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1. Introduction
The elegance and temperament of the Arab horsbdwsfascinating people for decades and
turned the Arabian into a very popular breed. Tlhdue of these horses is not only of
economic but also emotional importance since tiesses are outstanding companions for
every horse owner.
This work will give an insight into the genetic digers that endanger the sound breeding of
Arabian purebreds and will show the most receneliggments in managing, and hopefully
eradicating, genetic related diseases of the Acabeh

2. Genetic disorders and pathways of inheritance

2.1 Definition of genetic diseases

Improved technology and ongoing research lead ¢peater understanding of the horse’s
genetics as well as drew attention to diseaseditiththeir origin in the horse genome. The
success of mapping the horse genome is a majokthreagh in managing genetic diseases,
by allowing scientists to perform and generate Didéts that are readily available for every
horse owner. But in order to target a genetic diseahe biological and molecular

mechanisms in which the condition finds its origaed to be understood.

A genetic or breed-related disorder can result @hiracal disease that caused by a defective
gene. The disorder commonly appears multiple timi#sin a pedigree and is passed on from
the parent generation to its offspring. Geneticeas®s have to be distinguished from
congenital diseases. A disorder that is presehirdit and may or may not be the result of an
abnormality in the genome is considered to be ayeoial disease. In contrast, a genetic
disease is always a result of an abnormality ingthieetic material of the individual. Genetic

diseases might not be expressed in the phenotyie afdividual at birtH.

Table 1; Terms and Definitiohs

Genetic Terms Definitions
Deoxyribonucleic acid is the molecule carrying genaformation in

DNA all living organisms
Base pair Binding of_adenine with thymine and guanine withosyne forming the
double helix shape of the two DNA strands
DNA-sequence Order in the arrangement of base pairs at a spéodation on the DNA
Ribonucleic acid is found in the nucleus and in ¢htoplasma and is
RNA important for protein biosynthesis and other ceihdtions; the basg
thymine is replaced by uracil
Gene Section of a chromosome that encodes a specifit tra
Gene locus: gene location on a chromosome
Allele Form of a gene that can be present in differenh$oand determines

whether a trait is expressed or not
Variations in a gene that are seen frequently population and do nat
have a negative impact

Polymorphism

Autosomal A gene located on a non-sex chromosome

Gonosomal A gene located on a sex chromosome
Exon Part of the gene that codes for a protein
Intron Non-coding part of the gene

DNA sequence that can be found at the beginnirgggdne and initiate
transcription

n

Promotor




Transcription

Formation of a DNA sequence copy in form of RNA

Translation

Transformation of the encoded information from Ri#fo a amino acid
chain that forms the protein

Genetic code

Information encoded on a gene for cell functions

Genetic marker

Part of the DNA that can be identified and whodeemtance can b
traced

Gene family

Closely related genes that result in similar exgimsof products

Gene product

Biochemical material produced after the code ofgéiee

Gene mapping

Determination of the positions of genes on a DNAguoole

An individual that does not express the genetiealie but possesses |

Carrier genetic mutation in its genome and is capable sEipg it on to itg
offspring
Sperm or ovum containing an haploid set of chrom@s (32 in horse|
Gamete formed by meiosis; fertilization results in an egwrwith the full
chromosome set
Genotype Inheritable genetic information of an individual
Phenotype Physical manifestation of an individual's genetiformation
Conserved sequence | DNA sequence that has not changed throughout réenlu
Mutation Alteration in a DNA-sequence

Frame-shift mutations

Alteration of the DNA-sequence resulting in a difiet gene product

Point mutation

Alteration of one base pair that can result infeedBnt gene product

Seggregation analysis

The listing of offspring according to distinct amitually exclusive
phenotypes; used as a test from a putative paifénmeritancé

Linkage analysis

Study performed to locate a causative gene mutatiddentifying traits

co-inherited with it

2.2 Structure of the DNA
The horse’s karyotype consists of 64 chromosomeshadan be grouped into autosomes and
the xx or xy sex-chromosomes for mares and stallioespectively. Chromosomes are
condensed DNA double helix strands which carry deaetic information for the physical

appearance of each individual, defining for exantipéecolor of the hair coat and the specific
body frame of every breed. Even breed specific attar traits that distinguish the hot-

blooded Arab from the steady and stoic coldblodutegds are encoded in the DRA.

Deoxyribonucleic acid (DNA)
found

hereditary material

is the moleculdr
in every cell of gn

individual and is located mostly in the nucleUs.

Mitochondria, the cell organelle that is resporesitalr

energy production through cellular respiration,oa
carry a small portion of the DNA. The DNA structu
can be described as a “twisted ladder”, with swagar
phosphate building the side pieces that are coade
through base pairs forming the rugs. The four ba
are adenine, thymine, guanine and cytosine whieh
held together by weak bonds. Bases are arrange

Guanine

Sugar phosphate
backbone

Cylosine

specific pairs. Adenine binds to thymine and guanjnPicture 1: Molecular structure of

to cytosine®

he



2.3 Protein synthesis

The process during which encoded information onNADBsequence is transformed into a
protein that expresses the information of the apdiene is called protein synthesis and
consists of two separate steps. The following eaatiill demonstrate the protein synthesis in
a very simplified manner, which is sufficient toigan understanding for the background of
genetic related diseases.

First, the coding gene of the DNA is used as a tatafgo generate a homologous messenger
RNA strand (mMRNA) which carries the complementaagdarrangement of the coding DNA-
sequence, with the exception of the base thyminiehnis substituted by the base uracil on
the mRNA strand. This process is called transaipéind takes place in the cell nucleus. The
enzyme RNA-polymerase binds to the promoter on BIMA sequence and assembles
nucleotides to produce the mRNA strand accordintpe¢dDNA template. The DNA sequence
that is used to assemble an mRNA strand is calpiom. The operon is enframed by a
promoter region, which initiates the transcriptfjoces$, and a terminating region consisting
of a sequence of several adenine bases resulting uracile base sequence on the mRNA
strand. This base arrangement causes the tramsergomplex to be rather unstable, resulting
in the termination of the transcription process #mlrelease of RNA polymera®&he end
product of the transcription is the pre-mRNA strahdt undergoes several modification
processes preparing the m-RNA for the next steapeprotein biosynthesis, the translation.

The translation is the second step of the protgmthesis and results in the end product
consisting of an amino acid chain forming the proteccording to the instructions of the
coding gene. This process takes place in the @agapl The mRNA is transported from the
nucleus to the cytoplasm of the cell where ribos®ien attach to the mRNA strand. After
amino acids are activated and bound to transfer RIRNA) by the enzyme amino acid
synthetase, the ribosomal subunits bind to the mRi&nd. The translation process begins at
the initiating codon with the support of initiatirigctors. During the assembly of a peptide
chain, the tRNA loaded with a specific amino admids to the complementary base triplet on
the mRNA strand. The first binding tRNA molecule is released afitsr amino acid load
forms a bond with the amino acid of the subseqti®MA that matches for the next base
triplet of the mRNA strand. This generation
of a polypeptide chain is continued until all
amino acids are assembled to form the
encoded protein.

Translation displays the core mechanism that T, e O
. R . @o e e %ﬂc’;::}.\ :
each base tripled encodes for an amino acid Verap, & (<] °° oo
according to the “code sun”. This — fo _ 02?
deciphering system of the genetic code is : %@eg;'
read from the inside to the outside of the 0000,

circle, with each base triplet arrangement
resulting in the amino acid named at the
outside of the circle. The base triplet UAG |is
coding for the amino acid methionine and

also serves as the “start codon” WhicHD'CtureZThe code sur




initiates the protein biosynthesfsThe so called “stop codons” UAA, UAG and UGA lead
the termination of the translation process, resglin the release of the peptide chain and the
disassembly of the ribosomal suburiits.

2.4 Classification of genetic diseases and mutati®n

The knowledge of the pathway from the informatiocaded in a gene to the production of
proteins, that are necessary for various essem&bbolic mechanisms of the individual,
leads to greater understanding of the impact ddltamation in a DNA-sequence, also known
as a mutation. Hence, a mutation is changing theetge information for the protein
production and can result in change of the proé@id its function. A harmful mutation that
occurs spontaneously and can be passed on fropatkat to the offspring is the foundation
of a genetic diseasé.

Inheriting a genetic disease is possible if theatom appears in the germ cells, the egg or
sperm cell of the parent generation, through wthlah genetic defect is passed on to the
offspring®® All cells of the offspring contain the DNA withehdefective gene causing either
a disease or carriage of the mutation in the gensith®ut showing clinical sign¥'

Classification of genetic diseases

Genetic disorders can be grouped into three caesydrhe first is described as the Mendelian
or simple genetic disorder involving a single almak gene that is passed on from the parent
generation to the offspring. The second categociudes chromosome number aberrations
and is considered rather spontaneous than inheAleeéxample for this would be a lack of
one x-chromosome in a mare leading to failure ofetiping a reproductive tract. The third
category counts for diseases that involve more thia® gene, a multifactorial inherited
disease. Several abnormal genes and sometimegpvieonmental factors need to be present
to cause the disorder. Detection of this groupefegic disorders is a major accomplishment
of the horse genome mapping. Finding a genetic imidiseases like osteochondrosis is
subject of ongoing research that can only be dareetd the success of the horse genome
project™

The impact of a change in the genome can vary lgrdapending how the alteration affects
the function of the individual’s cell mechanisms Alteration in a gene can be beneficial. For
example it can result in an improvement in the piygric display of breed specific traits,
which is then enhanced by selective breeding withctty those mares and stallions that
express the desired traits of the breed. On therotland, mutations can also cause a
pathological presentation resulting in a diseasaltgying the cell mechanism and function of
proteins. If the mutation is affecting the vialyilof a fetus it can even lead to the abortion of
the fetus.

Focusing on a mutation’s effect on the functiorinaf affected protein different outcomes can
be described. A loss of function is consideredegithh complete loss of the protein’s initial
function or decreased function ability. Gain of étian is associated with an increase in the
protein’s desired function ability. Another outconse the so called dominant negative
mutation. Here, the protein derived from the abrargene interferes with the wild type
protein. A mutation that involves essential mechians can lead to the death of the affected
individual and are called lethal mutations. The ifemtation of these outcomes in the



phenotype can be either on a morphological lewelekample coat color, or on a biochemical
level regarding the alteration of the protein fumctand the metabolic process it affects.

Classification of mutations

The classification of mutations can be done onbthss of inheritance or structut During

the mitotic cell divisions, the diploid chromosorset is duplicated and divided equally

among each daughter cell. This results in a celtiplication ensuring that all daughter cells

carry the exact same genetic information. In cabtréne process of producing gametes for
sexual reproduction, called meiotic cell divisidntlee sperm and egg cell production, results
in a cell containing only half of the chromosome 3d&ese cells are considered to be haploid
gametes that will form the diploid zygote afteritusof the sperm and egg cells of the parent
generation. This mechanism equips the offspringy witliploid chromosome set consisting of
half of the maternal and half of the paternal chveames. Therefore, if we want to classify

mutations form an inheritance point of view, théspfing inheriting a mutation can be either

considered as heterozygous or homozygous. Thehetenozygous implements that the allele
with the defective gene was passed on through #mdold chromosome set of either the

mother or the father. Only one of the gametes eaittie mutation. In contrast, homozygous
inheritance is the result of a zygote formed bygg and sperm that both carry the mutation.
The altered DNA sequence is inherited through hibinmaternal and paternal gameétes.

Focusing on the alteration in the DNA structuresealiby a mutation, they can be grouped
into small scale mutations and large scale mutati®@mall scale mutations include point
mutations, insertions and deletions.

A point mutation occurs if a single nucleotide xskanged with a different one. Commonly a
purine base is substituted by a different purineebar a pyrimidine base by a different
pyrimidine base. Bases belonging to the purinesadesmine and guanine. Pyrimidines include
uracil, thymine and cytosine. If a purine is replddy a pyrimidine base the process of
alteration is called a transversion. Changing glsimucleotide can alter the triple nature of
the genetic code. A change in the base triplet@N& sequence coding for a specific amino
acid can have different impacts on the outcomehef protein production. If the point
mutation results in a base triplet coding for arirenacid different form the wild type, it is
considered to be a mis-sense mutation. This alberaan have a major impact on the protein
function. A non-sense mutation refers to a nuatEotsubstitution that transforms a base
triplet coding for an amino acid into a base tiileding for the stop codon. The translation
process is terminated at a random stage of theideephain resulting in an unfinished
production of the protein. Having the decipheriggtem of the code sun in mind, it is known
that different base triplets can code for the sameéo acid. This mechanism can also apply
for a point mutation. The substituted nucleotidaraes the base triplet but not the amino
acid it is coding for. This phenomenon is calledilant mutation and has no impact on the
natural occurring amino acid order of the peptitiain'® However, a silent mutation may
have an effect on the phenotype by for examplelaateng or slowing down the speed of the
protein biosynthesi§’

Mutations that result in adding or removing a sengt even several nucleotides of the DNA
sequence are called insertions or deletions. Ttesadion is also called a frameshift mutation



as the reading of the base triplets is shiftedomngarison to the natural frame by altering the
arrangement of the amino acid chain of the origomatein.

A change in structure or rearrangement of the gena chromosome level is grouped to the
class of large scale mutation. This class of moigtincludes amplifications, translocations,
inversions and large scale deletions. An amplilicadf a gene expression can be the result of
a duplication of a gene on the same chromosomérédnmsome fragment exchange between
two non-homologous chromosomes resulting in “swagpia segment between those
chromosomes is called a translocation. The ternersign stands for a change in the
orientation of a DNA sequence, in other words, gnent of the DNA rotates 180° in
comparison to the initial orientation. The impattadeletion on a large scale level can lead
to a loss of a whole DNA section and subsequehgyldss of the gerf8.

Having gained an insight in molecular and biologim@chanisms of an individual’'s genetic
makeup and the impact of an alteration of the gemefformation, there is still one question
that needs to be answered. What causes a mutation?

The triggering act of a mutation to occur can libezispontaneous, induced or due to a base
damage. If a mutation appears due to natural ctenpiocesses, it is considered to be
spontaneous. DNA-replication errors fall into tb&egory, as well as spontaneous lesions for
example caused by superoxide radicals which leadisparing of the bases. Mobile gene
elements called “wandering” DNA sequences and thieomamal pairing of bases, called
tautomerization are also considered to be sponten@aitations.

Furthermore, mutations can be induced by chemtbalsare analogues to certain bases and
can therefore be incorporated into the DNA straraieiad of the base. An example for this is
the substance 5-bromouracil which is analogue ¢obtiise thymine but can form a base pair
with both adenine and guanine. Oxidation, chemjdatsh energy radiation and UV light can
lead to base damagg.

2.5 Pathways of inheritance

Now that the causative background of a geneticadisénas been demonstrated, it is important
to focus on the mechanisms how the different desame passed on from the parent
generation to their progeny.

A gene can be present in several versions, whieltalied alleles. In terms of the previously
mentioned homozygous and heterozygous genotypasdaidual is considered homozygous
if it inherits the same allele variant from bothrgrds. A heterozygote, in contrast, inherits
different alleles of the same gene for its parefise allele can differ according to its
dominance in respect to a different allele of tamme gene. The same principle counts for a
recessive allele. This differentiation is only pbss by comparing the different alleles with
each other, as the dominant allele will be expksser a recessive allele. Genetic diseases
can be inherited through both dominant and recesdieles that incorporate the mutation. It
is important to point out that the terms dominamd eecessive only refer to the comparison of
the alleles of the same gene. They do not deterthmékelihood of inheriting a dominant or
recessive allele, since both have the same pratyaiilbe passed on to the offspring.



Autosomal dominant inheritance

An autosomal dominant genetic disorder can cawdi@iaal picture in the individual with the
involvement of only one defective dominant allelene affected horse can either be
heterozygous or homozygous but is potentially afeécby the disease in both cases.
Examples for dominant inheritance are Juvenile ddibic Epilepsy in Arab Horses or
Hyperkalemic Periodic Paralysis (HYPP) in Quartesrs¢s®> Diseases with this kind of
inheritance pattern are rare, cause a clinicaupgcin every offspring generatithand are
easy to trace back through the bloodline and tieéte from the breeding system.

A family tree can be used as a tool to follow ttehpof autosomal dominant inheritance,
which is also referred to as a pedigree analysisthis schematic follow up of a related
population, the female individuals are demonstratedircles and the males as squares. A line
is drawn between those individuals that produceoff&pring population. The individuals of
the progeny are linked with a connecting line ® plarent generation and displayed below the
parent generation. Individuals expressing the ds@atheir phenotype are demonstrated with
a black coloration of the circles or squares.

qaiishe afsBeye

Picture 3: Family trees of autosomal dominant ) laftd
autosomal recessive (right) inheritance

If a horse expressing the clinical signs of a dantrgenetic disorder is used for breeding, the
probability, meaning the likelihood of the offspgitnheriting the defective dominant allele,
can be calculated as the following:

Table 2; Probability of inheriting dominant genetisorders at each mating in &

A: dominat allele Clear stallion Homozygous stallion | Heterozygous stallion
. : (aa) (AA) (Aa)
el Not affected Affected Affected
Clear mare o 50% Affected
(aa) 100% Clear offspring het:r%c;/o (';“ljfse(;t;s fing heterozygous offspring
Not affected Yo PG 5005 Clear offspring
Homozygous mare 100% Affected
(ﬁ) 100% Affected 100% Affected offspring
Affected heterozygous offspring homozygous offspring (50% homozygous and
50% heterozygous)
75% Affected
0,
Heterozygous mare 50% Affected mgf/]f’SA:ifr?Cte‘j offspring
(Aa) heterozygous offspring (50% homF())z gous and (25% homozygous and
Affected 50% Clear offspring Y9 50% heterozygous)

50% heterozygous) 25% Clear offspring




Autosomal recessive inheritance

In case of autosomal recessive disorders, bothctlefealleles must be present to cause a
phenotype expression. Therefore, recessive inhegtaan also result in carriers that possess
only one defective allele. These individuals do stodw any clinical signs of the disease, but
are capable of passing the defective gene on todffspring. Carrier individuals cannot be
found in case of autosomal dominant diseases, d@Bisncase only one defective allele is
sufficient to cause a clinical disease. Recessareetic disorder can stay hidden and be passed
on as a “silent passenger” over generations. Uaifgnmily tree analysis, the carrier stage is
demonstrated through the half-colored symbols atupeé 3. This kind of genetic disorder is
more commonly found but due to the occurrence oferaindividuals much more difficult to
trace in the bloodline and to eliminate from thedating systenf> Exactly these difficulties
are a major problem in targeting and eliminatingegee disorders in the Arabian breed, since
most of the genetic diseases affecting Arabs aesitmfsomal recessive nature.

Since carrier individuals cannot be distinguisheminf a healthy horse by their phenotype,
heterozygotes might be accidently used for breediihg probability of inheriting recessive
genetic disorders can be demonstrated as the foljpwith a being the recessive defective
allele and A being the natural dominant allele:

Table 3; Probability of inheriting dominant genetiisorders at each mating in%

Clear stallion (AA) | Carrier stallion (Aa)

0,

Clear mare (AA) 100% Clear 50% C'e‘?‘r

50% Carrier
Not affected
25% Clear
0,

Carrier mare (Aa) 550?, //(’Cczﬁ?ér 50% Carrier
0 25% Affected

Affected (aa) Carrier (Aa) Clear (AA)

Affected 50% Affected

0,
100% Affected 50% Carrier

100% Carrier

Table 3 demonstrates that an affected foal canlmmiyre result of mating two carriers.

Other pathways of inheritance

Autosomal dominant and recessive diseases are tis¢ commonly encountered forms of
inheriting genetic disorders. Other forms of interce include x-chromosome linked
dominant or recessive inheritance, codominant itdrere and mitochondrial inheritance.

A defective allele which is located on the x-chr@mme can be inherited from both the mare
and the stallion in case of fillies, but only fraime mare in case of colts. In this form on
inheritance there is no male to male transmissienttee colt always inherits the y-
chromosome from the stallion and the x-chromosorom fthe maré’ Dominant x-linked
genetic diseases affect females more frequently thales and are expressed in every
generation like autosomal dominant disorders. Xdiah recessive disorders affect male
individuals more frequently than females as malely posses one x-chromosome. Again,
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male to male transmission is not possible. Codontimdheritance occurs when two different
alleles of a gene are expressed at the same tioeseGuently, the characteristics of the
genetic condition are determined by both allelegsheleading to a slight variation of the
protein®® Mitochondrial or maternal inheritance refers te tdam’s ability to pass on

mitochondrial DNA to the foal, as only the egg seatontribute mitochondria to the fetus.
Both fillies and colts can be affected by an atieraof the dam’s mitochondrial DNA.

3. The Horse Genome Project

3.1 The Horse Genome Project and genome mapping

The Horse Genome Project was established in 1985 w8 scientists from 20 countries met
in Lexington, Kentucky. Achievements of the Humaan@me Project initiated the idea to
map the genome of the horse. At this point seledbreeding was the only way to amplify or
abolish a phenotype trait. Researchers hoped hieainformation gained through the Horse
Genome Project would help to identify the genetackground of various individual traits
ranging from physical appearance to susceptitiitgiseases.

Since the size and organization of the genome sluongparable features in all mammals,
including humans, the methods and tools of the Huanome Project were applicable for
establishing a genome map of the horse. Furthermdmmation about the human genome
could be used as a template to make projectionatahe arrangement of equine genome
sequence$’ There are over 80 genetic related diseases knosiaw phenotypic similarities
in both, horses and humaifs.

The primary goal of the research initially was teate a genetic map of the horse genome by
identifying all 32 chromosomes and their genetidiaarks as reference points to the human
genome. The comparison to the human genome waslfit€ipated to avoid the great effort
and expense to sequence the whole equine genorisestidtegy changed in 2005 when only
20,000 genes could be identified which made up &%y of the genetic information.
Researchers came to the conclusion that, sincesgeaesimilar in all mammalian species, the
turning point to understand genetic variations wlobé to analyze the 98% “ junk DNA”
which is unique for each individual. A whole genosequencing of the horse would be
necessary to gain this insight. Fortunately, théiddal Human Genome Research Institute
was trying to decide which species out of the oféerrisodactyla, which also includes the
domestic horse, was suitable to be involved in t==
genome mapping process next. The members of
Horse Genome Project successfully demonstre
the benefits of mapping the genome of the dome
horse and gained a strong partner for their work.

By 2006 the Horse Genome Project succeede( &
sequencing the 2.7 billion base pairs of the geng | ‘
belonging to the Thoroughbred mare call
“Twilight”. The assembly of the genome sequenci :
was based on a 6.8 fold coverage, thus each | Picture 3: Twilight
pair had been sequenced almost seven tifnes.
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The sequences were assigned to their specificibmcah the chromosomes creating a map of
the horse genom®&.This genome map displays the order of genes or Bié#kers along the
chromosomes. Containing about 4000 markers theneqge@nome map is the densest among
all studies specie.Comparing DNA samples from a variety of differémeeds, 1 million
areas of genetic variations called single nucleofidlymorphisms (SNPs) could be identified
in the horse species. The results of this projeetbke researchers to gain a genome wide
insight in the genetic variability in hors&s.

3.2 The DNA sequencing process

The DNA sequencing process resembles a polymerhae adeaction (PCR) used for
replicating DNA. A mixture of DNA template, free claotides, primers and the enzyme Taq
polymerase is heated to separate the DNA doukd@ddr The primer binds to single strand
DNA and initiates the nucleotide assembly of a clementary strand by the polymerase
enzyme.

A small amount of the nucleotides are modified didaucleotides. Adding a modified
nucleotide with the base thymidine (T) will stogetreplication process randomly whenever
the dideoxy-T is included in the synthesized stragsulting in a fraction of the original
template. This occurs only in 5% of the occasiomene a thymidine nucleotide is required
since the modified nucleotides just make up a srralttion of the overall available
nucleotides for replication. Although, repeatingtprocess continuously will eventually lead
to copies that uniformly end with a modified thymmie nucleotide. The results are
homologous strands that all have the same starstopt at every possible thymidine base
along the strand. Theses fragments

0 €] O ——— T || CGC------- C can be sorted by their size through
CGC---mmmmmmmmmmeneen T CGC------ T gelelectrophoresis using a
CGC-mmmmmmmmmmme- T CGC-----G fluorescence dye to make the
CGC-mmmmme T CGC----A modified thymidine base visible. As
CGC----T CGC---T the end base of each fragment is
Picture 4: Gelectrophoresis with marked bases thymidine, the positions of all

thymidine bases along the replicated
strand can be identified. Using this techniqueuduig all four bases with different colors for
each base, the complete base sequence of the coenpdiry and therefore the base sequence
of the template strand, according to the specHi®epairing, can be identified.

This process is explained very simplified but bakycresembles the sequencing process
performed by machines called automated DNA sequsfte

3.3 Significance of the Horse Genome Project’s aeghiements and the Equine SNP50

Bead Chip

The map of the horse genome allows performing eetyemmnalysis ranging from equine
phenotype traits to the genetic basis of physicllgand disease related mechanisms. Today
eleven mutations that cause ten clinical diseaage been identified and genetic tests were
developed for nine of those disorders. This is xgeptional step towards a sound breeding
system that can eliminate the appearance of affefcias, by testing the sire and dam for
mutations causing a disea¥e.
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Continuing the research on identification the genbackground of disease also has the
potential to refine treatment options, create neagmbstic tools and help veterinarians to
apply the newly gained knowledge in the fidldFirst steps towards this direction have
already been made by establishing “daughter pijdodsed on the information gained
through the Horse Genome Project. Current reseactindes investigation of diseases caused
by simple genetic traits, multiple genes and evam inherited diseases where the knowledge
of the genetic background of the affected functiea valuable tool. Examples for these
studies are projects currently working on the genetwestigation of laminitis, immunity to
Rhodococcus equi in foals and muscle responseeiziee in Thoroughbretl.A recent study
published in 2014 used whole genome sequencinddoacterize breed associated and non-
breed horses by identifying individual mutationgdlving the genetic information for several
vital processes in breed and non-breed horses.tiGeraiants were identified which is
considered as a first approach towards a posyilitdifferentiate breed and non-breed
horses'?

A new diagnostic tool created after the resultstlod Horse Genome Project is the
EquineSNP50 genotyping BeadChip generated by timpany lllumina. This device includes
over 54,000 SNPs that were identified through thesén genome assembly and is the first
genome wide genotyping tool for horses. The SNP chanh help to identify mutations and
genes in all major horse breeds. It was designied s€quencing seven breeds including the
Arabian horse which lead to creating probes tha@tetahomogenously distributed SNPs over
the whole genome. The genetic basis of phenotypersliies can therefore be located by
identifying and mapping the gene location codingthe trait in questiof*

This demonstrates that the Horse Genome Projecbearonsidered as a milestone in the
history of equine genetic research and that thermmétion gained from this project is applied
to various current research projects.

4. The Arabian horse breed and the importance of ting for genetic
related diseases in the Arabian

4.1 The Arabian horse breed

The Arabian is the oldest horse breed and origmnfiten
the Arabian peninsula where it was bred by the Bedo
desert tribes suggestively at 2500 BC. Already has t
early development of the breed, the tribes estaddisand
maintained the purebred status of the Arab hGr3deir
endurance and excellent performance as war horass w
proudly cherished. Admirers introduced the Arabtan
other continents including Europe and North Ameiita
the 1800°s. The popular characteristic traits efAnabian
ture 5: The Arabian horse | horse were soon used to develop new breeds like the
Thoroughbred and other light breédsToday, there are
six bloodlines of the Arabian horse, including D@t Crabbet, Russian, Egyptian, Polish
and Spanish Arabians. A unique feature of the Hggpbloodline is that only carefully
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selected breeding animals, descendant from stggpttan purebreds are used to continue the
bloodline?* Classical features of the Arabian are the small fare head with a dished face,
the high carried tail, the long arched neck anditie but well muscled body franf8.

4.2 Importance of testing for genetic related diseses of Arab horses

“Nature and time formed the perfect Arabian; inign’s responsibility not to spoil it:®
(Author unknown)

The highest concern of every Arabian horse ownel lareeder is to maintain a healthy
population of the breed. Genetic disorders of thabfan are often fatal and cause a
significant financial loss for the breeder. Itsefibbody structure, endurance and energetic
character make the Arabian a highly popular brédtese outstanding traits have been
carefully preserved through selective breeding h&f most desirable individuals within a
closed population of Arabian bloodlines.

But the purebred status also has its downsides Afakian breed is particularly affected by
the negative impact of inbreeding. Being one of tidest breeds, the Arabian horse
population has a very narrow gene pool due to ealilye breeding. The result of this closed
gene pool is a higher frequency of genes that sseciated with the desired phenotype traits.
Intensive breeding of animals that display a simghenotype are likely to have the same
ancestors. This breeding system increases the eltdndentical gene combination which, in
turn, is leading to foals affected by genetic dsssa especially in case of autosomal recessive
disorders’’ An example for this is the frequent appearanceseferal genetic diseases
associated with the Arabian horse in the AlKhameadiine whose population makes up less
than 5% of the registered Arab population in theA®d Canad&®

Since autosomal dominant genetic diseases arelyeadressed in the phenotype of the
affected individual, they are easy to trace anchielate from the breeding program. Thus, the
main focus is placed on finding solutions to managel prevent autosomal recessive
disorders, especially through identifying carrieimaals.

Performing a pedigree analysis to define the pritibabf non-carrier parents is a useful tool
to manage recessive disorders, as well as caroghtest matings of horses that are known to
be carriers with individuals of which the genetiatgs is questionable. Test matings are of a
great financial expense and are very time consunaimgsidering the long gestation period of
the horse and the low number of offspring.

The importance of using genetic methods to defarei@rs are of increasing importance, as
ongoing research detects more and more causatnes der the genetic diseases in question.
Abnormalities in the number and structure of chreames can be revealed through a
chromosomal analysis. Direct gene analysis usingnperase chain reaction (PCR) and
restrictive fragment length polymorphism (RFLP) iodirect gene analysis with DNA-
markers are used to define the section of the ealteyene that causes the phenotype
appearance of the disease. Those methods are aiggbduce test kits for currently ten
disorders like severe combined immunodeficiencylp§@Gnd are available to every horse
owner®®
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Table 4; Genetic Conditions by Body Sysfem

Body system Condition Breed(s) affected Avtae"s?,? ©
Cerebellar abiotrophy (CA) Arabians Yes
Juveline epilepsy syndrome (JIE) Arabians No
Neurologic Lavender foal syndrome (LFS) Arabians Yes
Neuroaxonal dystrophy Various No
Wobbler syndrome* Various No
Polysaccharide starage myopathy type 1 (PSSM 1)  Quarter horse, Yes
Drafts,Warmblood
Polysaccharide starage myopathy type 2 (PSSM 2) Various No
Glycogen-branching enzyme deficiency Quarter horse and Yes
related breeds
Hperkalemic periodic paralysis (HYPP) Quarter Horse and Yes
related breeds
Myotonia New Forrest Ponies Yes
Osteochondrosis/osteochondritis dissecans French Trotters, No
Musculoskeletal | (OC/OCD)* Dutch Warmbloods
Recurrent exertional rhabdomyolysis* Thoroughbreeds No
Distal limb fractures, fuperficial flexor tendon Thoroughbreeds No
injury*
Lordiosis American No
Saddlebreds
Lateral (sub)luxation of the patella* Shetland ponies No
Malignant hyperthermia Quarter Horse and Yes
related breeds
Occipito-Atlantoacial Malformation (OAAM) Arabian No
Heritable equine regional dermal asthenia (HERDA) Quarter Horse Yes
Junctional epidermolysis bullosa (JEB) American Yes
Dermatologic Saddlebreds,
Belgians, Drafts
Gray horse melanoma Gray horses No
Equine multiple congenital ocular anomalies Silver-coated Yes
(MCOA) horses
Corneal dystrophy Friesians No
Equine recurrent uveitis (ERU) Appaloosas,
No
Ocular German
Warmblood
Congenital stationary night blindness Appaloosas,
Yes
Thoroughbreds,
Paso Finos
Guttural pouch tympany* (GPT) Arabians, German No
Warmblood
Respiratory Recurrent laryngeal neuropathy (RLN)* Thorglrjagfrsgreds, No
Recurrent airway obstruction (heaves)* Various No
Exercise-induced pulmonary hemorrhage* Various No
Severe combined immunodeficiency (SCID) Arabians Yes
Foal immunodeficiency syndrome Fell and Dales Yes
ponies
Chronic progressive lymphadenopathy Draft breeds No
Miscellaneous | Overo lethal white foal syndrome Paints, Quarter Yes
Horse
Dwarfism Miniature Horses Yes
Equine metabolic syndrome* Various No
Hoof wall separation diseases Connemara Ponieg Yes

* Suspected polygenetic condition
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But testing for the defective gene carriage alooesdhot prevent the appearance of affected
foals. A well coordinated breeding strategy thavents mating two carriers of the disease
must be established. Banning carriers of a spegéitetic disease from the breeding system
would decrease the already limited gene pool ofAtabian breed even more and might lead
to the loss of important bloodlines. Furthermorg decreasing the gene pool, the frequency
of the appearance of other genetic diseases migh¢ase. The overall goals of a sound
breeding strategy should therefore be to avoidctdtefoals and to decrease the presence of
the abnormal allele in the gene pool by breedikgp@vn carrier and only use offspring for
further breeding that do not carry the mutant alléittention must be paid not to limit the
genetic diversity that is necessary to sustaimibiéare level in the breed.

The Arabian Horse Associaten defined these goatsigiin the "Code of Ethics” that requires
members to reveal the genetic status of their tegd horses and to act according to the
guidelines described in the amended section. Theaskelines were first established for SCID
carriers in 1984 and now include the disclosureakbellar abiotrophy (CA) and lavender
foal syndrome (LFS) carrier status. In 2010 theec#d status of hyperkalemic periodic
paralysis (HYPP), a significant disease for bregaérArabian-Quarterhorse crossbreeds and
Quarterhorse related breeds, was added to theTist. amendments require the member not
to breed, sell or lease a horse known to be aetafithe listed diseases or affected by HYPP
without informing all involved parties about thengéic status of the horse in question.
Owners of mares that give birth to an affected #ral requested to notify the owner of the
parent stallion in order to investigate the genstatus of the breeding animals in a joined
effort.>

The "Code of Ethics” is an excellent role modle targeting the eradication of genetic
diseases in the Arabian breed. The overal sigméeaf genetic disorders in the horse species
is demonstrated in table 2. Not only the Arabiaeelr but many others are affected by the
often fatal disorders. DNA-tests are only availatulea few of those diseases but hopefully
futur research will allow to develop more teststbé increasing list of genetic related
disorders.

5. Genetic related diseases in Arab horses

5.1 Guttural pouch tympany

Guttural pouch tympany (GPT) is a disease of yoooiges characterized by a pathological
enlargement of the guttural pouch due to air acdatiaun which is macroscopically visibly as

an enlargement of the Viborg’s triangle.

The Viborg's triangle marks the topical outlinestloé guttural pouch. It is cranially enframed
by the caudal border of the mandible, dorsally bg insertion tendon of the musculus
sternomandibularis and vertrally by the lingofasiain. The guttural pouches are bilateral air
filled structures that hold a volume of 300-500 Bwth pouches expand from the neck region
to the nasopharynx and join ventrally to the mussulongus capitis. They do not

communicate and are separated by a median memldaado their anatomical location, they
either embed or are adjacent to vital blood vesaal$ nerves. The internal and external
carotid artery, retropharyngeal lymph nodes and emdv nerves including n.
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glossopharyngeus, n. vagus, n. hypoglossus, rali@cn. accessories and the sympathetic
trunk are associated with the guttural pouch. Furtiore, it includes the pharyngeal opening
of the auditory tube, also called the EustachifetiHence, the guttural pouch is part of the

upper respiratory tract and is considered to bentibeosal diverticulum of the Eustachian

tube>*

The function of the guttural pouch has not beenndefy revealed yet, but it is suggested,

that it serves as an air space cooling the blood fb the brain by surrounding the internal

carotid artery with air’

GPT can be seen in foals up to one year of agediBease seems to have a link to the sex of
the affected Arab foal, as fillies are affected twdour times more frequently than colfdn
Arab and German Warmblood horses and several bteeds, GPT is thought to be a genetic
disorder. But the disease can also be acquired tduean upper respiratory tract
inflammation?’ which is commonly seen in older horsgs.

The mechanism which causes the non-acquired aimadation in the guttural pouch is not
fully understood but two hypotheses exist. One thatates that the mucosal flap, the plica
salpingopharyngeus, at the pharyngeal opening efatiditory tube is enlarged. Another
explanation is a functional abnormality of the pimayeal orifice of the Eustachian tube. Both
hypotheses would explain why the plica salpingophgeus acts like a one-way valve
trapping air in the guttural pouch of affected aaiisti®

Clinical signs of GPT include a uni- or bilaterabmpainful
swelling at the parotideal area that can be mayuall
compressed® Applying appropriate manual pressure on the
superficial swelling can lead to an expulsion & #tcumulated
air and reduction of the swellif§. During percussion of the
Viborg’s triangle a tympanic sound is audiffeThe degree of
the swelling can worsen progressively and leadiftaculties in
breathing and swallowing due to the compressiolamyhx and
pharynx. Respiratory stridor and the appearanaailif or feed

in the nostrils are the clinical manifestationgho§ compression.
= | Consequently, the most common accompanying diséase
aspiration pneumonia secondary due to impairediewizlg and
aspiration of feed particles. Aspiration pneumamreasents with
clear to purulent nasal discharge, fever and cawyghiThis can be a life-threatening
complication of GPT?

:-'}‘_' : : "

Picture 6: GPT in

pat, §
a foal

Diagnosis is based on the typical clinical sighg &age of the affected horse and diagnostic
examinations including endoscopic examination oé tpharynx, gutturocentesis and
radiographs of the he&dAn enlarged radiolucent area on the x-ray filnthatlocation of the
guttural pouches indicates GPT tympany.

Both endoscopic examination and gutturocenteseasel the trapped air from the guttural
pouch and can help to distinguish unilateral frakateral GPT. Unilateral air accumulation is
indicated if the visible swelling resolves complgtafter one guttural pouch is punctured or
entered by the endoscope. Occasionally, secondiemypgeal collap$e or milk droplets can
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be visible during endoscope examination. Generadlyathological abnormalities that cause
the tympanic enlargement of the guttural pouchtmdetected during examinatfon

Picture 7: Normal radiograph of a guttural poudbria compartment (1),
medial compartment (2); Radiograph of guttural potyenpany (3)

Treatment options are surgery and placement ofl@yFmatheter accompanied by antibiotic
and non-steroid anti-inflammatory drug applicatibtm counteract secondary aspiration
pneumoni&’ In rare cases GPT resolves without treatmentefot grows®

Surgery involves the resection of the mucosal @iap fenestration of the median septum or
both in bilateral cases to allow air flow out okthuttural pouch’ Surgery is a treatment
option that ensures the resolution of air accuriadain the guttural pouch but requires
special instruments and adequate skills. Post amplcations include dysphagia caused by
nerve damage due to surgical manipulation and a&mir pneumonid" Puncture of the
guttural pouch and placement of a Foley catheter generally not considered to be a
permanent solution, as the air can re-accum(fakowever, in 2010 a method using the
Foley catheter was published that would not allavthfer air accumulation and can therefore
be a definite solution to treat the disorder. Tleg koint is to insert the catheter into the
pharyngeal opening of the auditory tube and fixbyt inflating the balloon of the Foley
catheter for four to six weeks. The intentionallgused pressure necrosis at the orifice
permanently cures the affected foal and preveré&cemulation by widening the pharyngeal
ostium. This method is less time consuming and siveathan the surgical approach.
Successful interventions that are a permanentutsolof the airflow obstruction allow the
affected foal to develop and grow without any iiesons or defect$?

The genetic background of this disease has not tudlgrdetermined yet, but research points
towards a polygenic, sex-linked inheritarfi@éeThe first study demonstrating the genetic
background of GPT was published in 2004. To exarttiegpathway of inheritance, pedigree
analysis of 27 purebred Arabians that were affetigdthe disease was performed. The
analysis revealed that the cases originated fromtahof four different families including 276
individuals. The fact that some of these horsesesheommon ancestors or were bred at the
same stud farm supported the hypothesis of a gehasiis and allowed a genetic analysis.
Complex segregation analysis was applied to determiie inheritance of the trait within the
pedigree and significance tests for non-geneticnagenetic, polygenetic and mixed
monogenetic-polygenetic inheritance were performBde results of these tests strongly
indicated a polygenic or mixed-monogenic-polygemiade of inheritance. Additionally the
achievements of this study allow using breedingie@slof the parent generation to estimate
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the incidence of an affected offspring and givimtyiee to breeders in order to avoid such
matings that can result in a foal with GPT.

In 2009 a study about the whole genome scan fduigitpouch tympany in Arabian and

German warmblood horses was published. The gendrhé3ohorses from five Arabian and

five German warmblood families was scanned and rA&&rosatellites were genotyped. The
results revealed a chromosome-wide significantalggkon the chromosomes ECAZ2 for fillies
and ECA15 for colts. Quantitative trait loci inclad two to four microsatellites on ECA2 in

fillies and ECA15 in colts showed significant asation with the disorder occurring in both

Arabian and German warmblood horses. In conclusios,study confirmed that a sex-linked
inheritance can be strongly suspected. This arti@s the first description of a quantitative
trait locus for GPT in horses and an important apph towards identifying the genetic
background of the diseass.

A more recent study focusing on the genetic baakgoof GPT was published in 2012 and
revealed the identification of major gene loci faaits associated with GPT in the Arab and
German warmblood horse. The objective of this stwdyg to perform a genome-wide linkage
and association analysis to identify target genomagions and trait-associated SNPs of the
GPT causing gene. A possible involvement of oneomggne for GPT could be suspected
after carrying out complex segregation analysisdth breeds. In order to locate the region of
the potential major gene, genome-wide linkage as@ation analysis in combination with
single nucleotide polymorphisms (SNPs) markers wesed. The lllumina equine SNP50
beadchip was applied to genotype samples of 85 anab373 German warmblood horses. A
genome-wide significance was demonstrated on E@A&Erman warmblood horses and on
ECA15 at 64 Mb for Arabians.

Linkage analysis with the Illlumina equine SNP50 dubép revealed a genome-wide
significant peak on ECA15 and on ECAS as the sedoglest peak in Arabians. Increasing
the marker density to repeat the test on the twombsomes could confirm the previous
results for ECA15 but not for ECAS3. The highestlkpea ECA15 was observed at 64-65Mb,
which also represented the most common haplotypeaffected foals, although it was not
possible to identify a common homozygote haplotgm®ng the affected foals.

The identification of breed- specific quantitatitait loci on ECA15 led to the further

detection of two possible candidate genes. Ond B2V, tetratricopeptide repeat domain 27
which facilitates protein interactions. Commonlyetfatricopeptid repeat motif (TPR) —

containing proteins can be found in connection wmthlti-protein complexes. TPR motifs

therefore may play an important role in the functiof mechanisms involving cell-cycle,

transcription or protein transport. The second whatd gene is BIRCS6. Its expression is vital
for the cell and inhibits apoptosis.

Focusing on the hypothesis that GPT is caused lynetional abnormality of the plica
salpingopharyngeus, other candidate genes weren tak® consideration, too. The
chromosome ECA3 involves the candidate gene IB&tegiin-binding sialoprotein, which
influences cartilage formation, an important subsgan the structure of the auditory tube and
the medial aspect of the mucosal flap. Other catdidgenes code for proteins which share
similarities to zinc transporter proteins. Zincasco-factor for numerous enzymes that are
involved in various mechanisms including carbohtel@nd lipid metabolism, transcription,
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growth and development and many more. Genes teahassociated with these proteins are
located on ECA3, SLC39A8 and on ECA15, SLC30A6.

This study can not only be considered as a gregt tetwards the genetic understanding of
GPT, but also demonstrates the facilitation of yria complex inheritance pathways by the
equine SNP bead chif.

Future research will hopefully reveal the genetasip of GPT to a degree that allows
developing a DNA test for this disease and may eeseal the still not fully understood
function of the guttural pouch in horses.

5.2 Occipito-Atlanto-Axial Malformation

Occipito-Atlanto-Axial Malformation (OAAM) is a geiic disorder causing neurological
symptoms in Arab foals due to a malformation of teevical vertebrae of the neck which
compress the spinal cord. The malformation involhesoccipital bone of the scull, the atlas
and the axiS and is described as a familial occipitalizatiortht# atlas and an atlantalization
of the axis. The occipital bone and the atlas ased at the base of the scull and the axis is
not articulating with the atld8. A study about the examination of 16 horses aftbdig
OAAM combined with the results of three reportedesain 1986 revealed that all affected
foals presented with a congenital atlantooccigitalon, hypoplasia of atlas, malformation of
the axis with hypoplasia of its dens and wings anchodification of the atlantoaxial joint
frequently presenting as a subluxatforAn uncommon variation is the duplication of the
atlas. A case report published in 1989 describegaveek old part Arabian foal presenting
with tetraparesis in connection with the preserfdsvo atlases. The first atlas was fused with
the occipital bone and the following duplicate @rtated with the first atlas and axis. The axis
had an elongated dens that was compressing thal smrd. A further examination of the
ossification center of the axis even raised suspiof a partial duplication of the aXis.

Clinical signs of the disorder vary greatly in setyeand time of appearance. Foals can be
stillborn, show signs at or a few weeks after bigh at several years of age if the
malformation is only present in a mild foffhThe mean age is considered to be below one
month, which is a significant fact since OAAM isetlonly spinal cord disorder of the neck
that occurs in horses at this d&ge.

Foals can present with symptoms ranging from nmitwbordination up to full tetraparalysis or
even tetraparesis, hence they are unable to rigearse® An unusual position of the head
and neck, with the neck being extended and signseok twisting is associated with
OAAM.%® Affected foals also show symmetric ataxia and myewia. Clinical signs are
usually progressive due to the spinal cord compmesand myolopathy caused by the
malformation of the cervical vertebrielf the malformation affects the function of the
brainstem, the foal presents with hypoventilatieading to an increased carbondioxid level in
the arterial blood®

Examining a young Arab horse that presents witlralegical symptoms as described should
raise suspicion of the disease. A definite diaghasi based on a throughout clinical
examination and radiographs of the cervical vedebClicking sounds might be audible
when moving the head and neck to examine motidhejoints and the flexion ability of the
atlanto-occipital joint is limited. The malformatiof the atlas and axis can also be detected
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by palpating the cervical spine. It is importarkeaadiographs of the neck region to rule out
atlantoaxial fractures, as they can present likeA®IA®

Once the diseased foal is diagnosed with OAAM ewkim is usually the only option. In
mild cases they can be kept as a pasture pet batling these individuals should be strongly
discouraged® Attempts have been made to stabilize the cerviedgkbrae by fusing the axis
to the atlas but the prognosis remains poor.

Unfortunately, limited research has made only ditffrogress in revealing the genetic
background of this disease. Due to the lack ofdirggtrials, the mode of inheritance is not
defined at present but with the given informationaaitosomal recessive inheritance is highly
suggestive?

Interestingly, familiar OAAM is comparable to a sljpme in mice causing occipitalization of
the atlas and atlantalization of the axis. Theseenasire homozygous for a mutation in the
Hox-3 gene and that causes loss of its functiois. #ssumed that the Hox-3 gene influences
the mesenchymal proliferation rates and therefoag e involved in the development of
vertebral cartilage. The parallels between the gmadion of the diseases in Arabians and
mice indicate the Hox-3 gene as a candidate gen@A&M. Hopefully future research will
reveal more information about the genetic backgdanfrthis genetic disorder.

5.3 Juvenile Idiopathic Epilepsy

Epilepsy is defined as a disorder of the brain tatses recurrent seizures, precisely more
than two seizure incidenc@sfor which no other underlying cause can be idiext?

There is only little information in the literaturhat describes epilepsy in horses. In
comparison to humans or companion animals affelstethis disease, epilepsy in horses is
not explained in a way that allows clinicians tce umiformly systematic terms for their
diagnosis.

Therefore Dr. Lacombe performed a study at OhideStiniversity where 104 horses that
showed clinical signs of epilepsy were examinedvben 1988 till 2009. The goal was to
establish a classification system for seizuresoirsés which supports veterinarians to make a
more precise diagnosis and prognosis for the cadehalps to adjust their treatment plan.
Only horses that had suffered from more than twzuses before presenting at the clinic were
used for this study and 70% of the 104 horses wiergnosed with epilepsy.Methods used
for diagnosis included the history of the animdbservation of clinical signs, diagnostic
examinations with electroencephalography (EEG) ammputer tomography (CT),
cerebrospinal fluid (CSF) analysis and post morgraminations. Findings that indicated
epilepsy were a normal neurological exam, occugeafcseizures for which no trigger could
be identified and a paroxysmal epileptiform acyivoh the EEG.

35.6% of the horses diagnosed with epilepsy shoavgathological brain lesion and were
classified into the category called symptomaticlegggy. For 54.8% of the cases no
underlying cause could be identified. Those weoriged into the category called cryptogenic
epilepsy. If the background of the epilepsy wasliiko be a genetic predisposition, the case
was classified as idiopathic epilepsy which mad@ @86 of the studied horsés.

This study also revealed that horses suffering ffalinseizures were less likely diagnosed
with epilepsy than cases presenting with partiguses which are triggered by a localized
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area in the brain. Furthermore, a classificatiofeddreactive seizures’ was established that
includes seizures which are caused by an underlystemic disease, for example hepatic
encephalopathy, in the presence of normal braiotfom®’

Juvenile Idiopathic Epilepsy (JIE), also calledofaathic Epilepsy (IE) or Juvenile Epilepsy
Syndrome (JES), is a non fatal neurological gendisorder in Arabian foal€® and can
predominantly be seen in the Egyptian bloodfinalthough cases have been reported in all
important bloodlines® The disease is self-limiting and signs disappéahe age of one to
two years. The genetic abnormality causes an #ttaran the electrical activity of the brain
leading to seizures that start to occur in a tinterval ranging from several days after birth
up to six months. Affected foals are born normatl @hso show a normal mental status
between the reoccurring seizure episodés.

Seizures are divided into three different phadesaura which precedes the seizure, the ictus
which is the time span of the seizure and the pastphase after the seizufé.

Foals or young horses suffering from JIE often stsigns of injuries which they acquired
during a seizure as a consequence of the lossntfot@ver body movements and sometimes
consciousness. These animals are also a safetgdhazéheir surroundings depending on the
severity of the seizures. In mild cases the owrfeanodoes not notice the seizure activity
itself but detects only the secondary injuriesh@ individually consistent signs of the aura
and postictal phase®® Postictal clinical signs can include depressiaw)lgnged blindness,
confusion, head pressing and an absent sucklimgxreonsequently, aspiration pneumonia
and head traunt¥' are commonly seen as a complication of JIE arig @dvised to avoid
suckling till the foal has recovered from the potsti phasé?”

During seizures general clinical signs like urinatidefecation, sweating, clamping of the jaw
or eye rolling can be observed. Generalized seszuaee characterized by loss of
consciousness, falling to the ground and a typroadluntary muscle activity presenting as a
tonic phase involving rigid muscles which is suask by rapid muscle contractions and
relaxations called the clonic phase. Partial segwan include a wide range of clinical sings
including limb twitching, facial or eye lid twitchg and chewing motiort§®

Foals over three months affected by JIE commontiesfrom “cluster seizures”, which is a
term for several seizures occurring over a peridthree days. They manifest in clinical signs
associated with partial seizurés.

Diagnosis of JIE is done by exclusion of any otinederlying cause. An Egyptian Arab foal

suffering from recurrent seizures strongly hintwdaods JIE but it is crucial to rule out any

conditions that trigger seizures for a definitegmi@sis. A list of diseases that should be
included in the differential diagnosis can be foimtable 5%

Especially if the foal does not present with geheed seizures, it is difficult to establish a
definite diagnosis. Using an EEG can be a helgdal, talthough there is little information
about normal EEG findings in horses. The EEG alldigplaying and recording the electrical
activity of the brain, mainly of the cerebral corteAbnormal findings that indicate a
disruption of the electrical activity in the brgmesent as spikes, sharp waves or spike and
wave discharges of the three measured brain waveshwnclude alpha, beta and delta
waves'® In contrast, performing a CT or taking radiogragifsthe scull do not show
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abnormalities in case of JIE. As head trauma israngon secondary finding due to JIE and
can be identified through these imaging tools. fertiagnostic approaches need to target the
guestion if the trauma cause or result from thewses.

110

Table 5; Differential diagnosis for JIE

Disorders causing seizures

Alteration in brain function

Diagnostic methods

Head trauma

Swelling of the brain

X-ray, recentrma history

Brain tumor

Pressure on the brain

x-ray, CT, MRI

Electrolyte disturbance

Disturbance of chemicahalg

Blood chemistry

Equine protozoal
myeloencephalitis

Mechanical trauma due to
migrating parasites

Positive CSF test and/or
response to treatment

Drugs: intracarotid injection of
Xylazin, Procain Penicillin
injection

High drug concentration in the
brain

Seizures appear instantly after
injection

Metabolic disorders e.qg. liver
disease

Toxins are not metabolized by
the liver and enter brain

Blood tests and liver biopsy

Viral diseases e.g. Rabies, We

S\t/irus attacks brain

Blood or CSF tests

Nile virus
Toxi Disrupt chemical signals in thg Access to e.g. brackenfern,
oxins :

brain organophosphates, lead etc.
Men!ngltls, . Inflammation within the CNS CSF analysis
Meningoencephalitis
Strangles Brain abscess Culture of abscess swap
Neonatal maladjustment : : .
syndrome Lack of oxygen during birth Typical appearanceh# toal

Heat stroke or fever due to an

Increased temperature

Measuring rectal temperature,

infection not located in the CNS blood tests

JIE can usually be managed with administration mdividually adjusted anti-seizure
medication*'* The most commonly used drugs are diazepam fort $on treatment and
phenobarbital for long term treatmént.Caution should be taken in establishing the right
treatment plan and to apply medication as soorossilple, as a lack of those actions can lead
to the death of neurons and permanent seizureAddressing any events that could trigger a
seizure is also cruciat?

The genetic background of JIE is not fully undesstdut studies conducted at the University
of California, Davis indicate an autosomal domingathway of in heritance. Research
projects performed in 2010 analyzing the genetsishaf Lavender Foal Syndrome (LFS)
discovered a possible genetic link between thesegenetic diseasé$> As both disorders
frequently appear within the same families, JIEIddae a non-fatal phenotype variation of
Lavender Foal Syndrome carriers. This hypothessuported by observing a comparable
syndrome of JIE in mice with the same mutation thed been identified to cause LFS in
horses:*®

A more recent study published in 2012 discoveretilarities between JIE and benign-

familial neonatal convulsion syndrome (BFNC) in lamg, an idiopathic from of epilepsy in

newborns. As it is suggested that the origin of HEOf a genetic nature, and significant
phenotypic analogies between both disorders coaldlserved, the hypothesis that JIE is
caused by the same mutations as BFNC was estatlishe
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BFNC occurs due to mutations in the KCNO2 and KCNg28es coding for voltage-gated
potassium channel subunit. In horses, these gamebecfound on chromosome 22 (KCNO2)
and 9 (KCNO3). These locations are quite similath®one found in humans. Gene trees for
the two genes in question were drawn between homsiee and humans and compared to
approved phylogenic trees of mammals. The resolveld that the calculated distance values
between horses and humans were lower than betvegsashand mice. The KNCO2 gene tree
in particular revealed a close relation betweersémrand humans. This was a significant
finding, as the majority of the mutations assoclateth BFNC can be found on the KNOC2
gene and would justify the hypothesis suggestingmamon genetic abnormality’

Proving this assumption is still subject to curresgearch projects, but now that the genetic
cause of LFS is fully identified the potential cection to this disease might reveal more
information about JIE!®

5.4 Severe Combined Immunodeficiency

Severe Combined Immunodeficiency (SCID) is a letipahetic disorder of Arabian foals
causing a lack of humoral and cell-mediated immuesponse. SCID can be seen in all
Arabian bloodlines and can also affect Arabian sftmeeds® SCID can also be seen in
humans, dogs and mice and one case was repor&dAppaloosa horsé’ The disease was
first described by McGuire and Poppie in 1973 and980 the autosomal recessive pathway
of inheritance of this disease was discovered fppaing test breeding at Washington State

University!#

The genetic abnormality that accompanies SCID pitsha functional B and T-lymphocyte
maturation in the affected horse and is thereftasstfied as a primary immunodeficiency.
Foals affected by SCID are born norrf@.The onset of clinical signs depends on the
maternal immunity, hence the colostrums supply guality and the foal’s maternal antibody
elimination rate. Symptoms of a compromised immusystem can be seen from
approximately two weeks of age, but the onset @b late as two months post partum.
SCID affected foals are highly susceptible to oppastic infections commonly involving the
respiratory tract and are even less resistant tradellular bacteria and protozoa infection
while still under the protection of the maternaltiaodies due to their lack of T-cell
function!?®

Opportunistic pathogens that can cause a diseasa @ffected foal include parasites like
Cryptosporidium parvum and Pneumocystis carnii,clwvhinvade the gastrointestinal and
respiratory tract, respectively. The bacterium Riumtcus equi colonizes in the lungs and is
one of the causative agents of equine bronchopneiamahich is frequently observed in
SCID patients. Adenovirus infection is the mosbsgly equine SCID associated pathogen
resulting in bronchopneumonia, often with involveref the gastrointestinal and urogenital
tract and subsequent pancreatitis which leadstawded growth and weight loss due to the
impaired endocrine and exocrine function of thegpaas. These disorders are frequently
observed in SCID affected foals among others liklerigis and omphalophlebitis.

On physical examination nasal discharge, coughprba, diarrhea and fever can be

observed. Diagnostic examination of affected fdaldudes a complete blood cell count

(CBC) and serum immunoglobulin measurement. The GB&@wvs an absolute lymphopenia

with levels below 1000 lymphocytes/uL blood andasional neutrophilia due to bacterial
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infections. If the colostrums supply was adequtte, total serum globulin and serum IgG
concentration can be normal in affected foals,thatlevel of these parameters will steadily
decline. Blood samples of presuckling and two torfaweeks old SCID foals don’t have
measurable IgM levels. It is important to use bla@amples obtained during these time
intervals only, as the foal’'s serum will containtaraal IgM after receiving colostrum. Blood
samples of healthy presuckling foals will contagiMlias they are produced by the unborn foal
from day 180 of gestation.

Diagnosis is based on clinical signs, lymphopetha,lack of IgM and the age and breed of
the affected foal*** Necropsy also reveals some characteristic featutgsh were already
described in the first publication of the SCID syorde. McGuire and Poppie performed a
post mortem examination on two full sibling Arabiaals affected by SCID and could detect
macro- and microscopic evidence of the impairmdnbaith B and T-lymphocyte systems.
Hypogammaglobulinemia, lymphopenia and the absefogerminal centers in the lymph
node cortex indicated a malfunction of the B-lympytes. The findings pointing towards a T-
lymphocyte impairment included the complete absesfcaymic tissue in one foal and the
lack of thymic dependent lymphocytes in the spleginboth horses. Sings of opportunistic
infections like bronchopneumonia were noted, ‘tGoHence, necropsy findings that are
associated with SCID are hypoplasia of spleen, tlsyland lymph nodes with the lack of
normal lymphoid structur&®

All attempts to treat SCID affected foals have beén successful and they usually succumb
to opportunistic infections by the age of five netldne reported case of a 32 days old foal
that was treated with a bone marrow transplant feofall sibling reached the age of five
years and died due to a disorder that was notatiwa with SCID. Out of ethical and humane
reasons, the diagnosis of SCID in a foal indicatgianization of the affected individual.

Before the DNA test for SCID was developed in 89te only way to identify carriers of
the mutant allele was to perform progenity testingng which for example a stallion with an
unknown status was bred to a known carrier mares fiethod is not only very time
consuming, but also involves great financial experend results in affected unviable foals.
Therefore the DNA test is a great improvement ieimtifying carrier animals compared to
this impractical methodf’

The genetic abnormality responsible for the inapitif a SCID affected horse to mount an
immune response is a mutation on chromosome 9.Iddation of the mutation affects the
coding sequence for the protein DNA-proteinkinas&lgtic subunit (DNA-PKCS), which is
part of the enzyme DNA-proteinkinase (DNA-PK). Thesizyme is necessary for the
formation of immune moleculeg?

The biochemical background of the importance of #mzyme is the arrangement of variable
(V), diversity (D) and joining (J) genes during lgalymphoid differentiation. The V(D)J
rearrangement is crucial to form coding sequenaetht variable regions of immunoglobulin
antigen binding sites and T-cell receptors. Randorangement of those genes results in
mature lymphocytes that are able to mount a spedifimune response to individual
pathogens. The V(D)J rearrangement includes twdldestranded DNA cuts followed by
religation to form new DNA joints and is dependentrecombinase activating gene products
and a DNA double strand break repair mechanism @S#hich is carried out by the DNA-
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PK. This information led researchers to the suggedhat SCID affected foals suffer from a
defect that impairs the process of V(D)J rearraregeiit and therefore inhibits lymphocyte

maturation and subsequent degradation if immateite’¢?

A study published in 1995 identified DNA-PKCS exgs®n deficiency as the causative
mechanism of SCID in horses by comparing casesgoine and murine SCID. Parallels
found between SCID in Arab foals and mice with 8@ID mutation were the decreased
number of B and T-lymphocytes with normal cell coahnatural killer cells in both species.
Further investigation included analysis of V(D)&ambination, radiation sensitivity, DNA

end-binding activity, DNA-PK activity and DNA-PKC®xpression. Tissue from SCID

affected and SCID clear horses was used. The mgsifisant results showed that the
defective factor is necessary for the V(D)J recoration process and that the DNA-PK
enzyme activity was absent in samples of affectedisf This led to the conclusion that the
defect seemed to involve the DNA-PKCS expressianthe deficiency in the expression of
this protein is more severe in horses than in miesgarchers implemented that SCID in
horses and mice are caused by different mutatitns.

The study that led to the identification of the mguSCID mutation and generation of a DNA
test continued the comparison of SCID in horses k. Previous studies had already
demonstrated that foals affected by SCID are ingl@paf forming both, coding and signal
joints. In contrast, SCID affected mice showed amad signal joint formation. As the protein
DNA-PKCS, which had been identified as the defectfactor in both species, was still
measurable to some degree in mice and was comphatsent in affected horses, scientists
analyzed the involvement of DNA-PKCS in each oftive steps of the V(D)J rearrangement
individually and came to the conclusion that theyeme is involved in both processes. This
explained the phenotypic difference between thesespecies, as the defect in DNA-PKCS
affected both the lymphocyte-specific componenthef recombination and the DSBR factor
and therefore caused a more severe disease irshenseh completely lacked a DNA-PKCS
expression.

In order to identify the location of the mutatidrat causes SCID in Arabian foals, researchers
hypothesized that the genetic defect causing theade is localized in a single gene. The facts
that led to this conclusion are that the mutatianses a defect in the V(D)J recombination
process and that cells derived from a SCID affedtad are hypersensitive to radiation
causing DNA damage, as the absence of DNA-PKCSimspéNA repair.

Subsequently cell lines derived from affected fawdse analyzed. Cloning and sequencing of
DNA-PKCS transcripts demonstrated that the cellsewsg/persensitive to ionized radiation,
had no measurable DNA-PK enzyme activity or DNA-FKIevels, and could not carry out
artificially induced V(D)J recombination. The nestep was to compare conserved protein
kinase motifs by using human and equine amino seguences of DNA-PKCS transcripts.
This comparison revealed a five nucleotide deleabramino acid 3155, which equals the
assumptive location of the DNA-PK gene.

1:AG....TCATCTCAAATTCCCCTTAA...
2:AG.... TCA AATTCCCCTAA

Picture 8: DNA-sequence of a healthy (1) and SCI[
affected horse showing the 5 nucleotide deletiah arn 26
premature stop codon in red (2).
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To confirm this finding RT-PCR and genome sequemcai this DNA-sequence was
performed and the same five nucleotide deletiorldcbe detected. This mutation leads to a
shift in the base-triplet reading frame of the #lation process, forming a premature stop
codon that terminates the protein synthesis.

The same alteration of the genetic material cowddbtected in all examined samples of
SCID affected Arabian foals. The absence of theamtUuDNA-PKCS protein in Western Blot
analysis led to the suggestion that the alteratiothe protein forms a very unstable product,
which was supported by the detection of degradatroducts of the DNA-PKCS protein.

In conclusion this research confirmed the hypothéisat the equine and murine SCID is
caused by different mutations and revealed theifgpedteration in the equine genome,
although the scientists involved in this study esgsed, that other possible mutations within
the non-sequenced sections of the DNA-PCKS alieliédcnot be excludetf?

The results of this study were the basis for theeigpment of the DNA-test at the University
of Texas in 1997%°

5.5 Cerebellar Abiotrophy

Cerebellar Abiotrophy (CA) or Cerebellar Corticabistrophy is an autosomal recessive
genetic disease involving the nervous system amd lm also seen in dogs, cats and
ruminants:>® Affected horse breeds besides Arabians of all dilnes®’ and Arabian
crossbreeds are Oldenburger, Miniature ponies,a@dtand Eriskay poniés® This genetic
disease is the most common disorder of the cerehetl horses and Arabian horses in North
America are most affected. In contrast to the Obdeger, where the disease is progressive
and has a fatal outcome, CA is described as a sgrathat stabilizes by reaching adulthood
in Arab horse$® Test breeding performed at the genetics laboravbrshe University of
California, Davis revealed the autosomal recessifieritance pattern of this disorder in the
1980s. This discovery was the breakthrough fohrmrinvestigation of this disease that used
to be considered a cerebellar hypoplasia up topthiist.*° A more recent study on the mode
of inheritance of CA was published in 2011 and comdd the previous finding, that this
disease is inherited through a single gene Mendalitiosomal recessive pathway.

The alteration of the genome associated with CAldetp a premature degeneration and
apoptosis of the Purkinje cells in the cerebellufterabirth*? In contrast, cerebellar
hypoplasia is due to loss of Purkinje cells in aféf The function of the cerebellum is to
coordinate the motor system and is connected t@ipsal body functions. The cortex of the
cerebellum contains thin transverse folds, call@dfand is made up by three layers. The
superficial or molecular layer contains granuldtsc&he deeper Purkinje layer is connected
to other parts of the cortex through the axonshefRurkinje cells. The third innermost layer
is called granular layer where basket and stedlalis can be seefi?

Purkinje cells are involved in the afferent pathwafysignal transmission. A signal input
stimulates the mossy fibers and the climbing fiberghe cerebellum, which conduct the
signal to deep cerebellar nucleus neurons provokingexcitatory effect. The second
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conduction pathway of the mossy fibers is a sigramismission through fibers that branch as
they enter the cortex and synapse with granulds.c@he axons of granular cells then
stimulate the Purkinje cells by crossing them &t libcation of the folia. Here, millions of
granular cell axons come together to form pardileérs that transmit the signal to the
Purkinje cells. The axons of the Purkinje cellsntl@nsmit the signal to deep cerebellar and
vestibular neurons, provoking an inhibitory effetherefore a stimulation of the mossy fibers
provokes both an excitatory and, through stimutatad the Purkinje cells, an inhibitory
stimulus. This ensures that the excitatory stimotatof the motor activity results in an
appropriate output regulated by the inhibitory fiime of the Purkinje cells.

Climbing fibers receive stimuli from the inferiotivary nucleus, an area that detects faulty
movements, and synapse with the Purkinje cellss Tésults in and inhibitory effect on the
deep nucleus neurons in order to stop the unwatigoh detected by the olivary nucleus.
Consequently if Purkinje cells are damaged theviddal shows abnormal sensation of space

and distance and has difficulties in balance amdination**®

Arabian foals affected by CA appear normal at birth
and start to show signs from the age of one to six
months on*® Clinical signs include an intentional
head tremor that does not include the neck andl fitf
head movements during motion. Affected foals lack
proper proprioception, balance and depth perception
They have difficulties in correctly estimate speel
distances, and show poor control over the correct
placement of their feet. In rest they present vath
characteristic wide-legged stafiteand show ataxia
during movement with hypermetric activity of the
front limbs*®, which can also be described as “goose-steppiNgticing a decreased or
absent menance reffé® in CA foals needs to be assessed with cautiohiagéflex is only
fully developed in foals reaching 7-10 days of &Je\ good approach would be to compare
the foal suspected to suffer from CA to normallyweleping foals of the same al&.The
neurological abnormalities are symmetric and wokgkan the horse is blindfolded and asked
to step over an object. In contrast, they preseatit wormal spinal reflexes and show no
muscle weakness?

Affected foals are easily startled and tend to rmjthemselves and others by falling and
uncoordinated movement¥’ As a consequence they are often euthanized bedahing
adulthood although the disease itself is not fatal affected animals can be kept as a pasture
pet. Their condition sometimes even improves atabilizing>* and older horses orient
themselves on another horse they have a clos@redhtp with!>®

Picture 9: Typical gait of a CA
affected hors

It is important to mention that the severity angetnof clinical signs varies greatly among
affected animals. One reported case involved aectd#fi mare that started to display
symptoms at the age of five yedr& Furthermore, with the development of the DNA-fiest
CA, researchers at UC Davis Veterinary Geneticsotatiory were confronted with a new
discovery in the CA expression that needed to lmremded. A small group of horses that
tested positive for the CA homozygote phenotype il show any clinical signs of the
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disease. This phenomenon is subject to currenaresewhich will hopefully disclose the full
genetic background of CK’

Diagnosis of the disease is based on exclusiorthar aneurological disorders like Wobbler
syndrome, which is caused by a malformation ofcéwical vertebrae, or head traumaAn
exposure to organophosphates in utErocranial malformations, congenital spinal
malformations and inflammation of the cerebellursoaheed to be ruled out. Diagnostic
analysis of the CSF can show increased levels taf fwotein and the enzyme creatinine
kinase, which is associated with neuronal degeioeraBoth of these parameters are no
diagnostic indicators for CA and often normal valaee found during analysis of the CSF of
affected patients. Radiographic imaging can be usedile out head trauma or Wobbler
syndrome, but is not a useful diagnostic tool emdbse CA.

The clinical signs, the age and the breed of tliectsd animal can direct the diagnosis
towards CA, but a definite diagnosis needs confilona through performing a
histopathological examination of the cerebellum.eThistological picture of CA is
characterized by a generalized loss of Purkinjés oglth degenerative neuronal changes
including shrunken, angular and hyperchromaticscdllispersed Nissl's substance and a
overall thin granular layer with a decreased cellrt can be observedf’
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Picture 10: Normal histology of the cerebellumtjieBample of cerebellum from a CA

The genetic background of CA has been the subjeséweral research projects and is now
understood to a degree that allows the developrokgenetic tests for CA. A DNA test
replacing the indirect marker based screeningaesid be developed 2010 as a result of the
successful mapping of the candidate mutation tacaosatellite marker at the location of two
overlapping genes on ECA%:

The study that led to these achievements was peefbiat University of California, Davis. A
whole genome scan of four Arabian horse familidgectéd by CA allowed mapping the
disease to the p-arm of ECA2. This region was maatbdown to 142kb by developing a
marker for this region and analyzing the homozygosi affected foals. Four potential
causative genes could be identified at this locatihich includes MUTH and TOE1. Both
genes were further investigated and complete sefgnevealed 22 mutations which could
not be associated with CA. Only one SNP locatedan 4 of TOE1 was exclusively seen in
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Arabians and confirm with the CA trait. This mutaticauses an amino acid substitution and
is also close to the MUTYH gene on the oppositengtrand next to the transcription binding
site for the factor GATAZ2. This finding was folloddy a qPCR analysis of cerebellar RNA
samples from normal and affected horses which stiavdecreased MUTYH expression in
CA affected individuals. The identified SNP posgibffects the binding affinity of GATA2
and therefore the regulatory function of MUTYH.

The detailed process which led to this hypotheasigesd with the gene sequencing of the CA
region of 142kb. This region included four knowmegs, TESK2, HPDL, TEO1 and MUTYH
which made up 46.7kb of the region. Only the last were considered to be expressed in the
brain. The DNA that held those four genes was cetepl sequenced including exons,
introns using samples from affected and healthybrara horses in order to search for
polymorphisms. Any mutation that could not be degdcin the control sample and was
homozygous in CA affected samples was subject thtiadal genotyping. A total of 22
mutations were identified out of which only one kkbnot be detected in all control samples.
This SNP called ECA2:13074277 could be located mane4 of TOE1l and causes a
substitution of histidine for arginine through asbachange from guanine to adenine. The
significance of this genetic alteration on the pmotstructure was questionable as both amino
acids carry a positive charge. However, furtheresgtigation reveal that exactly this region
shows a high level of evolutionary conservation #mat a mutation in this area is likely to
have harmful effects. An additional interestingdiimg was that the 5’-end of TOE1 gene
overlaps with the 5-end of MUTYH gene which allowsnscription of both genes from
alternate strands of partially overlapping DNA semges. Also, the mutation followed the
location of the GATA-2 site which could explain thessible influence of on the regulatory
function from MUTYH.

Analysis of RNA samples from affected and contralnaals showed that the MUTYH
expression not only shows different values in adcand control samples but also differs
according to the age of the animal. A general a®eewith age could be measured in both
sample groups but the levels of the affected howsexe overall lower than the control
samples.

The results of these investigations left researcheith two possible explanations. One
possible consequence of the mutation could be #mnfal effect on the protein function
through the base exchange on the TOE1l gene, which gene target of Early Growth
Response 1, a regulator for transcription. Thegmoencoded by TOE1 takes part in the
regulation of the cell cycle regulation.

The second possible conclusion includes the assuengulatory effect of the mutation on
the MUTYH gene expression which codes for an enzyaléed DNA glycosylase. This
enzyme removes incorrectly added adenine residweased opposite of 8-oxo guanine which
is a waste product of oxidative damage. The exmmessf MUTYH was significant in the
cerebellum and its Purkinje cells with high expmassin cell nuclei of embryos and
mitochondria in adults whose neuron proliferativegesses and mitochondrial maturation
had been finalized. The functions of MUTYH invoN@NA-repair in nuclei of rapidly
dividing Purkinje cells of growing individuals andepair of oxidative damage of
mitochondrial DNA in adults. The proximity of ECAB074277 to the suggestive binding
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site for the transcription factor GAT-2 supportsstlinypothesis of an influence on the
regulatory effect on the MUTYH gene. GAT-2 is predpantly expressed in cells localized
in a proliferative area of the brain and is therefassociated with neuron formation.

The final conclusion left the team with the hypdiisethat close location of the mutation to
GATA-2 causes a lower level of MUTYH. This wouldsal explain the variations in the
clinical presentation of the disease as the impadxidative damage differs in individuals.
Another explanation for the great differences ie ffhenotype suggests the presence of a
suppressor mutation, which might compensate thectlebused by the CA mutatidi.

This hypothesis is subject to current research wcted at UC Davis, where scientists work
on the genetic background for asymptomatic affettexses. Objective of this study is to
perform a whole genome scan using the Equine SNPachaffected, clear and the so called
“reportedly asymptomatic” horses. First results foared the previous findings on the
designated location of CA within the genome butldaot identify specific variations in the
genome of affected horses without clinical signsas&l on this result, the current
investigation focuses on identifying new genomeaeg that might influence the clinical
picture of CA!®3

Not only the phenomenon of “reportedly asymptonidiarses is under current investigation,
but researchers also currently analyze the prduaisetion of the candidate genes MUTYH
and TOE1 with respect to the impact of the idemdifimutation for CA by conducting
expression studies. This research project mightva#l deeper understanding of the triggering
event for the degeneration of Purkinje cells anlll wapefully reveal a definite confirmation
of the mutation causing CA>*

Regardless of the precise mechanism, the identifieghtion on ECA2 made the development
of a direct DNA-test possible and is therefore atstanding success in managing Cerebellar
Abiotrophy.

5.6 Lavender Foal Syndrome

Lavender Foal Syndrome (LFS), also called Coat €CDitution Lethal (CCDL), is a fatal
autosomal recessive genetic disease that affeetsndinvous system and presents with a
diluted coat color. Arabian foals of the Egyptidoduline and breeding lines that include a
high percentage of the Egyptian bloodline are sdyeaaffected by LFS, although the disease
also occurs in other major bloodlines of the Arabse!®®

This rare diseas® was first described by Dr.
Bowling in 1996. Affected foals show
neurological clinical signs immediately after a
commonly difficult birth due to their large
sizé®’. They are unable to rise and remain in
lateral recumbendy® while suffering from
tetanic episodes which present as a rigid
extension of the legs, neck and back. Although
showing similarities to a seizure episode, these
episodes cannot be classified as a real seizure
as the foal does not appear normal during the @mads and the mental state is generally not
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affected during a tetanic episode. LFS affectedisfaae often observed in a position called
opisthotonus which is characterized by a caudaifyvd head and neck and rigid, extended
limbs. Nystagmus and paddling movements of the, keysch are suggested to be either due
to the efforts of the foal to rise or due to parsaizures, are frequently observed clinical
signs, too. Although the viability of a LFS affedtéoal is severely compromised by this
disease, foals still express a strong sucklingexefl

One of the most characteristic features of LF®éstelltale diluted color of the hair coat that
can be seen in the majority of affected foals wiait often born with a lavender, pale pink or
silver hair coat. Attention must be paid in casey or roan colored foals where the color
dilution might differ. Interestingly not only thelor of the hair coat but also the eye color is
of a grayish brown or a bluish sha@.

Diagnosis is based on the typical clinical sigm® breed and the age of the affected foal.
Important findings that should point a cliniciar&gnosis towards LFS are that these foals
do not improve on anticonvulsant medication andehawermal values on blood sample
analysis:’® For a definite diagnosis it is necessary to ruleasher disorders that present with
similar clinical signs, as not all foals are borithwthe pathognomic diluted hair color.
Neonatal maladjustment syndrome or “dummy foaltasised by a lack of oxygen during a
difficult birth. As this disorder shows some comnfeature to LFS in its clinical pictures and
due to the fact that the birth of LFS affected $o@l usually accompanied by dystocia, FLS
are often misdiagnosed as “dummy foals”. Furtheemshould spinal cord injury and
encephaliti’! be included in the list for differential diagnaié

There are no treatment options for LFS affectechatas and euthanasia is indicated out of
humane reasons since these foals are not Vigble.

In 2008 scientists from Cornell University and theabian Horse Foundation founded a
project that focused on the location of the mutatiesponsible for LFS using the information
gained from the Horse Genome Project. This studyniexemplar for genetic research as it
represents the first successful whole genome SN¥A $or any trait by identifying the
causative mutation of LFS as a single base deletiothe gene MYO5A, which is located on
chromosome 1 and codes for the protein myosifi"@he achievements of this research led
to the development of a DNA-test for LFS at ther@tirUniversity in 2010

The myosin Va protein can be found in neurons arthnocytes and is necessary for several
intracellular transport processes. It acts by udomg filaments of actin as pathways to
transport molecule¥® The LFS mutation affects of the protein’s bindiegion for transport
material and therefore interferes with normal newand melanocyte activity”

In melanocytes the myosin Va protein transportsametomes, which are responsible for
melanin production, the pigment in skin, hair aygs Melanosomes are transported to the
cell border and distributed to pigmented areas.thisrprocess myosin Va forms a transport
complex with proteins derived from MLPH and RAB2ganes-"®

A study published in 2013 identified the role of asin Va in neuron function through
investigating the protein synthesis in axons. Thgdive of this research was to identify
whether the location of the mRNA transcription taldace in the neuron cell body or in glia
cells or if the process involves both cells. Tran#lation process was known to take place in
the axon.
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Trials on transected neurons showed an accumulatiomnewly synthesized RNA in the
proximal part of the neuron. The origin of this RMAs determined to be from Schwann cells
by marking RNA in the absence of neuronal cell bediThe best route for this RNA,
originating from Schwann cell nucleus, to reach &xen was suggested to be through the
node of Ranvier or Schmidt-Lantermann incisuresraadires the factors F-actin and myosin
Va. The involvement of myosin Va was proven by stigating nerves of mice lacking the
MYO5A gene.
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Picture 12: Possible pathways of RNA trans| picture 13: Demonstration of newly-synthesized

RNA and myosin Va accumulation in a
transected nerve

The result was that the nerves of these MYO5A megahice showed no newly-synthesized
RNA accumulation in their axons. This observatied to the conclusion that not only is
myosin Va a crucial component of the RNA transfenerve cells, but also that this transfer
mechanism might be comparable to the pigment teansbm melanocytes as MYO5A
negative mice also had a diluted coat color. Tiselte of this study are outstanding since it
not only allows a better understanding of the neakraysfunction seen in LFS but also hints
towards a possible future treatment option for aedamage. During this work a cell-to-cell
RNA transfer was accidently induced and the resnligcated that gene therapy of damaged
nerves can be carried out by application of theajmeto glia cells or implanted stem cells at
the site of the injury to support regenerattGh.

The detection of the genetic mutation was publishe2010 and dealt with the investigation
of candidate genes which were chosen on the b&sstawing similarities of the disease
occurring in horses, mice and humaffsThe syndrome occurring in humans is called
Griscelli Syndrome and is characterized by a hygpwojintation of the skin, silvery grey hair,
neuronal deficits and seizur¥s.The severity of this syndrome depends on whiclefmoof
the transport complex encoded by the genes MYOSBXR A and MLPH is affected by the
mutation. As patients with a mutation in MYOS5A poadinantly presented with neuronal
clinical sings, it was chosen as the primary casgidjene for LFS followed by RAB27A.

Pedigree analysis was indicated due to the smaiibeu of LFS affected samples and to
obtain control samples of healthy horses. The pedigf six affected foals was investigated
and revealed one common ancestor in all six tefstisluals. Whole genome scan of these six
foals and 30 family members led to the discovergmé significant region on chromosome 1
which included 14 significant SNPs. Another findimgs that chromosome 1 of all six

affected foals included unique haplotypes for thgion in question with 27 common SNPs.
This area included a 1.6Mb region which was homomgg for affected foals and
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heterozygous for carrier relatives and includedNh€O5A gene but not the RAB27A gene.
This finding confirmed the assumption of the MYOg&ne being the primary candidate gene
and also demonstrated the effectiveness of the &MN® which was used for the whole
genome scan.

PCR amplification and sequencing of the 39 exonth@fMYOS5A gene in one sample of an
affected foal identified a single base deletione@on 30 resulting in a premature stop codon.
This finding was confirmed by repeating the testsamples from a second foals and its
relatives with the same result. Further studiestr@ myosin Va wild type led to the
conclusion that this mutation is likely to causeszese damage, as the protein is highly
conserved.

A subsequent PCR-base Restriction Fragment Lerggm®rphism (PCR-RFLP) assay with
Fau | restriction enzyme was designed to detectdtéietion. The presence of the deletion
eliminates a Fau | site which changes the norm#kpa This test was used to perform
frequency analysis of the mutant gene. Result&vsti@ uniform homozygous test result for
affected horses and a high number of heterozygodwiduals in their family. Egyptian
Arabians which did not originate from the same pesk showed a significant carrier
percentage of 10.3%82

In conclusion, this study revealed the specificatiah responsible for LFS by using the latest
genetic tools and might also be the basis on futesearch on the genetic link between LFS
and JIE.

6. Available tests for SCID, CA and LFS

6.1 Testing and sampling methods

DNA-tests for these genetic diseases were develtpatentify horses that carry the mutant
allele. As all three testable diseases are inlietiteough and autosomal recessive pathway it
is crucial to avoid carrier matings in order toymet the appearance of affected foals. Tests
can be also used to make a definite diagnosisfaffected horse.

Severe Combined | mmunodeficiency

The test for SCID was developed in 1997 as thé @osnmercial available DNA-test for
genetic diseases in Arabian horses. With the ifieation of the five nucleotide deletion in
the genome of affected horses, a PCR test for S@®developed.

The first step of the testing process is to extRdA from fibroblasts and leukocytes of the
submitted sample. The obtained DNA is then ampgifiegith PCR and hybridized with
synthesized probes that are individually specibc the normal and mutant allele for the
DNA-PKCS!®3 These probes are two synthesized oligonucleotjbeidization probes for the
normal (N-probe) and the SCID (S-probe) alféfe.

DNA samples from healthy horses only hybridize ke tN-Probe, whereas samples of
affected foals hybridize only to the S-Probe. DNa&mples of carrier horses which are
heterozygous for the mutant allele hybridize withhbprobes'®®
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Cerebellar Abiotrophy

Before the possible causative mutation for CA wieniified, the test for this disease was a
marker based test developed in 26%7This indirect DNA-test is based on screening for
alleles which are co-inherited with the CA mutati@®everal genetic markers, which are
adjacent to the CA gene on chromosome 2 were usédis diagnostic proces&’ Horses
were considered as clear if no markers associaiitdGA could be detected. Affected horses
with both mutant alleles were identified by a pesitresult for co-inherited markers in the
presence of clinical signs of the disease. Hoisatsdid not show any signs for CA but had a
positive test result for the markers were considierariers. The accuracy of this test was
guestionable as few results showed the presencrelpfsome of the 17 used markers. These
inconclusive test results were classified as “uecheined” until the direct DNA-test was
developed in 2010 which allowed a definite diagaadithose questionable samples.

The direct DNA-tests allows specific screeningtfoe identified mutation that is suspected to
cause CA. UC Davis therefore used this new metbadtest samples that had been analyzed
with the indirect marker based test and showedttiebld version of the test for CA had a
97% accuracy, since the direct DNA-test revealddgaer number of carrier and affected
horses. The direct DNA-test is now a generally ptamktool for an accurate diagnosis of CA
affected and carrier horsé&

Lavender Foal Syndrome

The direct DNA-test developed at Cornell University2010 allows the identification of the
single nucleotide deletion in exon 30 of the myogan gene which is responsible for LFS.
The process to identify this mutation involves ampéfication of the DNA-sequence which
includes the target region with PCR followed byediion with the restriction enzyme Fau |.
Subsequent agrose gel electrophoresis shows thaingapattern that is created by the
digestion reaction. This visualizes the mutatios,tike enzyme Fau | is abolished in its
presence resulting in a 476 base pair productofhtrast, the normal sequence produces two
bands of 386 and 90 base paffs.

Sampling methods for all available DNA-tests

The institute Veterinary Genetic Services (VetGeffgrs tests for all three diseases and
requires samples from the horse whose geneticsst&tauld be analyzed. The submitted
sample can be either a hair, blood or cheek swaiplea Hair samples should contain 30 to
40 pulled out hairs from mane or tail with attacledt bulbs. The sample should be bundled
and placed in a labeled plastic bag. Blood samgherild contain 3ml whole blood in a

labeled EDTA blood tube. Cooling or freezing is macessary during shipment of the
sample:®°

For the LFS DNA-test carried out at Cornell Univgrsa 1g tissue sample from heart,

kidney, lung, spleen, muscle or skin of the fetus@pnate can be submitted, t50.

6.2 Institutes offering tests

Institutes that offer commercial tests can be fowwtldwide. Owners interested in the
genetic status of their horse can easily find thestntonveniently located laboratory via
internet research or through contacting a vetdanarThe following table shows an
international selection of institutes offering genéests for horses.
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Table 6; International list of institutes providiggnetic testing for hors€é

Country Institute Offered tests Pricing
Veterinary Genetics ,
Laboratory at CA/LFS CA/ L'I:' $4O buSi d
UCDavis (results in 4-6 business days)
CA/LFS/SCID .
individually and CALFS: $50
: . SCID: $140
combined test; . _
Combined: $216
VetGen also accepts : ; o
. ; , (discounts are given with increased
internationally shippeg d
samples orders)
USA
Arabian Foal agil\lljid/ugﬁ and SCID: $99
Association ualy CA: $42.50
combined test
Cornell University LFS LFS: $47
CA/LFS/SCID CAILFS: $40
: . L SCID: $95
Animal Genetics individually and Combined: $12
combined test omoined. $125 .
(results in 1-2 business days)
Gene Control CA CA: 50€
University of CA CA: 50€
Germany Veterinary Medicine
Hannover
CA/LFS/SCID CA/LFS: £55 (results in 7 days)
LABOKLIN individually and SCID: £64 (results in 1-2 weeks)
combined test Combined: £148 (results in 2 weeks)
UK CA: £30
: . LFS: £35
Animal Genetics UK CA/LFS/SCID SCID: £65
(results in 5-7 days)
Australia | University Of CA/LFS CAILFS: $70
Queensland

6.3 Prevalence of the genetic diseases accordingdst results

Performing DNA-tests for genetic diseases in thabAnorse is a great tool to gain an insight
on the extent of the disease in question. Colledtdd of test results over a period of time can
help to determine the frequency of the mutant allgithin the tested population and also

gives an estimate of the carrier an affected peéagenof the population. Monitoring these

numbers will show if the offered tests and publku@ation of the disease is sufficient to

achieve the main goal which is to completely a\adfécted foals.

Severe Combined | mmunodeficency

The institute VetGen published a survey on testltesvhich were received in a time frame
from 1997 till 3" of December 2011. It is important to emphasize the calculated
numbers only represent the foals tested at thistutes and cannot be taken as reference
values for all SCID cases, which are suggestecetbigher than the calculated value. Still,
this survey is a helpful tool to evaluate the plenee of this genetic disorder as the number
of affected foals is directly proportional to thetimg of two carriers. But the percentage of
affected foals does not correlate with the prolighdf receiving an affected foal by mating
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two carrier animals. The probability is subjectthe autosomal recessive inheritance pattern
and is a constant 25% value for each carrier mafthg

Table 7; VetGen survey on SCID tes{ﬁﬁ‘g

SCID Status Number % of Total
Clear 8,974 83.97%
Carrier 1,681 15.73%
Affected 32 0.30%
Total 10,687 100%

Cerebellar Abiotrophy
UC Davis published a summary of test results ctéfbérom 2008 till 18 of August 2011.
The same restrictions, as mentioned for the SCIR, am interpreting these values apply for
this survey.

Table 8; UC Davis survey on CA tesﬁﬁsg

CA Status Number % of Total
Clear 6,508 79.62%
Carrier 1,590 19.45%
Affected 76 0.93%
Total 8,174 100%

With the development of the direct DNA-test, UC Bavested about 4,200 horses and
calculated a carrier rate of 19.7% and an affecaéel of 1.4%. The evaluation of the carrier
rate should be considered with caution, as theevalight be higher than the actual carrier
prevalence of the disease, as owners often sulamiples of specific bloodlines which leads
to a more selective than representative testihg.

A study published in 2011 calculated a 16% freqyenicthe putative CA mutation among
804 Arabian horses including 29 affected individuaAgain, this value only represents the
frequency calculated from the families of the argnavolved in this study. Researchers also
suggested that the frequency value differs in gty the different Arabian bloodlines.

A different research paper published in the sanma jecused on the detection of the CA
associated mutation in different horse breeds withbian influence. This study identified
carrier animals in three breeds, the Bashkir CHidyse, the Trakehner and the Welsh Pony.
Further pedigree analysis and DNA study confirmeel $uggestion that Arabian ancestors
introduced this genetic abnormality to the diffaréreeds through cross-breedifdsThe
results of this study are relevant to every breé@t Wrabian ancestry, as it demonstrates that
the genetic testing is indicated for breeding atsméich belong to a breed with an Arabian

influence!®®

Lavender Foal Syndrome

Research on the prevalence of LFS conducted ate@ddgmiversity and the University of
Kentucky revealed a high frequency of carriersedigrees that showed affected cases within
the family. As this disease is most frequently seethe Egyptian bloodline, the calculation
of the frequency of LFS carriers focused on uneeldEgyptian Arab horses and Arabians
from other bloodlines. The genome of 114 horses t@sted for the LFS mutation and the
Egyptian bloodline showed a carrier frequency of3% and the carrier frequency of non-
Egyptian Arab horses was 1.8%. These values mighsimow the actual carrier frequency.

37



An overestimation might be caused by owners submgith higher number of samples from
horses that are related to LFS affected foals.hhset of the identified carriers were active
breeding stallions, the calculated values could bslower than estimated, due to the fear of
breeders to lose their reputation. Therefore bnseahéght decide against a DNA-test to avoid
the possible negative impact on the prestige of #ted farms.

Nonetheless, the results of this study show thaifsignce of LFS in the Egyptian Arab
bloodline. The Egyptian Arab is very popular in NorAmerica and only approximately
49,000 Egyptian Arabs are registered worldwide sTémphasizes the value of every single
individual and the possible massive threat of L&Shis bloodline if breeders do not direct
the preservation of this line towards a DNA-tessigted breeding system that prevents
carrier-carrier mating®®

A recent study was published in 2012 and dealt whth investigation of the LFS carrier
frequency in European horses. Tested horses didmpbelong to the Arabian breed but also
to breeds that were known to have an Arabian infltee A total of 78 Thoroughbred, 30
Standardbred and 215 Arabian horses were genotygbdPCR-RFLP assay to detect the
mutant allele. The Arab horses chosen for thisystuere unrelated to each other within the
first generation. No carrier animals could be id@d among the Arabian influenced breeds
and seven carriers were detected among the Ardlmeses. The carrier frequency of Arab
horses in Europe was calculated to be 0.0162%. eThesults demonstrate that the LFS
mutant allele could be primary found in the Aralysgo The absence of carriers in the other
tested breeds suggested that the mutation miglet besurred after the introduction of Arab
blood to the bloodliné®

Data from 2014

This year scientists at the University of Pretami&outh Africa revealed their results on their
investigation of carrier horses of SCID, LFS and @igin local Arabian horse population, in
order to gain an insight in the possible impactheise genetic diseases on the Arabian horse
population in South Africa. In case of SCID theuleswere also used to gain an insight in the
effect of the DNA-test on the prevalence of theedse by comparing the numbers of carriers
before and after the introduction of the test.

Samples originated from two different populationsl &vere randomly selected from purebred
Arab foals born in the 2004/5 and 2009/10 foaliegsons. DNA-tests for all three diseases
involved PCR and fragment analysis. The carrievgdence was 11.7% for LFS and 5.1% for
CA in both foaling seasons. Interestingly, the iearrprevalence for SCID dropped
significantly from 6.4% in 2004/5 to 3.4% in the(®010 foaling season. These figures
demonstrate that genetic tests are a great tocddoce the carrier frequency of a genetic
disease and therefore might lead to the eradicafiaffected horse®"

7. Public education of genetic related diseasestime Arabian breed
Educating horse owners and breeders is a crugigcasn managing genetic diseases in the
Arab horse breed. ‘Translating’ complex genetic In@@isms and research results into a
language that can be understood by non professi@mal increasing public awareness about
genetic disorders and managing options within tpgestrian community are the main tasks
of many organizations. Ensuring public educatiorgémetic related diseases does not only
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help to apply methods that ensure sound managiddgeeeding but also initiates receiving
financial support. Owners and breeders should beowaged to test their horses and
contribute to the transparency of genetic statbggaublishing their test results.

7.1 Arabian Foal Association (FOAL)

The Arabian Foal Association is a non-profit orgaion that provides general knowledge
and guidance in testing genetic disorders of theabfan horse on their website
http://www.foal.org/index.htmlMain focus is placed on displaying the charastes of CA
with reference to the webpadrtp://cerebellar-abiotrophy.orgivhich also is an excellent
source to gain an insight in this disorder. A giaatievement of FOAL is the generation of a
public accessible list that displays the genettust for all testable disorders. The submission
of the test result is on a voluntary basis and khba encouraged by all testing institutes to
increase transparency in the field of genetic disean Arabian horses.

7.2 Arabian Horse Foundation and Arabian Horse Assoation (AHA)

The Arabian Horse Foundation is an organizationt §ivides financial support for
scholarships, public education, equine rescue ahdming and equine research on diseases
affecting the Arab horse and other breeds. Then@ia contributions of this organization
supported the research projects on CA, LFS and mé#rgr equine genetic disorders. More
detailed information about this organization asdathievements can be found on the website
http://www.thearabianhorsefoundation.org/home.html

The AHA not only raises financial support like teabian Horse Foundation, but also
represents a forum for public education and intewacfor the whole Arabian horse
community. Their detailed websiteww.arabianhorses.orgnd official magazine called
“Modern Arabian Horse” provides answers, guidelireesd recommendations for breed
specific and general horse related topics. The meeh$so includes a section created by the
AHA Equine Stress, Research and Education Subcdsemiin Genetic Disorders which not
only gives detailed and up to date information dladilgenetic diseases of the Arab horse, but
also educates the reader in the basic genetic baakg of the disorders. This section can be
found undehttp://www.arabianhorses.org/education/geneticldetsp

8. Outlook on future breeding strategies after thentroduction of genetic

tests

The results of the research project in South Afdemonstrated that implementing DNA-tests
in the Arabian breeding management can indeed eethe frequency of the mutant allele.

The overall goal to eliminate the appearance oféc#fd individuals in a sound breeding

system is now within reach. DNA-tests that ident&yriers are the only reliable tool to avoid

carrier mating without performing a series of tbstedings, which are not only very time

consuming, regarding the reproductive charactessif horses, but also result in the creation
of further carrier animals and affected horses. fihancial and emotional burden that is

accompanied with every horse affected by a fataktie disorder can now be prevented by
analyzing the genetic status of breeding horses.

As all currently testable genetic disorders of &rab horse follow an autosomal recessive
inheritance pattern, the disclosure of the carsi@tus can not only assist the breeder in
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choosing breeding animals that will not produceaffected offspring, but also allows for a
systematic breeding system that includes the daiaftolvement of carrier animals to
preserve the variety of traits that makes the Amalhorse unique. These facts argument
against the numerous skeptic horsemen which se&uliheevelation of the horse’s genetic
information as a threat to the various unique festwf each horse breed.

Also, some breeders fear that receiving a testlitressitive for the carrier status of a high
class breeding animal can damage the reputationpeestige of the breeding facility. But
these genetic diseases have been known to afle&rdbian horse breed over centuries. The
new aspect is that their phenotypic presentationksa avoided through DNA-tests now. A
positive carrier test result should not be congideas a disease diagnosis and does not
exclude the sound breeding of the individual. Gandbntrary, keeping valuable carrier horses
in a well managed breeding system is encouragguisiisupports the preservation of the gene
pool and typical traits of the breed. The DNA-tebbuld therefore be used as a tool to
support the breeder’s profound knowledge of thedb@nd to create a sound breeding system
that involves both, the management of the genetieade and the preservation of the unique
features that make the Arabian horse the elegahtremjestic animal it is known for.

9. Appendix
9.1 Picture references

9.2 Literature references

! z0ldags paper

?> AHA Genetics terminology list download 27.10.2014

* http://medical-dictionary.thefreedictionary.com/segregation+analysis

* http://medical-dictionary.thefreedictionary.com/linkage+analysis

> Stacey Oke, DMV, MSc: Genetic Disorders Breed by Breed. the Horse, November 2014, p.14-19

® http://ghr.nlm.nih.gov/handbook/basics/dna download 27.10.2014

7 genetic and molecular biology p 95-96

8 genetic and molecular biology p 122-123

? genetic and molecular biology p 183

1% https://www.biologis.com/pgs/basic-knowledge/basic-knowledge-details/genes-and-gene-variants
download 27.10.2014

n genetic and molecular biology p 199

2 https://www.biologis.com/pgs/basic-knowledge/basic-knowledge-details/genes-and-gene-variants

download 27.10.2014

B http://www.geneticalliance.org/diseases download 27.10.2014
1 Zpldags paper

- Stacey Oke, DMV, MSc: Genetic Disorders Breed by Breed. the Horse, November 2014, p.14-19
16 z0ldags paper

v genetic and mulecular biology p. 231-232

18 zoldags paper

? classification of mutation pdf

0 zoldags paper

! mutation and repair

> Arabian Horse Association, Essential Genetics for the Horseman
2 genetics home reference webpage

** AHA Inheritance of Dominant Genetic Disorders

1
2
2

40



» Zo6ldags paper

% AHA Inheritance of Recessive Genetic Disorders
% Aha Inheritance of Recessive Genetic Disorders
*% Genetics home reference webpage
 http://www.uky.edu/Ag/Horsemap/abthgp.html

%0 Zoldags paper
*! http://www.uky.edu/Ag/Horsemap/abthgp.html

32 Zo6ldags paper
* http://www.vet.cornell.edu/Zweig/projects/antczak02.cfm

i Zoldags paper

** http://www.nih.gov/news/pr/feb2007/nhgri-07.htm

*® http://www.biol.unt.edu/~jajohnson/DNA_sequencing_process

7 Zo6ldags paper

3 Zo6ldags paper

% http://www.uky.edu/Ag/Horsemap/hgpprojects.html

%0 printed paper: next generation sequencing

o datasheet_equineSNP50pdf

* http://www.arabianhorses.org/education/education_history_origin.asp
* http://www.arabianhorses.org/education/education_history_today.asp
* http://www.arabianhorses.org/education/education_bloodlines_overview.asp

4 http://www.arabianhorses.org/education/breed_standard.asp

e Maggie Nicol, Arabians from the camera of Johnny Johnston, Boldheart Publications, 1988, picture 34
7 Genetic_ AHW_Editorial pdf

% AHA genetic diseases and the arabian horse

9 z0ldag’s paper

0 Stacey Oke, DMV, MSc: Genetic Disorders Breed by Breed. the Horse, November 2014, p.18
L AHA genetic disorders and importance

> AHA code of ethic pdf

>3 Anatomy of the horse book p. 46

> genetic guttural pouch tympany pdf AHA

> Inheritance of GPT in the Arabian horse

: Genetic_guttural pouch AHA pdf

http://www.merckmanuals.com/vet/respiratory_system/respiratory_diseases_of _horses/guttural_pouch_dise
ase_in_horses.html

> Equine internal med 2nd edition p.300

>® Inheritance of GPT in the arabain horse

% Genetic guttural pouch tympany pdf AHA

" how to use a foley cath pdf

6 Equine internal med p300

6 genetic guttural pouch pdf AHA

o pubmed, partial resection of plica s. for tx of 3 foals w/ bilat GPT

% color atlas of the foal p 138

® how to use a foley cath pdf

& genetic disorders far

68 genetic guttural pouch tympany pdf AHA

% http://books.google.de/books?id=cx8-
BQAAQBAJ&pg=PA243&Ipg=PA243&dg=plica+salpingopharyngea+horse&source=bl&ots=2IhDdjinNB&sig=Et2T
piigAhgzY94W2EyZdyFarWE&hI=de&sa=X&ei=i2xwVLm CliBPZHjgYAJ&ved=0CDcQ6AEWBQ#v=0nepage&q=plic
a%20salpingopharyngea%20horse&f=false p243

7 pubmed:partial resection of plica salph. with bilateral cases

" how to place a foley catheter

41



72 Genetic GPT pdf AHA

” how to use a foley cath pdf

" GPT AHA pdf

7> Genetic disorders Far

’® inheritance of GPT in Arabian horse

”7 file:///C:/Users/User/Desktop/Thesis/literature/guttural%20pouch%20tympany/Whole-
genome%20scan%20for%20guttural%20pouch%20tympany%20in%20Arabian%20and%20German%20...%20-
%20PubMed%20-%20NCBI.htm

78 genome wide linkage and association analysis

7 Genetic disorders Far

% caution and knowledge pdf

8 pubmend familial OAAM in arab 1986
2

8

file:///C:/Users/User/Desktop/Thesis/literature/occipitoatlantoaxial%20malformation/Occipitoatlantoaxial%20
malformation%20with%20duplicati...%20%5BCornell%20Vet.%201989%5D%20-%20PubMed%20-%20NCBl.htm

8 AHA: Genetic_ OAAM_2010 pdf

8 Caution and knowledge pdg

¥ Genetic disorders Far

% AHA genetic oaam 2010

& pubmed:familial OAAM in arab 1986

8 Equine neonatal medicine p 183

¥ Colour atlas of diseases of the foal p.352

% caution and knowledge pdf

ot Equine genomics google book p 231

%2 caution and knowledge pdf

 thehorse.com steps taken to classify seizures in horses

o google books the comprehensive guide to eq vet med p160f

% the horse.com steps taken to classify seizures in horses

% pubmed epilepsy in horses:aetiological classification and predictive factors

%7 thehorse.com steps taken to classify seizures in horses

% genetic JIE JES 2010 pdf AHA

% Color atlas of foal p 354

100juvenile epilepsy pdf

191 senetic JIE JES 2010 pdf AHA

102 equine internal med book p562

1% color atlas of dd of foal p354

04 pubmed juvenile idiop epilep in egyptian arab

1% Genetic JIE JES 2010 AHA pdf

106 google books the comprehensive guide to eq vet med p160f

197 yetnext.com

® color atlas of dd of foal p354

0 pubmed: a review on epilepsy in horse + ambulatory eeg as diagnostic tool abstract

10 google books Current therapy in equine medicine volume 6 chapter 195 p892

1 collective summary of color atlas of dd of foal p354, google books: the comprehensive guide to eq vet med p
160f,
file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Clinical%20signs%20and%20etiology%20
of%20adverse%20reactions%20t0%20procaine%20benzyl...%20-%20PubMed%20-%20NCBI.htm,
file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Overview%200f%20Equine%20Protozoal
%20Myeloencephalitis%20%20Equine%20Protozoal%20Myeloencephalitis%20%20Merck%20Veterinary%20Ma
nual.html
file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Overview%200f%20Meningitis,%20Encep
halitis,%20and%20Encephalomyelitis%20%20Meningitis,%20Encephalitis,%20and%20Encephalomyelitis%20%2
OMerck%20Veterinary%20Manual.html
file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Strangles%20in%20Horses%20%20Respir
atory%20Diseases%200f%20Horses%20%20Merck%20Veterinary%20Manual.html

1

10
1
1

42



file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Xylazine%20HCI%20Injection%20for%20A
nimal%20Use%20-%20Drugs.com.html

1 genetic disorders FAR

B google books current therapy in equine medicine p892

114 colour atals of disorders of the foal p 354

B genetic_lJie_Jes 2010 pdf AHA

118 \whole genome SNP association in the horse: deletion of Myosin Va for LFS
117

1

1

file:///C:/Users/User/Desktop/Thesis/literature/juvenile%20epilepsy/Role%200f%20KCNQ2%20and%20KCNQ3
%20genes%20in%20juvenile%20idiopathic%20e...%20%5BVet%20J.%202013%5D%20-%20PubMed%20-
%20NCBI.htm

1% Genetic JIE JES 2010 AHA pdf

% Genetic_SCID_2012

129 color atlas of dd in foal p293f

2! Disorders and the Arabian horse 2010

122 equine internal med p42f

12 color atlas of dd in foal p293f

124 Equine internal med p42f

12> hypopammagl and thymic hypoplasia in horses
Equine internal med p42f

7 color atlas of dd in foal p293f

'2% Genetic disorders and the Arabian horse 2010
Genetic _CID_Paradigm pdf

Genetic_SCID_2012

*! bnas01503_0173 pdf

132 equine internal med p42f

3 pnas01503_0173 pdf

134 vetgen: A kinase-negative mutation of DNA-PKCS
3> Genetic disorders and the Arabian horse 2010
Genetic disorders and the Arabian Horse 2010

¥ genetic Ca review AHA

138 colour atals of disorders of the foal p 553

? equine internal med p590

%% Genetic disorders and the Arabian horse 2010

11 _CA research project summary

Genetic disorders and the Arabian horse 2010
Genetic CA review AHA

1% Review of clinical and functional neurosciense — sewenson chapter 8b (webpage)
s Genetic_CA review AHA pdf

146 preservation without tragedy

%7 AHA clinicals signs pdf

® color atlas of dis of foal p553

? egine internal med p 590
150

126
12

129
130
1

1

136
1

13

141
142
143

14
14

http://www.merckmanuals.com/vet/nervous_system/nervous_system_introduction/physical_and_neurologic_
examinations.html

B color atlas of dis of the foal p553

2 egine internal med p 590

> genetic disorders and the arab horse 2010 pdf

> equine internal med p590

> arab horse website

3¢ preservation without tragedy

11_CA_Research project summary

® caution and knowledge: an introduction... in gen diseases and arabains
? color atlas of dis of foal p553

160 equine internal med p590

15.
1

15
157

15,
15!

43



1ot genetic_CA_review AHA

162 Mapping of CA pdf

11_CA_research project summary

11 _CA research project summary

Genetic disorders Far

® arabian horse.org LFS pdf

17 AHA/LFS/CCDL 2012

68 genetic disorders Far

169 arabianhorse.org LFS pdf

0 www.deepayre.com mapping LFS using equine SNP50

" AHA LFS CCDL 2012

> arabian horse.org LFS pdf

3 arabianhorse.org LFS pdf

"% AHA LFS CCDL 2012

LFS-MYO5A webpage

176 genetics home reference:MYO5A

Y7 | FS-MYO5A webpage

178 genetics home reference:MYO5A

179 myosin Va dependent cell-to-cell transfer of RNA

189 \whole genome SNP association in the horse

181 genetics home reference MYO5A

182 whole genome SNP association in the horse

18 pubmed webpage: Evaluation of a test for identification of Arabian horses...
¥4 Equine_SCID pfd

8 pubmed webpage: Evaluation of a test for identification of Arabian horses...
18812 genetic_CA_DNA_test development pdf
Genetic_Diseases_Forum_Slides pdf

12 genetic_CA_DNA_test development pdf
Lavender_Foal_Syndromegenetic test expanded test info pdf
° order-form equine 2 pdf

91 Lavender_Foal_Syndromegenetic test expanded test info pdf
http://cerebellar-abiotrophy.org/index.php?option=com_content&view=article&id=55&Itemid=59
12 genetic scid testing stats pdf

12 genetic scid testing stats pdf

19> testing results for CA in 2011 by UCDavis pdf

1% Mapping of CA pdf

7 11_CA_research project summary pdf
http://www.ncbi.nlm.nih.gov/pubmed/21496100

° whole genome SNP association in the horse

200 http://www.readcube.com/articles/10.1111%2Fj.1365-
2052.2011.02305.x?r3_referer=wol&tracking_action=preview_click&show_checkout=1
! http://www.ncbi.nlm.nih.gov/pubmed/24033554

163
164
165
16

1

17

17
17

175

1

187
188
189
191

192
193
194

198
19



