome-

wise Threshold 

(%) 

40-Animal 

Analysis 

Hapmap55329-rs29012585 9 87,302,883 1.266E-14 1 

UA-IFASA-8241 9 42,153,923 1.908E-05 5 

Hapmap44649-BTA-50236 20 33,709,221 3.238E-05 5 

ARS-BFGL-NGS-86477 21 68,399,787 6.929E-05 5 

BTA-67482-no-rs 9 48,437,028 7.847E-05 5 

ARS-BFGL-BAC-32514 21 67,457,663 8.637E-05 5 

265-Animal 

Analysis 

BTA-108606-no-rs 7 56,290,162 1.00E-16 1 

ARS-BFGL-NGS-34420 5 115,633,531 2.22E-16 1 

BTB-00260821 6 65,865,204 3.33E-16 1 

BTB-01667396 6 65,889,482 4.44E-16 1 

BTB-01430347 15 4,126,600 2.06E-11 1 

BTB-00815539 21 34,339,514 2.41E-11 1 

BTB-01454431 15 4,155,885 2.75E-11 1 

Hapmap49058-BTA-

121772 

6 94,228,599 1.09E-10 1 

BTB-01093397 8 82,016,661 1.42E-10 1 

BTB-01518195 26 1,344,063 1.09E-09 1 
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Table 2.7: Number of significant SNPs per chromosome associated with Spastic 

Syndrome in the 40-animal screening genome-wide association study with imputed high 

density (777k) genotypes using a generalised quasi-likelihood score via Sleuth software  

Chromosome Number of Significant SNPs
a 

1 4 

2 2 

3 - 

4 - 

5 1 

6 - 

7 - 

8 - 

9 7 

10 - 

11 - 

12 - 

13 1 

14 - 

15 - 

16 - 

17 - 

18 - 

19 - 

20 - 

21 - 

22 - 

23 3 

24 - 

25 - 

26 - 

27 - 

28 - 

29 - 

Total 18 
a 
Significance threshold at a maximum chromosome-wise pFDR of 10% 
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Table 2.8: Number of significant SNPs per chromosome in the 265-animal screening genome-wide 

association study with imputed high density (777k) genotypes using a generalised quasi-likelihood 

score via Sleuth software, alongside SNP distributions per chromosome using various post-GWAS 

significance thresholds 

      Number of Significant SNPs
a 

Chromosome pFDR 10% MAF ≥ 0.2 Chi-Square Test Homozygotic Polarity Score ≥ 0.3 

1 8 1 1 1 

2 9 1 1 1 

3 48 1 1 1 

4 3 - - - 

5 19 2 2 1 

6 35 - - - 

7 71 40 40 14 

8 103 15 14 11 

9 30 3 2 2 

10 6 1 1 1 

11 3 - - - 

12 6 1 1 1 

13 1 - - - 

14 36 24 24 18 

15 19 - - - 

16 20 2 2 - 

17 4 2 2 - 

18 12 2 2 2 

19 1 - - - 

20 35 21 19 14 

21 15 1 1 - 

22 4 1 1 - 

23 11 - - - 

24 2 - - - 

25 - - -  

26 2 - - - 

27 11 - - - 

28 1 - - - 

29 6 - - - 

Total 522 118 114 67 
a 

Significance thresholds were cumulative, initial threshold of maximum FDR chromosome-wise value of 

10%, second threshold of minimum minor allele frequency (MAF) of 0.2, third threshold of a chi-square 

test, and fourth threshold of minimum homozygotic SNP difference of 0.3
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Table 2.9: ‘Top’ 10 significant SNPs based on p-value and a maximun 10% chromosome-wise pFDR threshold criteria obtained from 

genome-wide association studies of imputed high density (777k) genotypes for 40-animal and 265-animal using a generalized quasi-

likelihood score via Sleuth software 

 
SNP Name Chr. 

Base pair 

location 
p-value 

pFDR Chromosome-

wise Threshold (%) 

Minor Allele 

Frequency 

Homozygotic 

Polarity Score 

40-Animal 

Analysis 
a
 

ARS-BFGL-NGS-6851 23 33,671,301 1.00E-16 1 0.038 0.05 

BovineHD0100035484 1 125,886,213 3.33E-16 1 0.038 0.05 

BTB-01369713 1 125,943,303 3.33E-16 1 0.038 0.05 

BovineHD0100035523 1 125,978,959 3.33E-16 1 0.038 0.05 

BovineHD2300007352 23 26,968,410 3.33E-16 1 0.038 0.05 

ARS-BFGL-NGS-31283 23 30,091,153 3.33E-16 1 0.038 0.05 

BovineHD0200036832 2 126,856,381 2.81E-14 1 0.051 0.05 

BovineHD0200036889 2 127,087,672 2.81E-14 1 0.051 0.05 

BovineHD0500007123 5 24,448,133 1.37E-08 1 0.038 0.12 

ARS-BFGL-NGS-103348 1 67,055,698 5.53E-08 1 0.051 0.20 

265-Animal 

Analysis 
a b 

 

BovineHD1400022775 14 80,696,596 7.81E-06 1 0.392 0.40 

BovineHD0800033791 8 70,398,696 8.59E-06 1 0.403 0.30 

BovineHD4100006888 8 70,445,854 8.59E-06 1 0.403 0.30 

BovineHD1400022777 14 80,698,839 1.19E-05 1 0.395 0.52 

BovineHD0900010787 9 38,889,327 1.21E-05 5 0.203 0.35 

BovineHD1400022780 14 80,703,868 1.44E-05 5 0.489 0.45 

BovineHD1000030149 10 103,183,804 1.51E-05 5 0.479 0.42 

BovineHD1400022806 14 80,744,738 1.58E-05 5 0.490 0.50 

BovineHD1400022805 14 80,743,593 1.59E-05 5 0.464 0.44 

ARS-BFGL-BAC-26936 14 80,753,881 1.79E-05 5 0.494 0.51 

 
a 
Significance threshold of chromosome-wise false discovery rate (FDR) of a 10% maximum 

b
 Post-GWAS significance thresholds; minor allele frequency (MAF) threshold of 0.2, and homozygotic distributional differences of 0.3, all SNPs 

considered significantly different via the Chi-square test 
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Table 2.10: Common SNP frequencies chromosome between 50k and high density (777k) 

genome-wide association studies in 265 North American Holsteins screening for genomic 

areas of interest for Spastic Syndrome 

Chromosome SNP Frequency
a
 

1 2 (1) 

2 1 

3 3 

4 1 

5 4 

6 6 

7 7 (2) 

8 17 (1) 

9 2 

10 - 

11 - 

12 2 

13 - 

14 5 (3) 

15 5 

16 1 

17 1 

18 3 

19 - 

20 5 (3) 

21 2 

22 1 

23 - 

24 - 

25 - 

26 1 

27 - 

28 - 

29 1 

Total 73 (10) 
a 

Significance threshold of a maximum 10% using chromosome-wise positive false 

discovery rate (pFDR). The values in brackets indicate the SNPs that remain common 

after all post-GWAS threshold criteria  
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Table 2.11: Information of common SNPs between 50k and high density (777k) genome-wide 

association studies in 265 North American Holsteins screening for genomic areas of interest 

for Spastic Syndrome 

SNP Name Chr. 
Base pair 

location 
p-value 

pFDR 

Chromosome

-wise 

Threshold 

(percent) 

Minor 

Allele 

Frequency 

Homozygotic 

Polarity 

Score 

ARS-BFGL-NGS-

67684 
1 46,620,571 2.98E-05 10 0.244 0.50 

Hapmap59438-

rs29012637 
7 6,669,157 0.000475 10 0.220 0.38 

ARS-BFGL-NGS-

16633 
7 15,893,312 0.000217 10 0.259 0.30 

Hapmap58018-

ss46526014 
8 70,401,417 0.000127 5 0.403 0.32 

ARS-BFGL-BAC-

26470 
14 49,517,377 0.000175 10 0.269 0.74 

BTB-01223066 14 50,747,170 7.46E-05 5 0.451 0.31 

ARS-BFGL-BAC-

26936 
14 80,753,881 1.79E-05 5 0.263 0.50 

ARS-BFGL-NGS-

3276 
20 12,017,779 0.000332 10 0.396 0.34 

ARS-BFGL-NGS-

119698 
20 16,715,651 5.15E-05 5 0.479 0.30 

Hapmap57270-

ss46526311 
20 16,780,563 7.59E-05 5 0.479 0.48 

 

a 
Significance threshold of a maximum chromosome-wise pFDR of 10%, minimum minor 

allele frequency (MAF) of 0.2, third threshold of a chi-square test, and fourth threshold of 

minimum homozygotic SNP difference of 0.3 
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Table 2.12: Number of significant SNPs per chromosome in the 265-animal screening 

genome-wide association study with imputed high density (777k) genotypes using a Random 

Forest regression, alongside SNP distributions per chromosome using various post-GWAS 

significance thresholds 

Chromosome 
Total Number of 

Significant SNPs 

SNP Frequency 

Range
a
 

Average Vim% 

Range
b
 

 Region of Interest (Mb)
c
 

1 34 2 - 6 0.00054 – 0.00291 100 - 107 

2 48 2 – 5 0.00057 – 0.00248 80 - 90 

3 21 2 - 3 0.00068 – 0.00202 23 - 29 

4 78 2 - 5 0.00060 – 0.00322 110 - 112 

5 41 2 - 6 0.00058 – 0.00266 90 - 100 

6 44 2 - 5 0.00034 – 0.00340 12 - 15 

7 85 2 - 19 0.00056 – 0.00341 104 - 112 

8 19 2 - 5 0.00034 – 0.00253 60 – 70 

9 50 2 - 9 0.00056 – 0.00251 40 - 60 

10 9 2 - 3 0.00059 – 0.00173 101 – 103 

11 20 2 - 5 0.00028 – 0.00236 60 – 80 

12 46 2 - 6 0.00060 – 0.00241 30 - 40 

13 22 2 - 4 7.40E-19 – 0.00251 27 - 30 

14 57 2 - 6 0.00063 – 0.00257 2 – 6 

15 20 2 - 5 0.00065 – 0.00202 16 

16 32 2 - 10 0.00029 – 0.00275 69 - 71 

17 22 2 - 4 0.00033 – 0.00220 10 - 11 

18 13 2 - 5 0.00061 – 0.00223 59 

19 39 2 - 5 0.00059 – 0.00251 50 – 58 

20 51 2 - 5 0.00028 – 0.00269 10 – 13 

21 13 2 - 5 0.00047 – 0.00274 65 - 71 

22 20 2 - 3 0.00079 – 0.00208 22 – 25 

23 7 2 0.00065 – 0.00178 38 – 41 

24 21 2 - 4 0.00066 – 0.00302 11 – 12 

25 20 2 - 6 0.00061 – 0.00198 21 – 28 

26 24 2 - 5 0.00065 – 0.00211 23 – 29 

27 18 2 - 7 0.00063 – 0.00184 31 – 37 

28 21 2 - 6 0.00059 – 0.00207 26 – 27 

29 18 2 - 4 0.00062 – 0.00254 48 - 50 

Total 913    
a
 frequency of significant SNPs occurring in different forests, minimum forest frequency of two  

b
 average range of vim% for all significant SNPs  

c
 chromosomal region in which the majority of significant SNPs are located  
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Table 2.13: Information of common SNPs between the high density (777k) genome-wide 

association studies via the GQLS method, and at least two forests of Random Forest 

regression of North American Holsteins screening for genomic areas of interest for Spastic 

Syndrome 

SNP Name Chr. 
Location 

(bp) 
p-value 

pFDR Chr-

wise (%) 
MAF 

Homozygotic 

Polarity 

Score
a
 

Average 

Vim% 

Forest 

Freq.  

BovineHD0700004329 7 15,774,319 0.00029 10 0.45 .20 0.00180 5 

BovineHD0700003962 7 14,674,895 0.00018 10 0.26 .25 0.00087 2 

BovineHD0700004239 7 15,417,524 0.00054 10 0.49 .28 0.00077 2 

BovineHD0700003455 7 13,282,230 0.00012 10 0.42 .35 0.00147 4 

BovineHD4100006888 8 70,445,854 8.59E-06 1 0.40 .30 0.00201 2 

BovineHD0800020415 8 68,017,405 0.00062 10 0.48 .30 0.00253 2 

BovineHD0800020414 8 68,016,458 0.00062 10 0.48 .32 0.00135 2 

BovineHD0800033791 8 70,398,696 8.59E-06 1 0.40 .34 0.00098 5 

BovineHD0800020416 8 68,018,832 0.00062 10 0.48 .38 0.00134 3 

BovineHD1400022775 14 80,696,596 7.81E-06 1 0.39 .40 0.00126 2 

ARS-BFGL-BAC-
23853 

14 45,174,382 0.00030 10 0.49 N/A 0.00067 2 

BovineHD1400022812 14 80,764,418 6.95E-05 5 0.47 .45 0.00160 3 

BovineHD1400022779 14 80,702,943 2.43E-05 5 0.42 .47 0.00162 2 

BovineHD2000005062 20 16,686,278 8.34E-05 5 0.42 .28 0.00119 5 

BovineHD2000005856 20 19,580,504 0.00010 5 0.48 .28 0.00151 3 

BovineHD2000003858 20 12,044,497 0.00012 5 0.44 .35 0.00130 2 
a
 all SNPs with values are significant with a Chi-square test 
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2.8 Figures 

 

Figure 2.1: A visual interpretation of the q-value when compared to the p-

value. A plot of two densities, N(0,1)and N(2,1) derived from Storey (2003). The 

vertical line represents an observed test statistic, the p-value can be calculated 

with the area under the N(0,1) density to the right of the vertical line. The q-

value is obtained from the areas to the right of the vertical line for both 

densities, weighted by π0 and π1 
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Figure 2.2: Adult male diagnosed with Spastic Syndrome. Note the animal standing 

in lordosis, as well there is little to no pelvic wasting (Scott et al., 2011). The lordosis, 

or “see-saw”, reported in this animal is in contrast to most other reports of clinical 

signs observed in Spastic Syndrome where the affected animal stands in kyphosis, or 

arching of the back 
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Figure 2.3: A video screenshot provided by Dr. John Baird from the Ontario 

Veterinary College shows an adult male Holstein bull with severe clinical signs Spastic 

Syndrome. Note the severe pelvic limb wasting and kyphosis 
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Figure 2.4: Adult male Holstein diagnosed with Spastic Syndrome. Note the caudal 

hyperextension of the pelvic limbs and kyphosis of the spine (Roberts, 1965) 
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Figure 2.5: Genome-wide Manhattan plot of the 40-animal screening genome-wide 

association study with 50k genotypes using a generalised quasi-likelihood score via Sleuth 

software, with significance thresholds of 1%, 5%, and 10% chromosome-wise positive 

false discovery rate (pFDR). Triangles indicate SNP values that exceed the –log10(q) 

threshold value of 5 
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Figure 2.6: Genome-wide Manhattan plot of the 265-animal screening genome-wide 

association study with 50k genotypes using a generalised quasi-likelihood score via Sleuth 

software, with significance thresholds of 1%, 5%, and 10% chromosome-wise positive 

false discovery rate (pFDR). Triangles indicate SNP values that exceed the –log10(q) 

threshold value of 5 
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Figure 2.7: Genome-wide Manhattan plot of the 40-animal screening genome-wide 

association study with high density (777k) genotypes using a generalised quasi-likelihood 

score via Sleuth software, with significance thresholds of 1%, 5%, and 10% chromosome-

wise positive false discovery rate (pFDR). Triangles indicate SNP values that exceed the –

log10(q) threshold value of 5 
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Figure 2.8: Genome-wide Manhattan plot of the 265-animal screening genome-wide 

association study with high density (777k) genotypes using a generalised quasi-likelihood 

score via Sleuth software, with significance thresholds of 1%, 5%, and 10% chromosome-

wise positive false discovery rate (pFDR). Triangles indicate SNP values that exceed the –

log10(q) threshold value of 5 
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CHAPTER THREE 

IN SILICO FUNCTIONAL AND LINKAGE DISEQUILIBRIUM 

ANALYSES FOR IDENTIFIED GENOMIC AREAS OF 

INTEREST FOR SPASTIC SYNDROME IN NORTH 

AMERICAN HOLSTEINS 

 ABSTRACT 

This study identified candidate genes for Spastic Syndrome in Holsteins. In previous 

genome-wide association studies (GWAS), significant single nucleotide polymorphisms 

(SNPs) associated with Spastic Syndrome were obtained for two study cohorts. 

Functional analyses identified genes within and surrounding significant SNPs associated 

with muscle contraction, neuron growth or regulation, and calcium or sodium ion 

movement. Seven genes were obtained for both the 40 and 265-animal cohorts, two of 

which (FIG4 and FYN) occur in both cohorts. A compelling candidate gene is CACNA1A, 

as defects in ion channels do not cause histopathological changes, and this gene is within 

a QTL on chromosome 7. Specifically to the 40-animal cohort, GPR126 functions to 

myelinate axons, and FIG4 is ubiquitously expressed in skeletal muscle. Specifically to 

the 265-animal cohort are CACNA1A which is expressed in neuromuscular junctions, and 

FIG4, described previously. This study provides candidate genes that may contribute to 

biological nature of Spastic Syndrome.  
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3.1 Introduction 

Spastic Syndrome is progressive neuromuscular cramping disorder that affects both 

male and female adult cattle, with reports of prevalence in older, proven Holstein sires of 

up to 30% (Roberts, 1953; Tenszen, 1998; Jansen et al., 1999; Greenough, 2012). 

Clinical signs in affected animals include spasticity in affected limb(s), locomotory 

disturbances, and evidence of pain or discomfort (Roberts, 1964; Jansen et al., 1999; 

Greenough, 2012). There is no cure or effective treatment for affected animals at this 

time, though muscle relaxants like mephenesin and anti-inflammatory drugs like 

phenylbutazone can be administered during an acute episode of spasticity to decrease 

animal discomfort (Roberts, 1953; La Fortune, 1956; Tenszen, 1998; Greenough 2012). 

 There are no reported genes at this time associated with Spastic Syndrome in cattle 

that the author is aware of. It has been hypothesized that the inheritance of Spastic 

Syndrome is autosomal dominant with incomplete penetrance (Greenough, 2012). In a 

previous study, these authors used highly accurate imputed high density (HD) genotypes 

and obtained, through genome-wide association studies (GWAS), 18 and 522 significant 

single nucleotide polymorpishms (SNPs) with a p-value maximum of 0.05 associated 

with Spastic Syndrome in 40 and 265 phenotyped Holstein animals, respectively. Within 

the 40-animal cohort, genomic areas of interest were localized on chromosome 9 in a 

SNP peak at approximately 87 megabase pairs (Mb) (see Figure 3.1). As there were 522 

significant SNPs obtained with the 265-animal cohort, post-GWAS significance 

thresholds were put in place to minimize spurious associations in this analysis. The post-

GWAS threshold criteria placed on the significant SNPs resulted in 67 retained SNPs on 
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chromosomes: 1, 2, 3, 5, 7, 9, 10, 12, 13, 18, 20, 21, and 22 (see Figure 3.2).  Non-

singular significant SNP peaks suggest that inheritance of Spastic Syndrome is not 

monogenic, and in silico and functional analysis of these significant SNPs may obtain 

functional information of loci of interest that relate to Spastic Syndrome. 

Although there is limited information on the genetic architecture of Spastic Syndrome 

at this time, functional analyses may highlight genomic areas of interest for future 

GWAS, meta-analyses, and/or exome sequencing and analyses. In order to obtain 

functional information related to the significant variants derived from the GWAS, 

different analyses can be performed.  For instance, in the human neuromuscular disorder 

Parkinson’s disease (PD) a meta-analysis was carried out by Nalls et al. (2014) using a 

wide scope of other PD GWAS, with over seven million variants examined (Nalls et al., 

2014). The authors verified variants of interest derived from previous PD GWAS, as well 

as discovered new loci implicated with the risk of developing PD. The authors also 

identified candidate genes that may contribute to PD (Nalls et al., 2014). A similar 

approach could be taken with Spastic Syndrome risk, where risk variants are obtained and 

verified, and genes holding or close to these risk variants studied for function.  

Deriving candidate genes for disorders of vague inheritance could allow for future 

genetic testing panels to target known detrimental alleles of a specific population at risk, 

such as sires in artificial insemination (AI) facilities. Also, creating a candidate gene list 

in an initial affected population will allow for future research to be guided to genomic 

areas of potential interest, and mapping significant SNPs to genes, as well as obtaining 

useful linkage disequilibrium (LD; r
2
), may assist in creating a test panel for Spastic 
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Syndrome disease risk. A test panel could allow producers who use bull semen to know 

which young bulls may be at risk of developing and disseminating Spastic Syndrome 

before they are submitted to the proofing process. 

The objective of this study was to perform in silico and functional analyses of 

significant SNPs obtained from previous GWAS of two cohorts of affected animals, 

using the HD SNP genotypes to obtain a list of candidate genes for Spastic Syndrome. 

3.2 Materials and Methods 

3.2.1 Genotypic and Phenotypic Information 

The first study cohort consisted of 40 male Holsteins in total, 26 diagnosed as 

affected with Spastic Syndrome, and 14 unaffected (control) animals. Phenotypes were 

determined by Dr. John Baird and Dr. Brad Hanna at the Ontario Veterinary College in 

Guelph, Ontario. Study animals were genotyped with the Illumina 50k Beadchip SNP 

chip (Illumina Inc., San Diego, USA), and genotypes were also imputed to the high 

density (HD; 777k) SNP genotype panel. For imputation, a reference population of 1,659 

North American Holsteins was used. Accuracy of imputation was over 99% genome-

wide, when using a family and population-based imputation method (FImpute, Sargolzaei 

et al., 2014). 

To increase the power of the analyses, the Canadian Dairy Network (CDN) provided 

the phenotypes and 50k genotypes of 132 more affected Holsteins (157 in total) and 92 

more control animals (108 in total), and including the first cohort, the total number of 
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animals in the second cohort was 265. These genotypes were also imputed to the high 

density (777k) SNP panel, as described previously. 

3.2.2 Genome-wide Association Study and Resultant Significant SNPs 

The genome-wide association analyses were performed using the general quasi-

likelihood score (GQLS) (Feng et al., 2011) with the Sleuth software (Sargolzaei, M., 

University of Guelph). Markers were mapped using the UMD 3.1 assembly and for all 

GWAS, and markers on the autosomes were examined as it is reported Spastic Syndrome 

is not sex-linked due to an even prevalence of Spastic Syndrome for both male and 

female cattle (Roberts, 1953; La Fortune, 1956; Becker et al., 1961; Roberts, 1965; 

Tenszen, 1998).The initial GWAS significance thresholds was a maximum chromosome-

wise positive false discovery rate (pFDR) of 10%. 

The GWAS of the 40-animal cohort resulted in 18 significantly associated SNPs for 

further analysis. The only multi-SNP peak was obtained on chromosome 9 at 

approximately 87 megabase pairs (Mb); the other significant SNPs were depicted as 

single-SNP peaks (Figure 3.1).The minor allele frequency (MAF) and homozygotic 

polarity score for all significant SNPs was relatively low and will be described in detail 

further.  

 The second GWAS performed of 265-animal cohort resulted in 522 significantly 

associated SNPs. Due to the considerable number of significant SNPs obtained from this 

GWAS, several post-GWAS significance threshold criteria were placed to decrease the 

number of SNPs for in silico and enrichment analysis. The first post-GWAS criteria 

placed on these 522 SNPs was a MAF of equal to or greater than 20 percent since, as 
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disease prevalence within the study population is greater than 60 percent, the alleles that 

contribute to the phenotype observed in Spastic Syndrome are assumed not to be rare. 

Applying the MAF criteria of 20% resulted in 118 retained significant SNPs. 

Subsequently a Chi-square test was performed to determine which SNPs are significantly 

different than expected frequencies when compared to disease status with a threshold of 

0.05, which resulted in 114 retained SNPs. The final threshold placed on the 114 

remaining significant SNPs was to obtain the population proportionate distributions of 

homozygotic SNPs in the affected and control populations. Differences of the 

homozygotic states were taken per phenotype, and then absolute difference of these 

differences was obtained to identify potential polarity of homozygous SNP genotypes and 

disease status. The homozygous polarity threshold was 0.3. The homozygotic polarity 

criterion resulted in 67 SNPs that showed polarity in SNP distribution between the 

affected and control groups. 

The majority of the SNPs that remain significant after GWAS threshold criteria were 

located on chromosome 7 within a QTL-like peak located at approximately 1-20 Mb 

(Figure 3.2). Additionally, there was also a genomic peak of interest on chromosome 9, at 

approximately 85 Mb which is similar to the 40-animal analysis. Refer to Table 3.1 for a 

summary of significant SNP distribution per chromosome of the GWAS using HD SNP 

genotype panel, including post-GWAS threshold criteria. 

3.2.3 Mapping SNPs to Genes 

The SNP lists generated by the GWAS for both study populations were mapped using 

‘Next-Generation Sequencing SNP’ tool (NGS-SNP) (Grant et al., 2011). The significant 
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SNPs from the GWAS were mapped to genes up to two Mb to the left and to the right of 

the SNP. A mapping distance of 2 Mb to the left and right was considered to ensure 

thorough gene attainment. The NGS-SNP script uses a list of positions in the bovine 

genome to return a description of nearby genes. The gene descriptions include gene 

position, and model species orthologs if known, and basic gene function information if 

known.  

3.2.4 Identification of Candidate Genes Through Enrichment Analysis 

A candidate gene list was created for both the 40-animal and 265-animal HD GWAS. 

Mapped genes were submitted to different bioinformatic web tools; the main tool was the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 

2008; Huang et al., 2009). The gene ontology derived from DAVID was useful to obtain 

an overview of gene function including: the biological processes, cellular component, and 

molecular function of the gene. Then, using literature information of Spastic Syndrome, 

the most relevant biological processes were searched for and included: locomotion, 

muscular and musculoskeletal contraction or movement, neuronal growth/development, 

cellular/nerve receptors, neuron growth/regulation/transmission, calcium/sodium ion 

movement, axon and synapse growth/transmission, and synaptic vesicle 

maturation/fusion/exocytosis (Roberts, 1953; Roberts, 1965; Tenszen, 1998; reviewed in 

Jansen et al., 1999; Greenough 2012). Tissue types such as muscle (skeletal), and nervous 

(nerve axons, and brain) were emphasized in the search (Roberts, 1953; La Fortune, 

1956; Roberts, 1965; Wells et al., 1987; reviewed in Jansen et al., 1999; Greenough 
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2012). Molecular functions that were incorporated in the search involve ions, and ion 

channel activity (reviewed in Jansen et al., 1999).  

The gene functions were then explored further with additional online databases. The 

National Centre for Biotechnology Information (NCBI) contains a broad collection of 

genomic and biomedical databases, as well as an archive for literature (Geer et al., 2010). 

The NCBI was utilized for gene information, namely human/mouse ortholog location and 

verification, as well as gene aliases. The NCBI was used to obtain relevant literature 

regarding genes and gene function as well.  

Additionally, the data mining bioinformatics tool Nextbio was used in obtaining 

information of the human ortholog of a gene (if applicable), and whether the gene is up or 

down regulated in related human neuromuscular disorders  (Kupershmidt et al., 2010). 

General information of pertinent human orthologous genes were obtained to ascertain 

gene function related to neuromuscular/movement disorders, namely Parkinson’s disease, 

Huntington’s disease, and Amyotrophic Lateral Sclerosis (ALS).  

3.2.5 Linkage Disequilibrium for Significant SNPs and SNPs within Candidate Genes 

As potentially large distances exist between significant SNPs from the GWAS 

and SNPs within the candidate genes, up to two Mb to the left and right of each SNP of 

interest, linkage disequilibrium values (LD;  2
) need to be obtained to determine the 

extent of linkage of these SNPs and candidate genes. For a well-established and studied 

trait such as mastitis, significant SNPs were mapped to genes up to a distance of 100 

kilobase pairs (kb) (Grossi et al., 2014). Due to the significant lack of understanding of 
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Spastic Syndrome, a larger mapping distance was considered to obtain all possible 

relevant genes. Linkage disequilibrium can be defined as the non-random association of 

alleles that arise from a common ancestor, and in these analyses it was measured as the 

squared correlation of alleles at two loci (Hill and Robertson, 1968).  

 Initially, exact gene location and length was obtained through the Ensembl 

database (version 78) (Cunningham et al., 2015). Then haplotype blocks of the candidate 

genes were created with the software HaploView (Barrett et al., 2005).  HaploView used 

the solid spine and  2
 thresholds to create haplotype blocks within candidate genes. Solid 

spine was developed to search for a “spine” of strong LD from one marker to another, 

along the legs of the triangle in the LD chart (Barrett et al., 2005). The first and the last 

markers within the haplotype block have relatively strong LD to each other as well as to 

intermediate markers within the haplotype block, although intermediate markers within 

the haplotype block may not be in strong LD with each other (Barrett et al., 2005). 

HaploView was also used to visualize gene length and intra-gene haplotype blocks.  

Subsequently, the software SNP pairwise linkage disequilibrium (SNPPLD) was 

used to obtain syntenic linkage of significant SNPs obtained from the GWAS and SNPs 

within candidate genes of interest (Sargolzaei, M., University of Guelph). As the number 

of study animals was limiting, the animals used to obtain pairwise linkage disequilibrium 

(LD) were the 1,659 high density genotyped Holsteins, also used as the reference 

population for imputation from 50k to the HD SNP panel in the previous study. These 

1,659 animals represent a general population of productive Holsteins. The software 

utilizes the equation, 
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where     is the frequency of haplotypes having allele   at locus 1 and allele   at 

locus 2 to find syntentic linkage (Hill and Roberston, 1968). The threshold of direct 

linkage was equal to or greater than 0.2 for measuring ‘useful’ syntenic LD (Meuwissen, 

2001) of SNPs found significant from GWAS and SNPs within the candidate genes from 

the 265-animal analysis.  

In addition, the LD decay per chromosome of the HD genomic data was obtained to 

ensure the SNPs within these analyses were not misplaced. The LD decay plot of 

syntenic SNPs can be described as an exponential decay plot; so aberrant peaks on the x-

axis will highlight potentially misplaced SNPs. The LD decay within Holstein genotypes 

is assumed in general to be relatively stable, as there is regular use of genotypes for 

research into breeding values for traits of interest (Mehdi Sargolzaei, personal 

communication, May 2014). 

3.2.6 Mutant Variant List 

   All SNPs within candidate genes for the 265- cohort analysis were identified 

through NCBI, including those not currently on commercial SNP panels (Geer et al., 

2010). Only variants from the 265-animal analysis were examined as the previous chapter 

indicated the SNPs within the 265-animal GWAS associate more significantly, through a 

generally higher MAF and homozygotic polarity. Variant information, including mutant 

types and protein consequences of mutants were obtained from the Cattle Genome 
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Analysis Data Repository (Mclaren et al., 2010), as well as annotations of the high 

density SNP panel obtained from the Iowa State University.  

3.3 Results 

The number of total genes that were mapped within and surrounding the 18 

significant SNPs obtained from the 40-animal GWAS was 787. The 67 retained 

significant SNPs from the 265-animal GWAS resulted in 1,048 genes. Refer to Table 3.2 

for a summary of the distribution of genes per chromosome for both animal cohorts. The 

LD decay per chromosome is presented in Figure 3.3 and for most chromosomes the LD 

decay is the expected exponential decay. Chromosomes 6 and 16 appear to contain 

aberrant peaks at a distance of 20 Mb and approximately 30 Mb, respectively.  

3.3.1 Candidate Genes 

Candidate gene lists were created for the HD genotype GWAS for both study cohorts 

as the HD SNP genotype allows for finer mapping to genes of possible interest. To 

narrow the number of genes for further enrichment analysis, general gene function was 

screened for key biological functions described in the materials and methods. 

Additionally, genes located within SNP peaks and genes that have significant SNPs 

within were closely examined for relevant biological function.  

In total there were 26 common genes when comparing the 40 and 265-animal 

analyses, all of which were located on chromosome 9 between 38.8 and 41 Mb. Two of 

these common genes, FIG4 and FYN were determined to be candidate genes; specific 

gene function will be explained further. 
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3.3.1.1 Candidate Gene List for 40-Animal Cohort 

The 18 significant SNPs obtained from the 40-animal HD cohort GWAS were located 

on chromosomes 1, 2, 5, 9, 13, and 23. In total, significant SNPs mapped to 797 genes, 

and seven have been identified as potential candidate genes for Spastic Syndrome. See 

Table 3.3 for a summary of the candidate gene information. The function of each gene is 

described in detail below. 

 

To begin, three significant SNPs from the HD SNP panel GWAS were mapped to the 

transient receptor potential channel 1 (TRPC1) gene on chromosome 1 located at 

approximately 126 Mb (BovineHD0100035484, BTB-01369713, and 

BovineHD0100035523). The TRPC1 gene is involved in such biological processes as 

axon guidance, cation channel activity, ion channel binding, calcium-mediated signaling, 

generation of neurons, regulation of neurological system processes, negative regulation of 

locomotion, and calcium ion transport (Huang et al., 2008; Huang et al., 2009). The 

TRPC1 gene shares 100% identity with the human ortholog and is implicated in 

Alzheimer’s disease through calcium homeostasis disruption (Kasprzyk, 2011). This gene 

is up-regulated in Amyotrophic Lateral Sclerosis (ALS) and Huntington’s disease, and is 

down-regulated in Parkinson’s disease (Kupershmidt et al., 2010). 

 

Another significant SNP from the GWAS was mapped to the phosphodiesterase 1B, 

calmodulin-dependent (CAM-PDE1B) gene on chromosome 5 at approximately 25 Mb 

(BovineHD0500007123). The PDE1B protein is involved in signal transduction, 
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locomotory behavior, and regulation of neurotransmitter levels (Huang et al., 2008; 

Huang et al., 2009). This gene is expressed dominantly in the striatum, dentate gyrus, 

olfactory tract, and cerebellum; regions which have high levels of dopaminergic 

innervation (Reed et al., 2002). The bovine gene shares 97% identity to the human gene 

and is up-regulated in Parkinson’s disease and down-regulated in Huntington’s disease 

and ALS (Kupershmidt et al., 2010; Kasprzyk, 2011).  

 

Two significant SNPs mapped to the G-protein coupled receptor protein 126 gene 

(GPR126) on chromosome 9 located at approximately 80 Mb (BovineHD0900022445 

mapped within the gene and BovineHD0900022447 was located nearby). The CUB 

domain of GPR126, located almost exclusively on the plasma membrane, is involved 

with a range of biological processes such as the neuropeptide signaling pathway, 

regulation of neurotransmitter levels, neurotransmitter transport, neuron projection 

development, muscle fiber and tissue development, negative regulation of locomotion, 

generation of neurons, and synaptic vesicle exocytosis (Huang et al., 2008; Huang et al., 

2009; Kasprzyk, 2011). The bovine gene has 81% identity with the human ortholog, and 

is essential for peripheral nerve development in mammals (Kasprzyk, 2011; Monk et al., 

2011).  

 

Three significant SNPs were mapped to the Factor Inducing Gene 4 (FIG4) located 

on chromosome 9 at approximately 41 Mb (BovineHD0900011161, 

BovineHD0900011162, and BovineHD0900011166). This gene encodes protein that is 
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involved with processes such as generation of neurons, locomotory behavior, myelin 

assembly, negative regulation of myelination, neurogenesis, and neuron differentiation 

(Huang et al., 2008; Huang et al., 2009). This gene is expressed in skeletal muscle and 

FIG4 mutations are shown to be associated with skeletal muscle changes such as atrophy 

and increased apoptosis, which are likely the consequence of impaired neural input 

(Reifler et al., 2013). Mutations in the FIG4 gene are implicated in severe 

neurodegenerative disorders in mice (Reifler et al., 2013). Additionally, FIG4 mutations 

have been reported in progressive peripheral neuropathy in humans, such as a hereditary 

form of Charcot-Marie-Tooth disease (type 4J) (Reifler et al., 2013). FIG4 mutants 

exhibit swollen and enlarged mitochondria, although there are no obvious difference in 

histological appearance between wild-type and FIG4 mutant mice (Reifler et al., 2013).  

The bovine FIG4 gene shares 97% identity with the human ortholog (Kasprzyk et al., 

2011).  This gene has over 600 SNPs implicated in Parkinson’s disease, derived through 

meta-analyses (Lill et al., 2012; Nalls et al., 2014). 

 

Three significant SNPs (BovineHD0900011161, BovineHD0900011162, and 

BovineHD0900011166) mapped to the FIG4 gene are also mapped to the FYN gene 

located on chromosome 9 at approximately 40 Mb. The FYN protein is involved with 

processes such as forebrain development, generation of neurons, locomotion, 

neurogenesis, synapse development, neuron migration, and the positive regulation of 

neuron projection development (Huang et al., 2008; Huang et al., 2009; Babus et al., 
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2011). The bovine gene shares 100% identity with the human ortholog (Kasprzyk et al., 

2011).  

 

One SNP from the GWAS mapped to the mitochondrial and cytosolic superoxide 

dismutase 1 (SOD1) gene on chromosome 13 at approximately 52 Mb (ARS-BFGL-

NGS-92753). The product of SOD1 is essential for cellular protection against oxidative 

damage (Schininà et al., 1989). This gene is involved in locomotory behavior, generation 

of neurons, negative regulation of neuron apoptosis, regulation of muscle contraction, 

transmission of nerve impulse, and positive regulation of signal transduction (Huang et 

al., 2008; Huang et al., 2009). The SOD1 protein interacts with brevican core protein 

(encoded by BCAN), which could play a role in terminally differentiating the adult 

nervous system (reviewed in Pickles and Vande Velde, 2012). The bovine gene shares 

83% identity with the human gene, and is down-regulated in Parkinson’s disease, and up-

regulated in Huntington’s disease (Kupershmidt et al., 2010; Kasprzyk, 2011). Mutations 

in the SOD1 gene, as well as aberrant post-translational modification (oxidation) increase 

propensity for misfolded species of SOD1 to accumulate during the development of both 

sporadic and familial ALS (Gagliardi et al., 2010; reviewed in Pickles and Vande Velde, 

2012). 

 

One SNP was mapped to the prodynorphin (PDYN) gene on chromosome 13 located 

at approximately 53.5 Mb (ARS-BFGL-NGS-92753), and is also mapped to the SOD1 

gene, described previously. PDYN encodes a prodynorphin, precursor protein for the 
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neuropeptides α-neoendorphin and dynorphins A and B (Bakalkin et al., 2010). 

Biological processes involved with this gene include: neuropeptide signaling pathways, 

G-protein coupled receptor signaling pathways, and signal transduction (Huang et al., 

2008; Huang et al., 2009). The bovine gene shares 73% identity with the human gene, 

and is down-regulated in Huntington’s disease and Parkinson’s disease (Kupershmidt et 

al., 2010; Kasprzyk, 2011). Twenty-six SNPs associated within the PDYN gene are 

implicated in ALS through meta-analyses (Lill et al., 2011).  

3.3.1.2 Candidate Gene List for 265-Animal Cohort 

The 67 retained significant SNPs from the GWAS were located on the following 

chromosomes: 1, 2, 3, 5, 7, 8, 9, 10, 12, 14, 18, 20, 21, and 22. In total the SNPs were 

mapped to 1,048 genes, Table 3.4 summarizes seven candidate genes based on statistical 

significance of associated SNPs, and gene function. Below, the candidate genes are 

described on an individual basis. The within-gene haplotype blocks (Figures 3.4 to 3.10) 

are a visualization of the size of the genes and the extent of LD found within. 

 

In total, seven SNPs mapped to the voltage-dependent P/Q type calcium channel 

alpha 1A subunit gene (CACNA1A) on chromosome 7 at approximately 13 Mb  

(BovineHD0700003455, which mapped within gene, BovineHD0700004239, ARS-

BFGL-NGS-102773, BovineHD0700003962, BovineHD0700004113, and 

BovineHD0700004235). The CACNA1A gene codes for a calcium channel subunit 

protein in the calcium signaling pathway. This calcium channel is present in the dendrite, 

neuronal cell body, cytoplasm, and voltage-gated calcium channel complex, and is part of 
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various pathways such as the calcium signaling pathway, the MAPK signaling pathway, 

and the synaptic vesicle cycle (Huang et al., 2008; Huang et al., 2009). Biological 

processes of this gene include: cation transport, calcium ion-dependent exocytosis of 

neurotransmitter, adult locomotory behaviour, cerebellar Purkinje cell differentiation, 

muscle contraction, regulation of neurotransmitter transport and secretion, and 

glutamatergic synaptic transmission (Huang et al., 2008; Huang et al., 2009). In the 

peripheral nervous system, this gene is expressed mainly at the neuromuscular junction 

and mediates the release of presynaptic acetylcholine (Todorov et al., 2006).  There is 

92% shared identity with the human ortholog of this gene, which is down-regulated in 

Huntington’s disease and up-regulated in Parkinson’s disease and ALS (Kupershmidt et 

al., 2010; Kasprzyk, 2011). Mutations in this gene have been reported as causal in 

spinocerebellar ataxia type 6 in humans (Andrés-Mateos et al., 2006). This gene has over 

1,400 SNPs implicated Parkinson’s disease tabulated through meta-analyses (Lill et al., 

2012; Nalls et al., 2014). 

 

Two SNPs were mapped to the Ras-related protein Rab-3A gene (RAB3A) on 

chromosome 7 located at approximately 5 Mb (bovineHD0700001946, and 

Hapmap59438-rs29012637). The RAB3A protein is involved in calcium exocytosis in 

neurons, axonogenesis, generation of neurons, regulation of neurotransmitter secretion 

and transport, and synaptic vesicle maturation and exocytosis (Huang et al., 2008; Huang 

et al., 2009). RAB3A is associated with synaptic vesicles in their GTP-bound form and 

dissociate from the vesicle upon depolarization of the nerve terminal (Leenders et al., 
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2001). There is a protein-protein interaction with the product of DNAJC5, which may be 

involved in calcium-dependent neurotransmitter release at nerve endings (Huang et al., 

2008; Huang et al., 2009). The bovine gene shares 99% identity with the human gene and 

is down-regulated in Huntington’s Disease and Parkinson’s disease (Kupershmidt et al., 

2010; Kasprzyk, 2011). Kapfhamer et al., (2002) report that Rab3a knockout mice have 

synaptic depression, suggesting that RAB3A has a regulatory role in synaptic vesicle 

trafficking. Additionally, one SNP is implicated in ALS, and 20 SNPs are implicated in 

Parkinson’s disease through meta-analyses of the RAB3A gene (Lill et al., 2011; Lill et 

al., 2012; Nalls et al., 2014). 

 

There were two SNPs mapped to the microtubule-associated protein 1S gene 

(MAP1S) on chromosome 7 located at approximately 5 Mb (BovineHD0700001946, and 

Hapmap59438-rs29012637). MAP1S is involved in processes like brain development, 

generation of neurons, neuron differentiation, neuron projection development, and the 

execution phase of apoptosis (Huang et al., 2008; Huang et al., 2009). MAP1S is highly 

expressed in the post-natal developing and mature neurons, as well as skeletal muscle 

(reviewed in Halpain and Dehmelt, 2006). There is 83% identity with the human gene 

(Kasprzyk, 2011). This gene is down-regulated in Huntington’s disease, and Parkinson’s 

Disease (Kupershmidt et al., 2010). It has been suggested that defects in MAP1S-

regulated programmed cellular destruction (autophagy) could impact neurodegenerative 

diseases (Xie et al., 2011). Additionally there are 3 SNPs associated with the MAP1S 

gene that are implicated in ALS through meta-analyses (Lill et al., 2011). There are 147 
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SNPs associated with the MAP1S gene and Parkinson’s disease through meta-analyses 

(Lill et al., 2012; Nalls et al., 2014). 

 

A significant SNP mapped to the bta-mir-23a-201 gene located on chromosome 7 at 

approximately 13 Mb (ARS-BFGL-NGS-102773). This gene does not code for proteins, 

but rather codes for miRNA. This gene is involved in post-transcriptional regulation of 

gene expression and possibly acts as a chaperone, and there is translational inhibition or 

destabilization of target mRNA (Huang et al., 2008; Huang et al., 2009). This gene shares 

99% identity with the human ortholog (Kasprzyk et al., 2011). 

 

One significant SNP was associated with the uncharacterized gene 

ENSBTAG00000039130 on chromosome 7 located at approximately 14.5 Mb 

(BovineHD0700003737). At this time it is thought to encode a novel protein, or may 

encode part of the TCP-1 chaperonin family related with heat shock proteins (Huang et 

al., 2008; Huang et al., 2009).There are no documented human orthologs of this gene.  

 

One significant SNP was mapped the Factor Inducing Gene 4 (FIG4) gene located on 

chromosome 9 at approximately 41 Mb (BovineHD0900010787). This gene has been 

described in detail previously.  
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One significant SNP (BovineHD0900010787) mapped to the FIG4 gene is also 

mapped to the FYN gene located on chromosome 9 at approximately 40 Mb. The FYN 

gene has been described previously.  

3.3.2 Associated Candidate Gene Variants 

The SNP mutant variants within the candidate genes of the 265-animal analysis that 

are not currently available in any commercial SNP panel are summarized in Table 3.5. 

Several variant types are predicted within candidate genes, and Table 3.5 also quantifies 

where variants are predicted to be deleterious. Table 3.6 highlights variants predicted to 

be deleterious within CACNA1A, MAP1S, RAB3A, and the uncharacterized gene from the 

265-animal candidate gene list. There are no variants predicted to be deleterious within 

the genes FIG4 and FYN. 

3.4 Discussion 

The majority of the SNPs in the HD SNP panel appear to be correctly placed based on 

the LD decay plot (Figure 3.3). The aberrant peaks appear in chromosomes 6 and 16; 

however these chromosomes were not focused on for candidate gene and in silico 

analysis in this study. The correct placement of SNPs ensures that gene mapping and 

subsequent analyses are accurate.  

3.4.1 Mapping SNPs to Genes 

The distances used to map to genes of interest was relatively far, up to two Mb to 

the left and right of the SNP of interest. This was used to establish thorough gene 
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attainment. For a well-established and studied trait such as mastitis, significant SNPs 

were mapped to genes up to a distance of 100 kilobase pairs (kb) (Grossi et al., 2014), but 

the significant lack of understanding of Spastic Syndrome requires a larger mapping 

distance. If genes are mapped to significant SNPs at a relatively large distance, as long as 

‘useful’ linkage (i.e. r
2
≥0.2) exists these genes will remain relevant. Additionally, an 

increase in genetic distance considered will undoubtedly increase the number of genes 

obtained from the mapping procedure. An understanding of the biologically nature of the 

phenotype is necessary to screen this list for appropriate genes for further consideration.  

The 26 common genes obtained for chromosome 9 at approximately 40 Mb indicates that 

this area is likely implicated with Spastic Syndrome. The two common candidate genes, 

FYN and FIG4 have functions of great interest with regards to spasticity, and will be 

discussed further. 

 Direct syntenic linkage was obtained between significant SNPs and SNPs within 

genes of interest, see Table 3.7 to 3.11 for direct r
2
 measures. There are haplotype pairs 

within Tables 3.7 to 3.11 that are farther than two Mb apart. This is because some 

variants within candidate genes exist farther than the mapping threshold of two Mb, but 

as they were within the candidate gene the direct linkage was still obtained. Even at 

relatively large distances there was moderate LD between haplotype pairs which adds 

validity to the following candidate genes, as again some genes exist relatively distant to 

the significant SNP from the GWAS. 

Using the imputation reference populations of 1,659 animals to obtain syntenic 

linkage between SNPs within genes and significant SNPs of the GWAS was beneficial 
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due to the relatively low number of study animals (n=265). Furthermore, deriving useful 

syntenic linkage values (r
2
 ≥0.2) using the 1,659 high density genotyped animals 

indicated that there are measures of useful linkage between SNPs within candidate genes 

and significant SNPs from the GWAS for a more general Holstein population 

(Meuwissen, 2001). If there is useful linkage within a general population of Holsteins, 

this knowledge could be used to as a starting point for potentially creating testing panels 

for risk variants to Spastic Syndrome in young bulls. Table 3.5 quantifies the number of 

predicted deleterious mutations within each candidate gene. Additionally the variants that 

are predicted to be deleterious are indicated in Table 3.6. The variants detected within 

candidate genes that are predicted as deleterious may guide future research into the 

genetic and biological nature of Spastic Syndrome. 

3.4.2 Candidate Gene List  for 40-Animal Cohort 

For the 40-animal cohort, it is evident by the relatively low MAF of significant SNPs 

mapped to these genes that no significantly associated SNP from the GWAS could 

clearly distinguish between affected and unaffected individuals (refer to Table 3.3). The 

prevalence in the study population was over 60% and the MAF for a single causative 

variant should be reflective of this high prevalence. Thus, with a low MAF in this sample 

size, more than one gene could be contributing to Spastic Syndrome.  

It is important to clarify that animals affected with Spastic Syndrome do not show any 

histological abnormalities such as cellular changes or axonal degeneration, i.e. it is a non-

degenerative neuromuscular disorder (Wells et al., 1987). Muscle atrophy in affected 

animals is observed due to underuse of painful affected limbs. The candidate genes listed 
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below that are implicated with degenerative neuromuscular disorders in humans are less 

likely to be causal for Spastic Syndrome, although they may still contribute to the 

disorder in an unknown process at this time, especially if the inheritance of Spastic 

Syndrome is multi-genic. Below, each candidate gene is discussed by function and 

possible contribution to Spastic Syndrome. 

3.4.2.1  Mitochondrial Function 

With regard to the candidate gene SOD1, more than 150 mutations have been 

identified as causative for approximately 20% of familial ALS (FALS) cases through an 

unknown toxic gain of function targeted to the mitochondria (Gagliardi et al., 2010; 

reviewed in Pickles and Vande Velde, 2012).  Evidence indicates that misfolded 

superoxide dismutase 1 (SOD1) accumulates in motor neuron mitochondria; this is also 

seen in Sod1-mediated ALS rodent models (reviewed in Pickles and Vande Velde, 2012). 

Both the wildtype and mutant SOD1 can interact with Bcl-2, but only mutant SOD1 

creates a conformational change in the protein. Bcl-2 is an anti-apoptotic outer membrane 

protein that modulates voltage dependent anion channel 1 (VDAC1) function (reviewed in 

Pickles and Vande Velde, 2012). Conductance properties and function of VDAC1 in the 

spinal cord are reported to be reduced in the presence of mutant SOD1, and studies have 

suggested that Vdac1 knockout mice models have accelerated ALS progression and 

shortened survival (reviewed in Pickles and Vande Velde, 2012). With regards to Spastic 

Syndrome, if mutated SOD1 interacts with Bcl-2 and modulates VDAC1 function, this 

could to contribute to the spastic phenotype via alterations in signal conductance 

properties. However, accumulation of misfolded SOD1 is an observable cellular 
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alteration; therefore SOD1 may not be causal for Spastic Syndrome if mutated protein 

functions similarly in affected cattle as in affected mice and humans for mutations in the 

SOD1 gene.  Mutations in SOD1 could contribute to Spastic Syndrome in an unknown 

mechanism at this time that does not appear on histopathologies. 

 

Suppression of the TRPC1 gene can be a result of mitochondrial alteration due to a 

metabolite of the mitochondrial toxin 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine 

(MPTP), MPP
+ 

(Mattson, 2012). Suppression of the TRPC1gene results in impairment of 

the ‘store-operated calcium entry’ (SOCE) function which then depletes endoplasmic 

reticulum (ER) calcium stores (Mattson 2012). If the mitochondrial alteration is strong or 

prolonged, cell death can be triggered which can lead to degeneration of neurons 

(Mattson, 2012). It was suggested by Mattson (2012) that deficits in TRPC1-mediated 

calcium influx compromised the ability of dopaminergic neurons to withstand 

mitochondrial and ER stress. If this occurs in motor neurons, spasticity could be a result. 

However, as degeneration of neurons is not typically observed with Spastic Syndrome, 

mutations in the TRPC1 gene alone are likely not causal for this non-degenerative 

disorder. Although it is possible that mutations in the TRPC1 gene may contribute to 

adult-onset spasticity in an unknown mechanism at this time.  

3.4.2.2 Calcium and Chloride Channel Function 

The PDE1B gene acts as a possible point of interaction between the calcium and 

cyclic nucleotide signaling pathway and may play a role in motor control (Reed et al., 

2002). Mice knockouts for the Pde1b gene have reported increased locomotor spasticity 
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when exposed to the drug methamphetamine (Reed et al., 2002). Methamphetamine is 

taken up by neurons and increases dopamine release, creating a physiological stress 

response (Madigan, 2003). An implication from this could be that mutations in this gene 

may lead to general locomotor spasticity while the affected animal is under stress; as 

reported by Tenszen (1998).  

3.4.2.3 Axon and Neuron Function 

A mouse knockout study of the Gpr126 gene found that relatively few mutant 

homozygote mice made it to birth, and those that survived tended to die between 

postnatal day 8 and 16 (Monk et al., 2011). Those that survived to postnatal day 12 were 

smaller than their littermates and were generally immotile; when movement was 

attempted it was uncoordinated and spastic (Monk et al., 2011). Subsequent literature 

reported that initial myelination of axons can be rescued in Grp126 mutants with elevated 

cyclic adenosine monophosphate (cAMP) (Glenn and Talbot, 2013). In terms of Spastic 

Syndrome, affected animals could have mutations in this gene which impair but do not 

abolish GPR126 function. This may produce a mild form of the knockout version of 

GPR126, where locomotion becomes uncoordinated over time (Monk et al., 2011). The 

mechanisms of the GPR126 gene that regulate and initiate of myelination are distinct 

from those that mediate the maturation and maintenance of myelin, as reported by Glenn 

and Talbot (2013). This gene acts to myelinate axons, and knockout mice had phenotypes 

that worsened with age, which suggests that there is a function of this gene critical to 

longer peripheral nerves (Monk et al., 2011). Again, Spastic Syndrome is non-

degenerative in nature thus mutations in the GPR126 gene alone are likely not causal for 
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the spastic phenotype observed in affected animals. However, mutations within this gene 

may contribute to Spastic Syndrome in an unknown mechanism involved with peripheral 

axon function that is not observable on histopathology, or protein-protein interactions 

involved with axon function that contribute indirectly to the phenotype. 

Mice with a spontaneous, homozygous loss-of-function mutation in the Fig4 gene 

have impaired skeletal muscle function, although there is no significant effect on skeletal 

muscle structural development (Reifler et al., 2013). These pale tremor mice (plt) tended 

to die before 2 months-of-age due to progressive neurodegeneration (Reifler et al., 2013). 

An investigation into FIG4 functional rescue reports that expression of this gene in 

neurons is sufficient to correct the development of significant muscle atrophy (Reifler et 

al., 2013). Additionally, Mutations of FIG4 are reported as causal for Charcot-Tooth-

Marie (CMT) disease type 4J; this severe form of CMT has child or adult-onset with loss 

of mobility that progresses quickly and is fatal (Lenk et al., 2011). The syndrome is 

characterized by rapidly progressive, asymmetric motor neuron degeneration with slow 

nerve conduction velocities, weakness and paralysis, without sensory loss (Lenk et al., 

2011). The progressive nature of CMT disease type 4J is also present with Spastic 

Syndrome. However, CMT disease type 4J as well as plt are affected with degenerative 

disorders and Spastic Syndrome is non-degenerative, thus mutations in FIG4 alone may 

not be causal for Spastic Syndrome. However, alternative mutations in FIG4 could create 

non-degenerative spasticity, or interact with other proteins in an unknown mechanism to 

contribute to the spastic phenotype via the motor neurons. 
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Furthermore, Fyn gene knockout mice had significantly decreased dendritic spine 

density, dendritic spines are small, highly motile protrusions that form the primary sites 

of excitatory synaptic transmission and play an important role in synaptic plasticity 

(Babus et al., 2011). This spine loss is strongly correlated with cognitive impairments 

observed in neurodegenerative disorders like Alzheimer’s disease (Babus et al., 2011). 

There is an age-dependency in this study; FYN has a role in maintaining a proper synaptic 

function over time, so a mutation in the FYN gene could result in age-dependent clinical 

signs of Spastic Syndrome (Babus et al., 2011). 

Finally, in humans, the neurodegenerative disorder Spinocerebellar Ataxia type 23 is 

a progressive, degenerative neurogenic disorder with initial symptoms starting in 

adulthood and is causally implicated with a mutation in the PDYN Gene (Bakalkin et al., 

2010). Mutations in the PDYN gene lead to possible glutamate toxicity, which is 

underlying in Purkinje cell degeneration as well as the ataxia phenotype (Bakalkin et al., 

2010). Mutations in the PDYN gene cause within families a slow, progressive, cerebellar 

ataxia with features including distal sensory neuropathy, proximal paresis of the legs, and 

tremors of the head and upper limbs (Bakalkin et al., 2010). The phenotype in human 

Ataxia type 23 is reportedly not well defined and is how researchers postulate a relatively 

low success rate of diagnosis of approximately 20% (Bakalkin et al., 2010). As 

Spinocerebellar Ataxia type 23 is degenerative in nature, mutations in PDYN alone may 

not be causal for Spastic Syndrome. However, mutations in the PDYN gene may 

contribute to Spastic Syndrome through protein-protein interactions, or an unknown 

mechanism. 



 

 

138 

 

 

The candidate genes listed here are all potential possibilities for genes implicated with 

Spastic Syndrome, hypothesized as possible through direct function to spasticity, through 

unknown mechanisms, or through possible protein-protein interaction to contribute to the 

disorder. However, two of these genes have notable functions in relation to Spastic 

Syndrome either through genomic position, or general gene function. The gene GPR126 

holds a significant SNP in chromosome 9, and this gene is within the only multi SNP-

peak derived from the 40-animal GWAS. Non-deleterious mutations of GPR126 may 

produce a phenotype that reflects a mild form of GPR126 knockout, where locomotion 

becomes uncoordinated over time due to improper re-myelination after injury (Monk et 

al., 2011).  Mutations in the GPR126 gene alone are likely not causal for the spastic 

phenotype observed in affected animals with Spastic Syndrome. However, mutations 

within this gene may contribute to the disorder through unknown mechanisms involved 

with peripheral axon function or maintenance that is not observable on histopathology 

and this could possibly be why the spastic phenotype is not observed until later in life. 

Additionally, the FIG4 gene is also located in chromosome 9 and is implicated as causal 

for Charcot-Marie-Tooth (CMT) disease type 4J in humans. Charcot-Tooth-Marie disease 

type 4J is a quickly progressing fatal neurogenic disorder, and the asymmetrical 

symptomatic onset and progressive nature of this disorder reflects Spastic Syndrome 

(Lenk et al., 2011). However, Charcot-Tooth-Marie disease type 4J in humans is a 

degenerative disorder, so mutations in the FIG4 gene alone are likely not causal for 

Spastic Syndrome in Holstein cattle. Structural changes in mutated FIG4 could function 
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to impair neural input to peripheral nerves in a non-degenerative mechanism, or mutated 

FIG4 could function in conjunction with other non-degenerative proteins to impair neural 

input to periphery nerves. These two particular genes have notable functions in regards to 

Spastic Syndrome. However, further research into all genes within the candidate gene list 

should be done to verify function in relation to Spastic Syndrome. 

3.4.3 Candidate Gene List for 265-Animal Cohort 

The population prevalence of Spastic Syndrome was approximately 60% for the 265-

animal cohort, and GWAS results indicate that there are significant SNPs with moderate 

to high MAF, along with SNPs that have polarized homozygotic distributions when 

looking at disease status (refer to Table 3.4). It is presumed that Spastic Syndrome is 

likely not monogenic, due to numerous genomic peaks obtained from the GWAS (refer to 

Figure 3.2). The 67 retained significant SNPs map to seven potential candidate genes on 

chromosomes 7 and 9.  It is again imperative to note that Spastic Syndrome is a 

progressive, non-degenerative neuromuscular disorder (Wells et al., 1987). Muscle 

atrophy in affected animals is observed and likely due to underuse of painful affected 

limbs. Some candidate genes listed below are implicated with degenerative 

neuromuscular disorders in humans, and are less likely to be causal for Spastic 

Syndrome. However, these candidate genes may still contribute to the disorder through 

unknown cellular mechanisms; especially if the inheritance of Spastic Syndrome is multi-

genic. Two genes exist in both candidate gene lists (FIG4 and FYN) and have been 

discussed previously. 
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3.4.3.1  Mitochondrial Function 

It is proposed that MAP1S deficiency contributes to the reduced ability to recognize 

defective mitochondria and commence cellular destruction (Xie et al., 2011). A Mouse 

knockout study of the Map1s gene reported increases in mitochondria size and frequent 

rupture of the outer membrane, followed with a progressive, lethal aggregation of 

mitochondria (Xie et al., 2011).  These knockout mice exhibit no obvious abnormalities 

in development, or reproduction. The spastic phenotypes of the knockout mice are 

progressive in severity, much like what is observed in Spastic Syndrome. There are no 

cellular abnormalities reported with Spastic Syndrome, thus MAP1S is likely not causal 

for this disorder (Wells et al., 1987). However, protein-protein interactions could occur 

with mutant MAP1S that could contribute to the progressive, non-degenerative 

phenotype observed in Spastic Syndrome through unknown mechanisms at this time.   

3.4.3.2  Calcium Channel Function 

Calcium channels play an important role in the regulation of a variety of cellular 

functions like membrane depolarization, muscle contraction, and synaptic transmission as 

they are involved in the control of neurotransmitter release from neurons (Todorov et al., 

2006).  Mutations in this gene are implicated as causal for spinocerebellar ataxia type 6 in 

humans (Andres-Mateos et al., 2006). Spinocerebellar ataxia type 6 in humans is an 

autosomal dominant disorder that is progressive and degenerative in nature, and average 

age of onset is 43 to 52 years (Andrés-Mateos et al., 2006; Gomez, 2013). Additionally, a 

mouse knockout study (Todorov et al., 2006) reported that Cacna1a knockout results in 

ataxia and death through the removal of channel-mediated neurotransmission. A 
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deleterious mutation within this gene could result in altered calcium channels which may 

alter presynaptic acetylcholine release resulting in enhanced transmission in motor 

pathways and spasticity in the affected limb(s). Defects in many ion channel do not cause 

histopathological changes, thus the CACNA1A gene is a compelling candidate gene in 

regards to not only function, but location as this gene is within a QTL-like pattern in 

chromosome 7. 

3.4.3.3  Axon and Neuron Function 

Rab3A constitutive knockout mice (Rab3A(-/-)) are characterized by deficiency in  

short and long-term synaptic plasticity. Synapses have the ability to strengthen or weaken 

over time, in response to increases or decreases in activity and it has been reported that 

RAB3A regulates the fusion probability of synaptic vesicles (Leenders et al., 2001; 

Kapfhamer et al., 2002). Knockout mice for Rab3A stopped the activity-dependent 

recruitment of vesicle accumulation close to and on the active zone of the presynaptic 

membrane when there is a depolarization pulse in the presence of calcium (Leenders et 

al., 2001). These knockout mice are viable and present relatively mild phenotypes, 

suggesting nonessential functions of rab3A (Leenders et al., 2006). Impaired vesicle 

recruitment was seen with repeated stimulation; the capacity to secrete neurotransmitters, 

as well as vesicle docking was seen as impaired with rab3A knockout mice (Leenders et 

al., 2006).  A mutation in the RAB3A gene can result in decrease synapse strength over 

time due to loss of vesicle recruitment upon repeated stimulus. This may lead to possible 

ataxia-related phenotypes, where ataxia is defined as a lack of control of voluntary 

muscle movement (Leender et al., 2006).  Such was reported with Meilleur et al. (2010) 
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where RAB3A was listed as a candidate gene, though not confirmed at this time, for a 

familial form of spastic paraplegia. Symptoms of the familial spastic paraplegia include 

lower limb spasticity and weakness. Although hind-limb weakness is generally only 

observed in severely affected cattle with Spastic Syndrome due to under-use of painfully 

affected limb(s), mutations in the RAB3A gene could contribute to spasticity with a 

similar mechanism as with familial spastic paraplegia. 

Additionally FYN and FIG4 are discussed previously, and have functions regarding 

either motor neuron degeneration or decreases in dendritic spine density to create spastic 

phenotypes. At this time, mutations within either gene are not likely to be causal for 

Spastic Syndrome; however they still may be indirectly implicated with Spastic 

Syndrome through mutated protein-protein interaction with other proteins more directly 

implicated with non-degenerative pelvic-limb spasticity. 

3.4.3.4  Uncertain Function 

This chaperone gene bta-mir-23a-201 could act to help proteins fold that allow proper 

muscle contraction to take place. A mutated chaperone may not be able to assist with a 

gene like CACNA1A for example. In this case, the deleterious phenotype is not implicitly 

due to the gene itself, rather the calcium channel would instead be functionally altered by 

aberrant protein folding. Additionally, the mutated bta-mir-23a-201 protein could allow 

for a portion of calcium channels to remain functional, to avoid complete removal of 

channel-mediated neurotransmission which causes death in Cacna1a knockout mice 

(Torodov et al., 2006). 
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Additionally, as there is no described function at this time for 

ENSBTAG00000039130, this gene could contribute to the Spastic Syndrome phenotype 

in a number of ways either implicitly or explicitly. Until more is known about the 

physiological basis of Spastic Syndrome, postulation into this gene function may be 

fruitless, as disruption in many genes can create the spastic phenotype. There is no 

functional evidence either for or against the involvement of this gene in regards to Spastic 

Syndrome at this time. 

 

There are two candidate genes of note within the 265-animal cohort on chromosome 

7 (CACNA1, and RAB3A), and one gene of note on chromosome 9 (FIG4). The two genes 

of interest located on chromosome 7 are within a QTL-like pattern at approximately 1-20 

Mb. Additionally, the FIG4 gene is a candidate gene for both animal cohorts, and is 

located at approximately 41 Mb on chromosome 9. Mutations in CACNA1A could disrupt 

neuromuscular signaling without causing degenerative changes. Mutations in RAB3A 

could act to decrease fusion probability of synaptic vesicles of axons within skeletal 

muscles (Leenders et al., 2006). The FIG4 gene is wholly expressed in skeletal muscle 

and mutations are implicated with severe neurodegenerative disorders in mice (Reifler et 

al., 2013). Spastic Syndrome is non-degenerative, so it could be that FIG4 mutations to 

impair synaptic transmission through mechanisms that are non-degenerative. An 

investigation into FIG4 functional rescue reports that expression of this gene in neurons 

is sufficient to correct the development of significant muscle atrophy (Reifler et al., 

2013).  
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Furthermore, the CACNA1A gene and the FIG4 gene are both implicated as causal for 

progressive neurodegenerative skeletal muscular diseases in humans, spinocerebellar 

ataxia type 6 and Charcot-Marie-Tooth Neuropathy Type 4J, respectively. Accordingly, 

RAB3A is listed as a candidate gene for a familial form of spastic paraplegia (Meilleur et 

al., 2010). Though Spastic Syndrome is not degenerative, the function of these genes may 

play a role in the spastic phenotype through biological functions that are not yet known.  

 These candidate genes share functions that could be implicated with Spastic 

Syndrome. The genes all map to highly associative significant SNPs from GWAS. 

Further research regarding the candidate gene list should be done to verify function in 

relation to Spastic Syndrome 

3.5  Implications of Research and Future Studies 

In previous research by these authors, areas of the genome that are significantly 

associated with Spastic Syndrome were identified, and subsequent analyses attempted to 

identify a list of candidate genes for the disease. A candidate gene list was created for 

both phenotyped populations of 40 and 265 animals, guided by the assertion that Spastic 

Syndrome is neuromuscular in nature (see Tables 3.3 and 4). Additional in silico, 

functional, and in vivo, analysis are needed to validate the genes and gene functions 

described in this study.  

The direct linkage measures obtained in this study adds validity to the proposed 

candidate genes that may be mapped relatively far from significant GWAS SNPs, despite 

using a population not phenotyped with Spastic Syndrome when obtaining syntenic 

linkage (see Tables 3.7 - 3.11). To ascertain whether there may be population-specific 
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syntenic linkage between significant SNPs from the GWAS and variants within candidate 

genes, a future study could obtain in which general population linkage of the SNPs of 

interest is compared with SNP linkage of a cluster of related animals affected with 

Spastic Syndrome.  

The candidate gene list provides an overview of genes possibly implicated in 

Spastic Syndrome. There are, however, several genes with notable functions with both 

animal cohorts. Specific to the 40-animal cohort, the gene GRP126 functions to both 

regulate the initiation, and maintenance of myelin sheaths on nerve axons and thus 

mutations in GPR126 alone may not be causal for Spastic Syndrome as the disorder is 

non-degenerative. However, mutations within this gene may contribute to the disorder 

through unknown mechanisms involved with peripheral axon function or maintenance 

that is not observable on histopathology (Monk et al., 2011). Additionally with the 40-

animal cohort, the FIG4 gene is wholly expressed in skeletal muscle, though it is 

currently implicated with a degenerative disorder in humans, CMT disease type 4J 

(Reifler et al., 2013). The progressive nature of CMT disease type 4J is also present with 

Spastic Syndrome, though mutations in FIG4 alone may not be causal for Spastic 

Syndrome. However, mutated FIG4 could contribute to non-degenerative spasticity, or 

interact with other proteins in an unknown mechanism to contribute to the spastic 

phenotype via the motor neurons. There are three genes that demonstrate compelling 

functions in regards to Spastic Syndrome, within the 265-animal analysis. The CACNA1A 

gene is the most compelling candidate gene. It codes for a calcium channel protein, is 

expressed in the neuromuscular junction, and most defects in ion channels cause no 
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histopathological changes (Todorov et al., 2006). The RAB3A gene is compelling as its 

protein associates with synaptic vesicles until depolarization of the nerve terminal occurs. 

Again, the FIG4 gene is also within this candidate gene list and described above. 

Currently there is research being done by Dr. Dennis Bulman at the University of 

Ottawa in which the exomes of 13 Spastic Syndrome affected animals and three 

unaffected animals are being examined for associative regions. Preliminary results 

validate GQLS findings as there are exomic regions of interest in chromosome 7 at 

approximately 2.5 Mb which is within the bounds of the QTL-like peak from 1-20 Mb. 

There is also an exomic region of interest on chromosome 9 at approximately 20 Mb. 

The findings of this research may lead to an SNP test of risk variants that can be 

commercially used to test young bulls for disease risk variants for Spastic Syndrome 

within the North American Holstein population. 

3.6  Conclusions 

This study set out to examine the possible candidate genes for Spastic Syndrome, as 

little is known regarding the genetics of this disorder. The objective was to perform in 

silico and functional analysis of significant single nucleotide polymorphisms obtained 

from a previous genome-wide association study using imputed high density genotypes of 

two cohorts of case-control phenotyped animals.  

In total, 797 and 1,048 genes were mapped to significant SNPs for the 40-animal and 

the 265-animal cohort, respectively. The mapped genes were narrowed down using 

Spastic Syndrome literature to isolate genes with functions that may be involved with the 

disorder to create two separate candidate gene lists for both animal cohorts of seven 
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candidate genes each. Two candidate genes were in common to both cohorts when 

mapping the significant SNPs, FYN and FIG4, located on chromosome 9 and specifically 

the FIG4 gene has compelling functions with regards to Spastic Syndrome. The candidate 

gene list was obtained focusing on biological processes involved with whole animal 

locomotion and muscle contraction, as literature has suggested that Spastic Syndrome is a 

neuromuscular disorder (Roberts 1953; La Fortune, 1956; Becker et al., 1961; Tenszen, 

1998). 

In general, useful syntenic linkage exists between variants within candidate genes and 

significant variants obtained from the genome-wide association studies, even at relatively 

far distances. The literature and evidence of this genomic screening suggests that this 

disease is multi-genic and neuromuscular in nature. The candidate genes identified within 

this study will contribute to further understand of the biological nature of Spastic 

Syndrome. Additionally, mutant variants predicted to be deleterious within candidate 

genes were quantified. These predicted variants do not currently exist on any commercial 

panel and further study is needed to potentially create a Spastic Syndrome test panel in 

the future. This study has identified regions of the genome and candidate genes that may 

contribute to understanding of the genetic nature of Spastic Syndrome in North American 

Holsteins, in the future.  
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3.7 Tables 

Table 3.1: Number of significant SNPs per chromosome in the 265-animal screening genome-wide 

association study with imputed high density (777k) genotypes using a generalised quasi-likelihood score via 

Sleuth software, alongside SNP distributions per chromosome using various post-GWAS threshold criteria 

 Number of Significant SNPs
a 

40-animal GWAS 265-animal GWAS 

Chr. pFDR 10% pFDR 10% MAF ≥ 0.2 
Chi-Square 

Test 

Alternative 

Homozygous 

Differences ≥ 0.3 

1 4 8 1 1 1 

2 2 9 1 1 1 

3 - 48 1 1 1 

4 - 3 - - - 

5 1 19 2 2 1 

6 - 35 - - - 

7 - 71 40 40 14 

8 - 103 15 14 11 

9 7 30 3 2 2 

10 - 6 1 1 1 

11 - 3 - - - 

12 - 6 1 1 1 

13 1 1 - - - 

14 - 36 24 24 18 

15 - 19 - - - 

16 - 20 2 2 - 

17 - 4 2 2 - 

18 - 12 2 2 2 

19 - 1 - - - 

20 - 35 21 19 14 

21 - 15 1 1 - 

22 - 4 1 1 - 

23 3 11 - - - 

24 - 2 - - - 

25 - - - -  

26 - 2 - - - 

27 - 11 - - - 

28 - 1 - - - 

29 - 6 - - - 

Total 18 522 118 114 67 
a 

threshold criteria were cumulative, initial threshold of maximum pFDR chromosome-wise value of 10%, 

second threshold of minimum minor allele frequency (MAF) of 0.2, third threshold of a significant (5%) 

Chi-square test, and fourth threshold of minimum homozygotic SNP difference of 0.3 
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Table 3.2: Number of genes per chromosome mapped from significant SNPS in 

the 40 and 265-animal screening genome-wide association study with imputed 

high density (777k) genotypes, using the Next-Generation Sequencing SNP Tool 

     Number of Genes 

Chromosome 40-Animal GWAS 265-Animal GWAS 

1 65 28 

2 107 11 

3 - 79  

4 - - 

5 48 146 

6 - - 

7 - 572 

8 - 78 

9 123 44 

10 - 30 

11 - - 

12 - 26 

13 69 - 

14 - 32 

15 - - 

16 - - 

17 - - 

18 - - 

19 - - 

20 - - 

21 - - 

22 - - 

23 375 - 

24 - - 

25 - - 

26 - - 

27 - - 

28 - - 

29 - - 

Total* 787 1,048 

* 26 common genes between sample sizes, all located on chromosome 9 
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Table 3.3: Candidate gene list for 40 North American Holsteins genotyped with imputed high density (777k) SNP panel, 

phenotyped for Spastic Syndrome 

Gene ID 

(location, bp) 
SNP ID Chr. SNP location (bp) 

SNP location from 

 Gene (bp) 
MAF 

Protein Significance to 

Spastic Syndrome 

ENSBTAG00000002232 

TRPC1 

(127,257,267-127,318,221) 

BovineHD0100035484 

BTB-01369713 

BovineHD0100035523 

1 

125,886,213 

125,943,303 

125,978,959 

1,371,054 bases right 

1,313,964 bases right 

1,278,308 bases right  

0.04 

0.04 

0.04 

Axon guidance 

Cation channel binding for 

calcium-meditating signaling 

ENSBTAG00000004337 

PDE1B 

(25,631,976-25,658,534) 

 

BovineHD0500007123 
5 

 
24,448,133 

1,183,843 bases right 

 
0.04 

Signal transduction; 

Locomotory behaviour 

ENSBTAG00000020707 

GPR126 

(80,875,767-80,955,823) 

BovineHD0900022445 

BovineHD0900022247 
9 

80,882,766 

80,182,006 

SNP is within gene 

693,761 bases right 

0.05 

0.05 

G Protein-coupled receptor 

126: involved in  neuropeptide 

signaling pathway 

ENSBTAG00000005827 

FIG4 

(40,873,047-41,046,003) 

BovineHD0900011161 

BovineHD0900011162 

BovineHD0900011166 

9 

40,257,749 

40,258,871 

40,275,885 

615,298 bases right 

614,176 bases right 

597,162 bases right 

0.08 

0.08 

0.08 

Locomotory behaviour; 

Expressed in frontal lobe where 

muscle movement is partially 

controlled 

ENSBTAG00000011851 

FYN 
(39,107,807-39,259,883) 

BovineHD0900011161 
BovineHD0900011162 

BovineHD0900011166 

9 
40,257,749 
40,258,871 

40,275,885 

997,866 bases left 
998,988 bases left 

1,016,002 bases left 

0.08 

0.08 
0.08 

 

Locomotion; 

Positive regulation of neuron 
projection development 

ENSBTAG00000027412 

SOD1 

(51,930,067-51,930,888) 

ARS-BFGL-NGS-92753 13 51,988,460 57,572 bases left 0.04 

Transmission of nerve impulse; 

Regulation of muscle 

contraction 

ENSBTAG00000045520 

PDYN 

(53,605,292-53,619,401) 

ARS-BFGL-NGS-92753 13 51,988,460 1,616,832 bases left 0.04 

G-protein coupled receptor 

protein in neuropeptide 

signaling pathway 
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Table 3.4: Candidate gene list for 265 North American Holsteins genotyped with 

imputed high density (777k) SNP panel, phenotyped for Spastic Syndrome 

Gene ID 

(location, bp) 
SNP ID Chr. 

SNP location 

(bp) 

SNP location from 

 Gene (bp) 

Homozygous 

differences
1
 

MAF 

Protein 

Significance to 

Spastic 

Syndrome 

ENSBTAG00000014828 

CACNA1A 

(13,249,309-13,506,224) 

 

BovineHD0700003455 

BovineHD0700004239 

ARS-BFGL-NGS-

102773 
BovineHD0700003962 

BovineHD0700003008 

BovineHD0700004113 

BovineHD0700004235 

7 

13,282,230 

15,417,524 

12,833,745 
14,674,895 

11,340,236 

15,046,423 

15,408,372 

SNP is within gene 

1,911,300 bases left 

415,564 bases right 

1,168,671 bases left 
1,909,073 bases 

right 

1,540,199 bases left 

1,902,148 bases left 

0.32 

0.34 

0.32 
0.30 

0.37 

0.50 

0.54 

0.42 

0.49 

0.40 
0.26 

0.41 

0.37 

0.23 

Adult 

locomotory 

behaviour; 

Calcium 
Transporter for 

nerve impulse 

involved in 

muscle 

contraction 

ENSBTAG00000010635 

RAB3A 

(4,944,325-4,950,010) 

BovineHD0700001946 

Hapmap59438-

rs29012637 

7 
6,632,343 

6,669,157 

1,682,333 bases left 

1,719,147 bases left 

0.42 

0.33 

0.47 

0.46 

Neuron 

development; 

Synaptic vesicle 

exocytosis 

ENSBTAG00000020709 

MAP1S 

(5,335,661-5,367,540) 

BovineHD0700001946 

Hapmap59438-

rs29012637 

7 
6,632,343 

6,669,157 

1,264,803 bases left 

1,301,617 bases left 

0.42 

0.33 

0.47 

0.46 

Neuron 

projection. 

development and 

morphogenesis 

ENSBTAG00000029901 

Bta-mir-23a-201 
(12,981,970-12,982,042) 

 

ARS-BFGL-NGS-
102773 

 

7 
12,833,745 

 
148,225 bases right 

 
0.32 0.40 

Post-translational 

inhibition; 
chaperone-like 

behaviour 

ENSBTAG00000039130 

Uncharacterized 

(14,670,708-14,672,994) 

BovineHD0700003737 7 14,129,719 540,989 bases right 0.31 0.21 

TCP-1 chaperone 

family; heat 

shock protein 

ENSBTAG00000005827 

FIG4 

(40,873,047-41,046,003) 

 

 

BovineHD0900010787 

 
9 

38,889,327 

 

1,983,720 bases 

right 

 

0.57 0.20 

Locomotory 

behaviour 

Expressed in 

frontal lobe; 

where muscle 

movement is 

partially 

controlled 

ENSBTAG00000011851 

FYN 

(39,107,807-39,259,883) 

 

 

BovineHD0900010787 

 
9 

38,889,327 

 
218,480 bases right  0.57 0.20 

Locomotion 
Positive 

regulation of 

neuron 

projection 

development 
1
 Population proportionate distributions of homozygotic SNPs were calculated in the affected and 

unaffected population, and the difference of the homozygous states were taken per disease status. 
Then, the absolute difference of the difference in homozygotic status was retrieved to identify 

potential polarity of homozygous SNP genotypes and disease status. 
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Table 3.5: Consequences of SNP variants in genes of interest associated with Spastic Syndrome 

Gene
1
 Missense Synonymous 

Intron 

variant 

Upstream 

gene 

variant 

Downstream 

gene variant 
Elongation Truncation 

Splice 

region 

variant 

Chromosome 7         

RAB3A 1 2 18 25
a
 21 2 - - 

MAP1S 8
b
 3 119 12 30 3 4 - 

CACNA1A 14
c
 21 2,200 20 43 72 90 6 

Uncharacterized 2
d
 - 16 97 78 - 2 1 

Chromosome 9 
        

FYN - 3 1,115 20 17 46 54 1 

FIG4 2 14 1,496 92 80 63 77 1 
a 
1 variant predicted to be deleterious  

b
 4 variants predicted to be deleterious  

c
 3 variants predicted to be deleterious  

d
 1 variant predicted to be deleterious  

 
1
All variants within candidate genes were submitted to Cattle Genome Analysis Data Repository to obtain variant consequences 

for SNPs not currently on commercial panels (Mclaren et al., 2010). High density variant annotations were obtained from the Iowa 

State University  
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Table 3.6: Variants predicted to be deleterious within candidate genes and not currently available on 

commercial genotype panels 

Gene SNP rs number Variant Distance to 

Transcript (bp)
1
 

Variants Protein Variant 

RAB3A rs137350763 Upstream 1,163 TGTTTGTTTGTTTGTT/-  - 

MAP1S rs132670361 missense 6,763 T/C E/G 

  rs136662137 Missense 4,068 A/G S/P 

  rs382722717 Missense 5,928 G/A R/W 

  rs385092141 Missense 6,687 C/T E/K 

CACNA1A rs134948731 Missense 50,786 T/G V/G 

  rs137786781 Missense 178 G/C G/A 

  rs379607463 Missense 1,988 G/A R/Q 

Uncharacterized rs208265528 Missense  428 A/G R/C 
1
physical distance of SNP of interest to gene transcript start site 
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Table 3.7:Direct linkage of significant SNPs from GWAS and SNPS within haplotype blocks in genes of interest on chromosome 

7 of 265-animal cohort 

Gene Chr. 
Significant SNP from 

GWAS 

SNP of interest within 

the haplotype block 

Reference significant 

SNP(s)
1
 

r
2
 

Distance 

between 

SNP pair 

(bp) 

RAB3A 7 BovineHD0700001946 BTB-00292673 BovineHD0700001946 0.23 1,678,542 

    

 

BovineHD0700001415 BovineHD0700001946 0.23 1,552,950 

      BovineHD0700001455 BovineHD0700001946 0.25 1,413,201 

MAP1S 7 BovineHD0700001946 BovineHD0700001485 BovineHD0700001946 0.31 1,250,937 

    

Hapmap59438-

rs29012637   Hapmap59438-rs29012637 0.31 1,287,751 

    
 

BovineHD0700001502 BovineHD0700001946 0.20 1,200,835 

        Hapmap59438-rs29012637 0.20 1,237,649 

bta-mir-23a-

021 7 BovineHD0700003008 BovineHD0700003320 ARS-BFGL-NGS-102773 0.29 26,741 

    

ARS-BFGL-NGS-

102773 

ARS-BFGL-NGS-

102773 BovineHD0700003008 0.25 1,493,509 

    BovineHD0700003455   BovineHD0700003455 0.24 448,485 

    BovineHD0700003671 BovineHD0700003327 ARS-BFGL-NGS-102773 0.39 6,005 

    BovineHD0700003962 BovineHD0700003356 BovineHD0700003455 0.22 327,371 

      BovineHD0700003360 ARS-BFGL-NGS-102773 0.22 136,063 
 

1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was derived from reference 

SNPs, and variants within candidate genes which are not identified as significant in the GWAS.  
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Table 3.8: Direct linkage of significant SNPs from GWAS and SNPS within haplotype 

blocks in CACNA1A gene of 265-animal cohort, continuing on next page 

Gene Chr. 

Significant SNP from 

GWAS 

SNP of interest 

haplotype block 

Reference significant 

SNP(s)
1
 r

2
 

Distance 

between 

SNP pair 

(bp) 

CACNA1A 7 BovineHD0700003008 BovineHD0700003443 BovineHD0700003455 0.84 20,403 

  

 

ARS-BFGL-NGS-102773   BovineHD0700004239 0.52 2,155,697 

  

 

BovineHD0700003455 BovineHD0700003444 BovineHD0700003671 0.44 701,847 

  

 

BovineHD0700003671   BovineHD0700004235 0.20 2,143,929 

  

 

BovineHD0700003737 BovineHD0700003445 BovineHD0700003671 0.49 699,029 

  
 

BovineHD0700003962 BovineHD0700003446 BovineHD0700003455 0.32 14,127 

  

 

BovineHD0700004113 BovineHD0700003449 BovineHD0700004239 0.36 2,144,237 

  
 

BovineHD0700004235 BovineHD0700003452 BovineHD0700003455 0.85 5,326 

  

 

BovineHD0700004239   BovineHD0700004239 0.53 2,140,620 

  

  

BovineHD0700003453 BovineHD0700003455 0.63 688,804 

  
  

  BovineHD0700004239 0.39 2,140,038 

  

  

BovineHD0700003454 BovineHD0700003455 0.82 3,215 

  
  

  BovineHD0700004239 0.51 2,138,509 

  

  

Hapmap43057-BTA-

80741 BovineHD0700003455 0.50 2,258 

  
  

  BovineHD0700003671 0.27 686,318 

  

  

  BovineHD0700004239 0.34 2,137,552 

  

  

BovineHD0700003455 ARS-BFGL-NGS-102773 0.24 448,485 

  
  

  BovineHD0700003671 0.22 684,060 

  

  

  BovineHD0700004239 0.51 2,135,294 

  
  

BovineHD0700003456 BovineHD0700003455 0.63 1,490 

  

  

  BovineHD0700004239 0.39 2,133,804 

  

  

BovineHD0700003457 BovineHD0700003455 0.86 2,257 

  

  

  BovineHD0700004239 0.53 2,133,037 

  

  

Hapmap31438-BTA-

144746 BovineHD0700003455 0.51 24,779 

  
  

  BovineHD0700004239 0.29 2,110,515 

  

  

BovineHD0700003474 ARS-BFGL-NGS-102773 0.25 485,718 

  
  

  BovineHD0700003455 0.64 37,233 

  

  

  BovineHD0700004239 0.37 2,098,061 
1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was 

derived from reference SNPs, and variants within candidate genes which are not identified as significant 

in the GWAS.  
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Gene Chr. 

Significant SNP(s) 

from GWAS 

SNP of interest 

haplotype block 

Reference significant 

SNP(s)
1
 r

2
 

Distance 

between 

SNP pair 

(bp) 

CACNA1A 7 BovineHD0700003008 

Hapmap34784-

BES2_Contig524_2530 BovineHD0700003455 0.20 84,514 

  
 

ARS-BFGL-NGS-

102773 BovineHD0700003510 ARS-BFGL-NGS-102773 0.33 573,429 

  

 

BovineHD0700003455   BovineHD0700003671 0.25 559,116 

  

 

BovineHD0700003671 BovineHD0700003512 BovineHD0700003737 0.34 715,133 

  

 

BovineHD0700003737 BovineHD0700003513 BovineHD0700003671 0.21 548,223 

  

 

BovineHD0700003962 BovineHD0700003520 BovineHD0700003008 0.22 2,094,550 

  
 

BovineHD0700004113 BovineHD0700003553 BovineHD0700003671 0.23 426,822 

  

 

BovineHD0700004235 BovineHD4100005750 ARS-BFGL-NGS-102773 0.24 711,586 

  
 

BovineHD0700004239 BovineHD0700003563 ARS-BFGL-NGS-102773 0.23 746,034 

   

BovineHD0700003572 BovineHD0700003671 0.24 350,354 

  

  

BovineHD0700003573 BovineHD0700003671 0.24 348,419 

  
  

BovineHD0700003576 BovineHD0700003671 0.24 339,156 

  

  

BovineHD0700003578 BovineHD0700003671 0.24 336,568 

  
  

BovineHD0700003579 BovineHD0700003671 0.24 335,595 

  

  

ARS-BFGL-NGS-

119066 BovineHD0700003671 0.24 334,116 

  
  

BovineHD0700003582 BovineHD0700003671 0.24 332,803 

  

  

BovineHD0700003590 ARS-BFGL-NGS-102773 0.26 820,783 

  

  

  BovineHD0700003671 0.23 311,762 

  
  

BovineHD0700003592 ARS-BFGL-NGS-102773 0.23 835,899 

  

  

  BovineHD0700003671 0.25 296,646 

  
  

BovineHD0700003596 ARS-BFGL-NGS-102773 0.24 851,436 

        BovineHD0700003671 0.24 281,109 
1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was 

derived from reference SNPs, and variants within candidate genes which are not identified as significant 

in the GWAS.  
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Table 3.9: Direct linkage of significant SNPs from GWAS and SNPS within haplotype 

blocks in Uncharacterized gene of 265-animal cohort 

Gene Chr. 

Significant SNP from 

GWAS 

SNP of interest haplotype 

block 

Reference significant 

SNP(s)
1
 r

2
 

Distance 

between 

SNP pair 

(bp) 

Uncharacterized 7 ARS-BFGL-NGS-102773 BovineHD0700003599 BovineHD0700003671 0.27 259,067 

  

 

BovineHD0700003455   BovineHD0700004277 0.20 1,859,367 

  

 

BovineHD0700003671 BovineHD0700003891 BovineHD0700003455 0.27 1,230,419 

  
 

BovineHD0700003737   BovineHD0700003737 0.26 382,930 

  

 

BovineHD0700003962   BovineHD0700003962 0.32 162,246 

  

 

BovineHD0700004113   BovineHD0700004239 0.42 904,875 

  

 

BovineHD0700004235 BovineHD0700003940 ARS-BFGL-NGS-102773 0.21 1,797,614 

  

 

BovineHD0700004239 BovineHD0700003941 BovineHD0700003962 0.31 42,906 

  
 

BovineHD0700004277   BovineHD0700004239 0.24 785,535 

  

  

BovineHD0700003946 BovineHD0700003962 0.45 37,312 

  

  

  BovineHD0700004235 0.26 770,789 

  

  

  BovineHD0700004239 0.23 779,941 

  

  

BovineHD0700003951 BovineHD0700003962 0.22 27,815 

  

 

   BovineHD0700004113 0.24 399,343 

  

 

 BovineHD0700003954 BovineHD0700003962 0.53 22,884 

       BovineHD0700004235 0.30 756,361 

   BovineHD0700003959 BovineHD0700003962 0.30 6,602 

      BovineHD0700004113 0.20 378,130 

    BovineHD0700003960 BovineHD0700004113 0.20 377,530 

      BovineHD0700004239 0.44 748,631 

    BovineHD0700003964 BovineHD0700003455 0.21 1,401,256 

      BovineHD0700004239 0.22 734,038 

    BovineHD0700003965 ARS-BFGL-NGS-102773 0.22 1,853,264 

    BovineHD0700003968 BovineHD0700003962 0.47 18,818 

    BovineHD0700003970 BovineHD0700004277 0.95 869,883 

    BovineHD0700004000 BovineHD0700004239 0.26 656,472 

    BovineHD0700004013 BovineHD0700004239 0.24 623,534 

    BovineHD0700004029 BovineHD0700004239 0.25 550,665 

    BovineHD0700004036 BovineHD0700004239 0.26 537,243 

      BovineHD0700004038 BovineHD0700004239 0.22 533,242 
1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was 

derived from reference SNPs, and variants within candidate genes which are not identified as significant 

in the GWAS.   
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Table 3.10: Direct linkage of significant SNPs from GWAS and SNPS within haplotype 

blocks in FYN gene of 265-animal cohort 

Gene Chr. 

Significant SNP from 

GWAS 

SNP of interest haplotype 

block 

Reference significant 

SNP(s)
1
 r

2
 

Distance 

between 

SNP pair 

(bp) 

FYN 9 BovineHD0900010787 BovineHD0900010807 BovineHD0900010787 0.26 75,413 

  
  

ARS-BFGL-NGS-17236  BovineHD0900010787 0.23 75,880 

  

  

Hapmap48912-BTA-83311 BovineHD0900010787 0.23 103,520 

  

  

BovineHD0900010821 BovineHD0900010787 0.40 132,998 

  
  

BovineHD0900010832 BovineHD0900010787 0.30 166,779 

  

  

BovineHD0900010835 BovineHD0900010787 0.21 169,262 

  
  

BovineHD0900010844 BovineHD0900010787 0.25 184,878 

  

  

BovineHD0900010857 BovineHD0900010787 0.24 222,959 

  

  

BovineHD0900010874 BovineHD0900010787 0.23 265,254 

  

  

BovineHD0900010878 BovineHD0900010787 0.20 273,094 

  

  

BovineHD4100007378 BovineHD0900010787 0.24 313,490 

      BovineHD0900010916 BovineHD0900010787 0.22 324,703 
1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was 

derived from reference SNPs, and variants within candidate genes which are not identified as significant 

in the GWAS.  
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Table 3.11: Direct linkage of significant SNPs from GWAS and SNPS within haplotype 

blocks in FIG4 gene of 265-animal cohort 

Gene Chr. 

Significant SNP from 

GWAS 

SNP of interest 

haplotype block 

Reference significant 

SNP(s)
1
 r

2
 

Distance 

between 

SNP pair 

(bp) 

FIG4 9 BovineHD0900010787 BovineHD0900011069 BovineHD0900010787 0.266 1171008 

  
  

Hapmap59361-

rs29017977 BovineHD0900010787 0.211 1199320 

  

  

BovineHD0900011091 BovineHD0900010787 0.379 1235371 

  

  

BovineHD0900011112 BovineHD0900010787 0.205 1290372 

  

  

BovineHD0900011160 BovineHD0900010787 0.244 1364642 

  

  

BovineHD4100007382 BovineHD0900010787 0.198 1388561 

  
  

BovineHD0900011171 BovineHD0900010787 0.257 1392878 

  

  

BovineHD0900011174 BovineHD0900010787 0.139 1398282 

  
  

BovineHD0900011229 BovineHD0900010787 0.201 1615060 

      BovineHD0900011335 BovineHD0900010787 0.228 1903930 
1
 reference SNPs refer to significant variants obtained with the GWAS, and syntenic linkage (r

2
) was 

derived from reference SNPs, and variants within candidate genes which are not identified as significant 

in the GWAS.  

 

  



 

 

160 

 

3.8 Figures 

Figure 3.1: Manhattan plot for the genome-wide association study 40 Holsteins 

phenotyped with Spastic Syndrome, using high density imputed genotypes to screen for 

genomic areas of interest related to the disorder 

* The y-axis of the graphs were truncated at –log10(q) value of 6. Values of –log10(q) greater 
than 6 are depicted as triangles. 

  
 

Spastic Syndrome * 

 



 

 

161 

 

Figure 3.2: Manhattan plot for the genome-wide association study 265 Holsteins 

phenotyped with Spastic Syndrome, using high density imputed genotypes to screen for 

genomic areas of interest related to the disorder 

* The y-axis of the graphs were truncated at –log10(q) value of 6. Values of –log10(q) greater 
than 6 are depicted as triangles. 

  

Spastic Syndrome * 
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Figure 3.3: Linkage Disequilibrium decay plots for 1,659 North American Holsteins 

genotyped with the high density (777k) SNP genotype panel. Expected linkage decay can be 

described as exponential decay, with aberrant peaks indicating possible misplaced SNPs  
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Figure 3.4: Linkage blocks (r
2
) for SNPs within the CACNA1A gene located on 

chromosome 7, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks 
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Figure 3.5: Linkage blocks (r
2
) for SNPs within the RAB3A gene located on 

chromosome 7, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks 
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Figure 3.6: Linkage blocks (r
2
) for SNPs within the MAP1S gene located on 

chromosome 7, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks 
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Figure 3.7: Linkage blocks (r
2
) for SNPs within the bta-mir-23a-201 gene located on 

chromosome 7, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks  
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Figure 3.8: Linkage blocks (r
2
) for SNPs within the Uncharacterized gene 

located on chromosome 7, obtained from Haploview. Each diamond represents 

the linkage measure between two SNPs, where the darker the shade of grey, the 

more linkage disequilibrium (LD) is present between the two variants. Each 

outlined triangle represents a haplotype block measured with the solid spine 

method. The Solid spine method searches for a “spine” of strong LD from one 

marker to another, the first and the last markers within the haplotype block 

have strong LD to each other as well as to intermediate markers within the 

outlined haplotype block, although intermediate markers within the haplotype 

block may not be in strong LD with each other (Barrett et al., 2005). Variant 

identification numbers are located at the top of the figure above the identified 

haplotype blocks 
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Figure 3.9: Linkage blocks (r
2
) for SNPs within the FIG4 gene located on 

chromosome 9, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks 
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Figure 3.10: Linkage blocks (r
2
) for SNPs within the FYN gene located on 

chromosome 9, obtained from Haploview. Each diamond represents the linkage 

measure between two SNPs, where the darker the shade of grey, the more linkage 

disequilibrium (LD) is present between the two variants. Each outlined triangle 

represents a haplotype block measured with the solid spine method. The Solid spine 

method searches for a “spine” of strong LD from one marker to another, the first 

and the last markers within the haplotype block have strong LD to each other as 

well as to intermediate markers within the outlined haplotype block, although 

intermediate markers within the haplotype block may not be in strong LD with each 

other (Barrett et al., 2005). Variant identification numbers are located at the top of 

the figure above the identified haplotype blocks  
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CHAPTER FOUR 

GENERAL DISCUSSION, IMPLICATIONS, AND CONCLUSIONS 

4.1 Main Research Findings 

1. Spastic Syndrome was moderately heritable within the study population, which 

had a disease prevalence of approximately 60%. Heritability (h
2
) of 27% was 

estimated on the observed binary scale. A heritability of approximately 2% would 

be expected for a disease prevalence of 0.6%, which is thought to be the current 

prevalence in Holstein cow herds in Canada. 

2. Imputation from the 50k single nucleotide polymorphism (SNP) genotype panel 

to the high density (HD; 777k) SNP genotype panel was highly accurate with over 

99% genome-wide accuracy, measured by concordance rate. 

3. A genome-wide association study (GWAS) performed on 40 case-control Spastic 

Syndrome male Holsteins resulted in six and 18 significantly associated SNPs for 

the 50k and imputed HD SNP panels, respectively. The main area of significance 

occurred within chromosome 9 at approximately 75-85 megabase pairs (Mb). 

4. The GWAS performed on a second cohort of 265 case-control Spastic Syndrome 

Holsteins resulted in 98 and 522 significantly associated SNPs, for the 50k and 

imputed HD SNP panel, respectively. Areas of significance were common for 

both animal cohorts within chromosome 9 at approximately 85-87 Mb. Post-

GWAS threshold criteria narrowed the HD GWAS results to 67 significant SNPs, 

most located within a QTL-like peak on chromosome 7 (1-20 Mb). 
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5. GWAS results were validated with Random Forest regression analysis and 

confirmed prospective regions on chromosomes 7 and 9. 

6. A candidate gene list for the 18 significantly associated SNPs from the 40-animal 

analysis was created and resulted in seven genes whose functions may contribute 

to Spastic Syndrome. Two are of particular interest: the GPR126 gene that 

functions to both regulate the initiation (Monk et al., 2011), and maintenance of 

myelin sheaths on nerve axons, and the FIG4 gene that is ubiquitously expressed 

in skeletal muscle (Reifler et al., 2013). 

7. A candidate gene list was created for the retained 67 significantly associated 

SNPs from the 265-animal analysis. Seven genes had functions which may 

contribute to the disorder. In particular, three genes demonstrate compelling 

functions in regards to Spastic Syndrome. The CACNA1A gene is the most 

compelling of all candidate genes and codes for a calcium channel protein which 

is expressed in the neuromuscular junction (Torodov et al., 2006). The RAB3A 

gene associates with synaptic vesicles until depolarization of the nerve terminal 

occurs The FIG4 gene is also within the 40-animal cohort candidate gene list, and 

is expressed in skeletal muscle (Reifler et al., 2013).  

8. Spastic Syndrome appears to be a multi-allelic disorder that is neuromuscular in 

nature. 
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4.2 General Discussion 

In general, Spastic Syndrome may be a disorder that encompasses a number of 

genetically distinct, but phenotypically similar disorders, due to numerous terms it has 

been given, as well as vague diagnostic criteria. The first study cohort was obtained with 

veterinarians experienced in large animal medicine. Although the sample size was limited 

with 40 animals, the validity of the cases and controls in this cohort is strong. A universal 

classification for this disorder and a universally agreed upon diagnostic criterion should 

be created to limit confusion of clinical signs, and restrict possible misdiagnosis. The 

second cohort of affected animals was diagnosed by local veterinarians, so the accuracy 

of diagnosis is unknown. Accurately diagnosed animals will allow for subsequent 

analyses to identify areas of the genome that are associated with Spastic Syndrome and 

not to a different disorder with a similar phenotype. 

 There is a heritable component to Spastic Syndrome, and the heritability estimate 

within this study was moderate, but inflated due to study population prevalence. A 

heritability of 2% would be estimated for a disease prevalence of 0.6%, which is thought 

to be the prevalence in general Holstein cow herds in Canada. 

 Imputation done in this study was highly accurate, due to a number of reasons. 

Firstly, a relatively large reference population of 1,659 Holsteins genotyped with the HD 

SNP panel, which contributes to accurate imputation (Larmer, 2012; Sargolzaei et al., 

2014). Secondly, the panel to be imputed (50k) was itself relatively dense, so shared 

haplotypes would be found more readily when imputing (Sargolzaei et al., 2014). Lastly 

family and population imputation was performed, as in general North American Holsteins 
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are relatively inbred and thus using family and population information would increase 

imputation accuracy (Sargolzaei et al., 2010; Stachowicz et al., 2011).  

With all GWAS via the generalized quasi-likelihood score, the imputed HD 

genotypes provided more associative regions than the 50k genotypes. Low initial 

thresholds for significance (chromosome-wise pFDR of a maximum 10%) were put in 

place to observe all possible associations, even with rare variants, which is a valid 

consideration as the inheritance of Spastic Syndrome was known previously. The number 

of significantly associated SNPs from GWAS on both cohorts of animals was likely 

inflated due to this initial lenient threshold for significance, although common areas of 

the genome were discovered for GWAS for both animal cohorts. The regions within 

chromosomes 7 and 9 that were of great interest from the GQLS logistic regression were 

validated by the Random Forest regression. Therefore, areas in chromosomes 7 and 9 are 

strong candidates for Spastic Syndrome. Genes of interest were mainly associated with 

muscle contraction (motor neurons and motor neuron mitochondria, voltage-gated 

chloride channels, axon myelination, neuronal survival, normal nerve cell stimulation, 

and synaptic plasticity). 

4.3 General Conlcusions 

Spastic Syndrome is a heritable disease based on the heritability estimate derived 

from this study population. The genome-wide association studies using  both the 50k and 

the imputed high density SNP panel indicated that Spastic Syndrome is likely not 

monogenic. The genome-wide association studies suggested areas of significance within 

chromosomes 7 and 9, which were validated through the Random Forest regression. Two 
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genes were in common within the candidate gene list derived from the two study 

populations, and they are located on chromosome 9. Functional and in silico analyses 

focused on genes involved with skeletal muscle and the nervous system, as previous 

literature has indicated Spastic Syndrome is likely neuromuscular. In particular, the 

GPR126 gene has functions regarding myelination of axons, CACNA1A gene is expressed 

in neuromuscular junctions, RAB3A gene associates with synaptic vesicles until 

depolarization of the nerve terminal occurs, and the FIG4 gene is only expressed in 

skeletal muscle. The CACNA1A gene is the most compelling candidate gene, as many 

calcium ion channel disorders are non-degenerative, and produce spastic phenotypes.  

4.4 Future Studies 

The results from this screening study suggest that inheritance of Spastic Syndrome is 

multi-allelic, and thus candidate gene function obtained from this study could be verified 

with mouse models such as knockout mice studies, for genes that do not currently have 

mouse models. Also, candidate genes could be subjected to in vitro testing in which the 

mutant and normal protein is studied for possible functional differences that could be 

biologically relevant to Spastic Syndrome. Additionally, performing exomic analyses on 

chromosomes of interest (i.e. chromosome 7 and 9) may shed light on expressed portions 

of DNA in relation to Spastic Syndrome. Concurrently Dr. Dennis Bulman of the 

University of Ottawa is investigating possible exomic regions of interest for Spastic 

Syndrome, and preliminary results validate GQLS logistic GWAS in chromosomes 7 and 

9.  
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