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tissues in a lesser amount as well. This influx of water causes the ACAN-rich matrix to 

swell and expand.  This matrix in the water swollen state is critical to the biomechanical 

properties of cartilage and the ability to allow joints to handle wear and weight bearing 

loads.  The interaction of ACAN with collagen is another vital characteristic to the 

cartilage’s functional ability of stiffness and resistance to deforming under stress.  ACAN 

is significantly restricted within the matrix with regards to its mobility which gives it the 

ability to retain fluid or the redistribution of water (Mow et al. 1989).  Figure 1.1 shows a 

schematic of the interactions of the proteins within the human ECM. 

 

 
             Figure 1.1. Combined properties and spatial interactions of collagens and       
              Aggrecan in articular cartilage environment (Kiani et al. 2002). 

 
This gel-like substance is due to the numerous negatively charged anionic 

molecules on the GAG side chains within the ACAN protein that carry Na+ as counter  

positive ions.  This causes a significant disparity in ion concentrations between cartilage 

and the surrounding tissue resulting in diffusible free anions and cations to be out of 

balance.  This osmotic pressure draws water into the cartilage tissue due to ACAN’s size 

and bonded structure with other proteoglycans. 
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The ACAN core protein is composed of three domains designated G1, G2 and G3, 

and has attached numerous keratan sulphate (KS) chains with N- and O-linked 

oligosaccharides and a large region of chondroitin sulphate chains (CS) between the G2 

and G3 domains allowing glycosaminoglycan (GAG) side chain attachment post- 

translationally.  The link protein is a small glycoprotein that helps stabilize the overall 

structure formation and has a similar structural design to G1.  Whereby, the G1 globular 

domain of the protein located at the N-terminal end specifically binds to hyaluronan by a 

non-covalent bond with link protein (Heingard et al. 1974).  This is part of the tertiary 

structure complex within the ECM.  Situated between the G2 domain and G3 domain is a 

large sequence modified by KS side chains and CS chains. Each ACAN contains ~ 100 

chondroitin sulfate chains, which are typically ~ 20 kDa each. There are fewer keratan 

sulfate chains (up to 60) and they are usually of smaller size (5-15 kDa).  These chains 

combine to make up 90% of ACAN’s mass (Kiani et al. 2002). The G2 has tandem 

repeats which make it homologous to G1 and link protein.  G2 is separated from G1 by 

an interlobular domain (IGD) and is involved in processing product (Fosang et al. 1989; 

Paulsson et al. 1987).  Located on the C-terminus end within the G3 domain are two 

epidermal growth factor-like sections, EGF1 and EGF2.  Other sites include a 

carbohydrate recognition domain (CRD), complement binding protein (CBP)-like sites, a 

folded immunoglobulin region and tandem repeats of proteoglycan (Perkins et al. 1989).  

Figure 1.2 shows the globular and domain structures of ACAN. 

 

Sequence conservation is very high within the three globular domains (G1, G2, 

and G3) of known ACAN sequences across species, including humans.  The regions of 

chondroitin sulfate chains and keratan sulfate chains are less conserved across species.  

There is a strong correlation between exon number sequence and structure domain layout 

of ACAN.  This is most evident in that the chondroitin sulfate chain domain is specific to 

a single exon (Kiani et al. 2002).  Exon 1 encodes a 5’ end sequence that is untranslated 

and exon 2 contains a translation start codon site for protein synthesis.  G1 domain is 

divided into loop sections of A, B, B’ and correspond to subsequent exons 3, 4 - 5, and 6, 

respectively.  Link protein exons 3, 4-5, 6 correspond to the G1 loop sections in sequence 

similarity confirming binding site affinities (Valhmu et al. 1995).  The G1 domain is 
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comprised of three modules: an immunoglobulin fold module and two copies of an HA-

binding link module, this is also referred to as the PTR or proteoglycan tandem repeat.  

The G1 domain is also comprised of two cysteine-rich motifs that form disulfide bonds.  

These disulfide bonds are involved in ACAN interactions with HA to form large 

complexes (Watanabe et al. 1998). 

 

The rod shaped structure separating the G1 and G2 domains is the interglobulin 

domain (IGD).  The IGD is encoded strictly by exon 7 of the gene ACAN.  This structure 

and sequence is unique to the ACAN molecule.  Interestingly, during pathological 

cartilage degradation, this is the area of proteolytic attack by Aggrecanase-1 at the 

Glu373-Ala374 bond.  This appears to be the site of ACAN turnover physiologically 

(Tortorella et al. 1999). Matrix metalloproteinases (MMP) and Aggrecanase-1 are both 

believed to be involved in ACAN molecule turnover in both diseased and normal cartilage 

(Lark et al. 1997). 

 

The G2 domain involves exons 8, 9, 10 of the gene.  There are two tandem 

repeats of proteoglycan that are about 67% similar in sequence to the G1 PTR repeats, 

however, it shows no functional ability to bind with HA-binding ability with link protein 

possibly due to karatan sulfate side chains (Fosang et al. 1991).  Interestingly, ACAN is 

the only proteoglycan family member that has this G2 sequence and structure domain.  

ACAN is also the only proteoglycan family member with the keratan sulfate and 

chondroitin chains that make this protein highly glycosylated.  The G2 domain presently 

is thought to only function as a quality control domain in producing a mature working 

ACAN protein (Kiani et al. 2001). 

 

The (KS) keratan sulfate domain, encoded by exon 11 in humans, follows the G2 

domain.  This sequence of amino acids makes up a group of tandem repeat chains which 

varies in number greatly across species.  Rats, mice and chicken (Krueger et al. 1990) 

lack this repeat sequence region, however; bovine (Antonsson et al. 1989), human 

(Doege et al. 1991) and horse seen in this current study, contain these sequences in 

various amounts and in a strikingly similar repeat fashion.  This hexamer sequence 
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contains proline-serine and proline-threonine repeats suggesting this region as possible 

candidate areas for KS chain substitution.  Humans contain additional residue sequences 

of 66 highly conserved hexamer motifs repeated 11 times.  This confirms the human 

sequence is more glycosylated than the rat or bovine which contain less repeats.  The KS 

region is not unique within the ACAN core protein.  KS attachments also occur within the 

CS chains by being oligosaccharide linked to threonine (Hopwood et al. 1974).  A KS 

structural characteristic seen in differing cartilage tissue sources within an organism is 

most noticeably between non-bearing and load-bearing cartilage.  KS chains in joints that 

are load-bearing contain 1-3 fuctose residues and 2-6 N-acetyl neuraminic acid residues 

unlike cartilage in the nose (Nieduszynski et al. 1990).  Another unique characteristic to 

keratan sulfate chains within human meniscus is that, as humans age the KS chains and 

the 6-sulfated disaccharide of chondroitin sulfate chains increase in concentrations 

(McNicol et al. 1980).  The complete function of the keratan sulfate chains are not 

known, however it is suggested that they may contribute to tissue development, 

processing and distribution.  The one important characteristic of the KS chain is the 

binding of water molecules within ACAN, significantly enhancing the ECM’s ability to 

handle load bearing stress (Kiani et al. 2001). 

 

Chondroitin sulfate (CS) region is ACAN’s largest domain.  It is solely encoded 

by exon 12 in humans with a product size of approximately 3.5 kb.  The domain includes 

dipeptide repeats that contain serine-glycine residues and are separated by acidic and 

hydrophobic residues frequently (Krueger et al. 1990).  CS chain recognition sites for 

attachment have been suggested to be S-G-X-G (Bourdon et al. 1987) or (D/E)-X-S-G 

(Krueger et al. 1990).  There is some thought that these recognition sequence sites are 

dependent on chaperone proteins and the presence of specific enzymes that are necessary 

for post-translational modifications.  The chief role of ACAN as a structural ECM 

proteoglycan is to hold water within the ECM.  This is accomplished by the large number 

of negatively charged CS chains.  The glycosaminoglycan (GAG) chains may play a vital 

role in ACAN processing because of their similar property characteristics of holding water 

within the ECM.  This role in ACAN processing and secretion has been shown by the 
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addition of GAG chains to the CS region.  Without these GAG modified CS sequences, 

CS containing constructs are not secreted (Kiani et al. 2001). 

 

GAG chain modification is dependent on the G3 domain.  This domain is highly 

complex involving alternative splicing of exons post-transcriptionally. In human ACAN it 

consists of two alternatively spliced EGF-like domains encoded by exons 13 and 14, a C-

type Lectin-like domain also called LEC-like domain (also referred to as CRD module) 

encoded by exons 15, 16, and 17.  An alternatively spliced CRP-like domain (also 

referred to as CBP module) is encoded by exon 18 (Doege et al. 1991; Fulop et al. 1993).   

In humans only about a quarter of the EGF-l like domain gets translated and a small 

portion contain the EGF-2 like domain or both (Fulop et al. 1993), due to variable 

alternative splicing.  In rats, mice and dogs the EGF-1 domain is not translated due it 

being part of an intron, and in chickens some of the ACAN molecules have one or even 

none of the EGF domains encoded by exon 14.  The C-type Lectin-like CRD are encoded 

by exons 14, 15, 16, 17 and the CBP/CRP domain in chickens encoded by exon 18 (Kiani 

et al. 2002).   The function of the CRP/CBP domain is to bind fucose and galactose 

(Halberg et al. 1988) as well as the processing of ACAN proven by nanomelia in chickens 

and cmd mice.  Without the G3 domain ACAN cannot be modified by GAG and this 

unmodified core protein cannot be secreted by the cell.  It has been shown that in chicken 

ACAN the G3 domain’s major functions involve the LEC-like/CRD domain encoded by 

exon 15.  These animal models propose the attachment of GAG chains are modulated by 

G3 and this affects secretion from the cells (Kiani et al. 2001).  G3 in overall functions of 

ACAN processing, is an important factor in the control of quality ACAN secretion and 

breakdown through degradation pathways dependent on ubiquitin-proteosome control.  

This role shows the significant role the G3 domain plays in GAG chain attachment and 

facilitating ACAN secretion.  This is most notably controlled by the cysteine residues 

within the CRD/LEC-like and the CRP/CBP modules (Chen et al. 2002).  The most 

interesting feature of the G3 inter-domain dependent regulation controls is that GAG 

modification is separate from product secretion in that the modification of the GAG 

matrix formation overrides its effect to the secretion of ACAN but not vice-versa (Kiani et 

al. 2002).  The G3 domain as a whole could be involved in other aspects of ACAN 
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production, modification and degradation as seen with other proteoglycans like versican, 

however; no studies to date shown this to be the case. 

 

 
Figure 1.2. Aggrecan structure 
(A) Globular protein and attached GAG chain structure. (B) Protein domain structure. 
Folded modules: IgG, immunoglobulin fold: TR, tandem repeats: EGF, epidermal growth 
factor-like module: CRD, carbohydrate recognition domain: CBP, complement binding 
protein-like module. Extended domains: IGD, interglobular domain: KS, keratan sulfate 
attachment domain: CS-1 and CS-2, chondroitin sulfate attachment domains (Kiani et al. 
2002). 
 

Purpose of Study 

The purpose of the study described in this thesis was to uncover the cause of 

dwarfism among Miniature horses. At the beginning of the study it appeared that multiple 

genes with mutations might be responsible for the condition and candidate gene studies in 

families were conducted to uncover which of the more than 200 genes causing dwarfism 

among people were responsible for the condition in horses.  However, the study revealed 

that most cases of dwarfism in Miniature horses were the consequence of one of at least 4 

mutations in the gene, Aggrecan (ACAN). 

 

 

Copyright © John Edmund Eberth 2013 
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Chapter 2 

Disproportionate Dwarfism in Miniature Horses 

 

Summary 

 

 This chapter focuses on describing the protocols utilized and results in the 

discovery of the mutations in Aggrecan (ACAN) which are responsible for the majority of 

dwarfisms within the Miniature horse breed.  DNA samples were isolated from dwarfs 

and normal Miniature horses and select samples were sent to the Mayo Clinic for testing 

using the Illumina Equine SNP50 chip. The results were analyzed using PLINK which 

revealed a SNP with statistical significance near ACAN on chromosome 1 of the equine 

genome.  Subsequent sequencing of ACANindicated the existence of at least four separate 

recessive mutations that cause dwarfism.  These mutations are independently segregating 

within the population worldwide. Novel mutation combinations occur causing combined 

expression in heterozygote dwarfs of two different mutations.  Two of the mutations are 

deletions of a single base in exons 2 (D1) and 11(D3) causing a frameshift and presumed 

loss of function of the protein.  The exon 2 (D1) deletion causes lethality in homozygous 

form and in combination with any of the other mutations. Another mutation is a deletion 

of 21 bases in exon 15 (D4) causing a loss of 7 amino acids in the resulting protein and 

loss of reading frame. The last mutation is a single base substitution in exon 6 (D2) 

causing changes in amino acid in the resulting protein. The exon 6 (D2) mutation predicts 

a decrease in function of the resulting protein due to the intricate binding interaction of 

link protein and G1 domain of ACAN to produce a functional ECM.  During the 

sequencing process numerous non-causative SNPs were discovered within ACAN of the 

horse and are listed within this dissertation.  Custom Taqman® Assay Probes were 

designed for mutations in exons 2, 6, and 11.  A simple PCR of exon 15 and results run 

on a 2% agarose gel was the method used to test for the mutation in exon 15.Testing for 

dwarfisms D1 (exon 2), D2 (exon 6), and D4(exon 15) has been performed and 

completed on the entire sample population of Miniature horses and select large sized 

horse breeds.  However, testing for D3(exon 11) dwarfism has not been completed. 
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Introduction 

 

The main objectives of Miniature horse breeders are to produce small and 

proportionate horses.  However, selection for small size could result in selection for 

dwarfism.  With a foundation of immense genetic variation and no strict quality standards 

of bloodstock except height, some Miniature horse breeders utilized severely malformed 

small horses in breeding programs.  These conformationally inferior horses exhibited 

consistent physical abnormalities typical of disproportionate dwarfisms as seen in other 

mammal species.   

 

Other animal species with documented dwarfism include: dog, mouse, chicken, 

and cow.  Defects in over 200 genes have been found to cause dwarfism in humans.  

Defects in genes for humans can involve genes responsible for pituitary gland hormones, 

thyroid gland hormones,hormone production and/or recognition, metabolism, cartilage 

development and bone growth plate development.  During the course of the study it 

became apparent that the common forms of dwarfism in the Miniature horses fell into 

two groups. One group was characterized as Chondrodysplasia-like and were subject of 

this study.  This type of dwarfism involves malformations of the cartilage and subsequent 

maturation to bone during fetal development and subsequent growth of the individual 

during sexual maturation.  The other form of dwarfism seen in the Miniature horse 

population did not display Chondrodysplasia-like characteristics.  However, these 

individuals did exhibit slightly enlarged sized head and shortened upper leg bones, but 

normal lower leg length and normal size of body and neck.  This type of skeletal atavism 

is phenotypically similar to the dwarfism characterized in Friesians (Back et al. 2008).  

However, the cause of dwarfism among Friesian horses appears to affect only the long 

bones of the leg (skeletal atavism).  These individuals were not subject to this study and 

appear to have a different genetic basis (Orr et al. 2010; Lindgren, personal 

communication 2013).  The Miniature horse dwarfs displaying skeletal atavism are part 

of a study for this disease within the Miniature horse population (Rafiti et al. 2013).    

The dwarfism under study here causes disproportionate reduction of the entire individual.  

Disproportionate dwarfism involves the shortening and malformation of all the long 
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bones of the body and causes abnormal growth of the other bones within the body (i.e. 

skull).  Skeletal atavism is a disease that involves only specific bones of the body being 

shortened and the rest of the bones are left relatively unaltered and normal. 

 

Disproportionate dwarfism in Miniature horses, in decades past, has been a well-

known unspoken issue.  Its existence has been shown through anecdotal photo evidence 

and record keeping of breeders.  These horses with conformation typical of 

disproportionate dwarfism have significant health, quality of life and soundness issues.  

Many Miniature horse registries try to avoid accepting minis affected by dwarfism for 

breeding stock registration (AMHA 2012; AMHR 2012).  Unfortunately, these 

individuals are still used in breeding programs today.  Dwarfism is a problem for the 

horse breeder who wishes to produce a healthy, diminutive horse which has proportions 

and conformation similar to that of large horse breeds.  Therefore, this study was 

undertaken to uncover the gene(s) responsible for some types of dwarfism and develop 

diagnostic tests to guide breeders. 

 

Materials and Methods 

 

Horses used in Dwarfism Study 

Two hundred AMHA registered Miniature horses from private farms were 

phenotyped for dwarfism and hair, blood or postmortem tissue collected for DNA 

isolation.  Horses were selected based on a history of producing dwarfs or having a 

pedigree from known dwarf producers.  Pedigree information, if available, was attained 

through the studbook of the AMHA registry.  In addition, a total of 44 horses from the 

AMHR registry were tested but were of unknown phenotype for dwarfism.  These 

samples were acquired from the University of Kentucky DNA typing Laboratory.  Horses 

from other breeds which have not reported the occurrence of dwarf phenotypes were also 

tested which included 28 Thoroughbred, 22 American Standardbred, 4 American 

Saddlebred, 4 Tennessee Walking horses, 4 Arabian, 1 hackney pony and 1 Caspian 

horse.   
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Phenotyping 

Miniature horses normally have a small stature. Dwarfism is distinguished by 

exhibition of several of the following characteristics: severely shortened stature, 

shortened limbs relative to overall body size, bowed forelegs, shortened neck, 

disproportionately large cranium, flat faces with large bulging eye sockets with 

prominent eyes, low nasal bridge, severe under bite, retruded muzzle, cleft palate and 

protruding tongue and a large abdominal hernia, or embryonic loss. 

During the course of the study it became apparent that the common forms of 

dwarfism fell into two groups. One group was characterized as Chondrodysplasia-like 

and were subject of this study.   This type of dwarfism involves malformations of the 

cartilage and subsequent bone during fetal development and growth of the individual.  

The other form of dwarfism seen in the Miniature horse population did not display 

Chondrodysplasia-like characteristics.  However, these individuals did exhibit a slightly 

enlarged head and shortened upper leg bones, but normal lower leg length and normal 

size of body and neck.   

 

DNA Isolation 

DNA from blood or tissue was extracted using Puregene whole blood DNA 

extraction kits (Gentra Systems Inc., Minneapolis, MN) and Puregene tissue DNA 

extraction kits according to published protocols.  Hair samples submitted were processed 

using 7-10 hair bulbs according to the method described by Locke et al. (2002).  The hair 

bulbs were placed in 100 µl lysis solution containing 1X FastStart Taq Polymerase PCR 

buffer (Roche), 2.5 mM MgCl (Roche), 0.5% Tween 20 (JT Baker, Phillipsburg, NJ) and 

0.01 mg proteinase K (Sigma-Aldrich, St. Louis, MO) and incubated at 60°C for 45 

minutes followed by 95°C for 45 minutes to deactivate the proteinase K.  Aliquots of the 

DNA samples were made for working dilutions at concentrations of approximately 150 

ng/µl. 
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Illumina Equine SNP50 Testing 

DNA samples at concentrations of 150 ng/µlfrom 46 horses were selected for 

testing with the Illumina Equine SNP50 chip.  Of the 46 samples, 20 were from horses 

characterized as dwarves while the remainder were from Miniature horses with normal 

appearance.   Among the 26 normal phenotype horses, all 26 were related to 6 of the 

affected horses as sibling or as parents.  DNA samples were tested at the Mayo Clinic 

under the auspices of a Morris Animal Foundation Grant awarded to the University of 

Minnesota.  The DNA samples were tested by the Mayo Clinic and results returned for 

analysis.   

 

PLINK Analysis 

PLINK (Purcell et al. 2007) was used for analysis of the data.   The Illumina 

SNP50 chip assayed for 59,349 SNPs.  The entire call rate was greater than 95% for all 

46 horses so all 46 were retained for analyses.   SNPs were eliminated from the analyses 

when the minor allele frequency (MAF) was less than 0.05 and the call rate for the SNP 

(GENO) was less than 90%.  As a consequence, analyses included 40,368 SNPs.  The 

data for dwarf horses was designated as cases and the data for normal horses was 

designated controls.Association study with a Monte Carlo based approach (5000 

permutations) was run to compare differences in the occurrence of SNPs among the case 

and control horses. The permutation option (EMP2) corrected for the large number of 

comparisons being made.  P-values less than 0.05 for EMP2 were considered significant 

and the region selected for further analyses.  The SNPs from the region with statistical 

significance were further tested using the hap-phase option to identify haplotypes 

associated with the trait and to deduce the mode of inheritance.    

 

GWAS 

The only SNP that achieved statistical significance based on EMP2 score was 

BIEC2_38994 with a P- value of 0.003 found on ECA1.  Below is Figure 2.1 identifying 

ECA 1 at SNP BIEC2_38994.  See Appendix for supplementary Table 2.S1 SNPs with 

the highest EMP2 scores.   
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Figure 2.1. Graph displaying Max-T permutation quantification analysis showing 
statistical significance of SNP BIEC2_38994 on chromosome 1.  
 
 

Haplotypes of individual dwarf samples within the GWAS study were compared 

using the Hap-Phase option within PLINK. These haplotypes associated with dwarfism 

showed at least 4 different haplotypes involved in the frequency differences between the 

controls and the affected horses. Furthermore, most of the dwarf individuals were 

heterozygous for these haplotypes.  If a single recessive mutation were responsible for 

dwarfism, we would have expected to find homozygosity for a single haplotype among 

the affected horses.  See Appendix for supplementary Table 2.S2 for haplotype 

association with dwarfs and controls. 

 

The region possessing these statistically associated SNPs includes a gene-

homologue known to cause dwarfism among human, mice, chicken and cattle, namely 

ACAN.  In genome assembly Ecab 2.0, this gene was reported between 94,344,146 and 

94,381,944; the associated SNP BIEC2_38994 is located at 94,215,030 on ECA 1.  This 

is approximately 129,000 bp downstream of ACAN(XM_001917528.2) shown in Figure 

2.2.   
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Figure 2.2.  UCSC Genome Browser on Ecab 2.0 shows location of AGC1 (ACAN) in 
relation to SNP BIEC2_38994 129,000 bp downstream. 
 
 
DNA Sequencing 

A candidate gene, specifically ACAN, was identified near the region of highest 

statistical significance.  Therefore, sequencing studies were begun to determine whether 

mutations in this gene might cause dwarfism among these horses.  Evaluating predicted 

exon information from UCSC, Ensembl and NCBI, discrepancies were noticed in 

predictions of number and location of exons for equine ACAN.  The various databases 

showed discrepancy with regard to exon 11 and 12 and an unexpressed yet in silico 

predicted exon in NCBI.  Therefore to simplify, all exon descriptions will be based on 

NCBI count with regards to exon count shown in Figure 2.3.  

 

 
Figure 2.3. NCBI In Silico genome location, number and size prediction of exons for 
equine ACAN. 

 
Once exon expression accuracy was determined specific exon primers were 

designed.  Exons for ACAN were amplified by PCR (see Appendix for primers used for 

SNP BIEC2_38994 
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exons in supplementary Table 2.S3).  PCR Template for sequencing was amplified in 20 

µl PCR reactions using 1X PCR buffer with 2.0 mM MgCl₂, 200 µM of each dNTP, 150 

ng genomic DNA from hair, blood or tissue extractions, 0.2 µl FastStart Taq DNA 

polymerase (Perkin Elmer) and 50 nM of each primer.  Each exon template PCR product 

was quantified on a 2% agarose gel run in 1X TBE solution and then amplified using the 

BigDye Terminator v1.1 cycle sequencing kit according to manufacturer’s instructions 

(Applied Biosystems, Foster City, CA).  Resulting sequence product was cleaned using 

Centri-Sep columns (Princeton Separations Inc., Adelphia, NJ), and read on an ABI 310 

genetic analyzer (Applied Biosystems).  At least six samples were initially sequenced for 

each exon: two dwarf samples, two parents of the dwarf samples and two non-dwarf 

producing samples.  The non-producing samples were stallions with at least 100 

registered foals with AMHA and no known dwarfs among the offspring.  The results 

were analysed using Vector NTI Advance 10.3 software package using ContigExpress 

alignment program (Invitrogen Corporation, Carlsbad, CA).  Exon sequencing identified 

SNPs and deletions described in this and the subsequent chapter. 

 

Custom Taqman® Assay Probes 

Three of the DNA variants identified associated with the occurrence of dwarfism, 

exon 2, exon 6, and exon 12 were chosen for custom Taqman® probe assays. To assay 

the presence of these variants among other normal and dwarf horses, including horses of 

other breeds, custom Taqman® SNP Genotyping Assays (Applied Biosystems) were 

designed for the three variants; exon 2 deletion c. 245(A/-) SNP and exon 6 c. 1270(G/A) 

c. 1290 (C/T) SNP; and exon 12 c. 6700 (C/-) deletion, in Filebuilder 3.1 software 

(Applied Biosystems) to test the population distribution of these three sets of independent 

variants.  These assays were run on a 7500 HT Fast Real Time-PCR System (Applied 

Biosystems).  The fourth variant, exon 15 with a 21 bp deletion, was simply amplified by 

PCR for the exon template and the PCR product was quantified on a 2% agarose gel to 

determine existence sequence size variant. 
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RESULTS 

 

Genotype Variants  

ACAN exons were sequenced and compared among dwarf and non-dwarf 

individuals.  The sequence data for exonic regions was compared to the Reference 

sequence entry for equine ACAN (XM_001917528.2) using the reference Equus caballus 

2.0 from NCBI whole genome shotgun sequence using sequence viewer 2.24.  Initially, a 

SNP in exon 6 associated with homozygosity for dwarfism was found. When a significant 

number of the dwarf individuals appeared to be heterozygotes for this mutation,ACAN 

exons were sequenced on some of those dwarfs resulting in discovery of additional 

frameshift or non-synonymous mutations which may alter gene expression or function.  

Table 2.1 identifies 4 DNA variants identified as likely causes of dwarfism based on two 

criteria: 1) the DNA change was predicted to have a significant effect on the function of 

the protein, and 2) investigations of normal horses and horses with chondrodysplasia-like 

dwarfism showed a complete association between genotypes for these variants and 

theoccurrence of dwarfism. 

 
Table 2.1. DNA Variants for Dwarfism. Position of mutation on NCBI Equus caballus 
build 2.0 with reference WT allele and mutant allele with resulting effect. 

Allele Effect Position (build 2.0) Reference allele Mutant allele
Acan-N normal
Acan-D1 recessive dwarfism 94,379,389 A  -
Acan-D2 recessive dwarfism 94,372,649 G A
Acan-D3 recessive dwarfism 94,358,998 C  -
Acan-D4 recessive dwarfism 94,346,122- 94,346,102 CGTGGTGATGATCTGGCACGA  -
 
Table 2.1(continued). DNA Variants for Dwarfism. Exon position of mutant allele 
cDNA base change and numbered position in gene and resulting numbered protein 
produced by mutant allele from WT. 

Allele Effect Exon cDNA XM_001917528.2 Protein
Acan-N normal
Acan-D1 recessive dwarfism exon 2 c.245del A p.K82fx
Acan-D2 recessive dwarfism exon 6 c.1270G>A p.V424M
Acan-D3 recessive dwarfism exon 11 c.6700delC p.P1875fx
Acan-D4 recessive dwarfism exon 15 c.7299-7319del p.F2433-O2440del
 

Allele designations for mutations involving ACAN were made as follows:  ACAN-

N wasused for the normal, non-dwarf form of ACAN; ACAN- D1, D2, D3 and D4 were 
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used for the four mutations identified and associated with dwarfism.  Hereafter, the 5 

alleles are referred to as N, D1, D2, D3 and D4. 

Four DNA variants were identified which appeared associated with unique 

dwarfism types seen in the breed.  A single base deletion in NCBI exon 2 (D1), a single 

SNP substitution in NCBI exon 6 (D2), a single base deletion in NCBI exon 11 (D3) 

(UCSC exon 12) and a 21 base deletion in NCBI exon 15 (D4) (UCSC exon 15) were the 

four mutations found.  In each case, the mutations would have resulted in a frame shift 

resulting in altered expression or loss of expression of ACAN or an amino acid 

substitution which may have altered function.  In addition to the predicted effects of the 

mutation, we observed association of the mutations with the occurrence of the dwarf 

condition.  Table 2.2 shows the genotypes with phenotype descriptions for the 5 ACAN 

alleles (N, D1, D2, D3, and D4).   

 
Table 2.2. Genotype/phenotype descriptions. General descriptions of the five alleles of 
ACAN including novel combinations and resulting phenotype. 
Genotype Phenotype
N/- normal, no dwarfism
D1/D1  Horses with this genotype were early gestational lethal dwarf
D1/D2  Horses with this genotype were early gestational lethal dwarf
D1/D3  Horses with this genotype were early gestational lethal dwarf
D1/D4  Horses with this genotype were early gestational lethal dwarf
D2/D2 Horses with this genotype were dwarf
D2/D3  Horses with this genotype were dwarf
D2/D4 Horses with this genotype were dwarf
D3/D3  No samples of this genotype, possibly due to sampling size
D3/D4  Horses with this genotype were dwarf
D4/D4 No samples of this genotype, possible early gestational lethal dwarf  

 

Table 2.3 shows the genotype and associated phenotype count within the samples 

with regard to the presence or absence of dwarfism or fetal loss.  The dwarfs with 

genotype N/N and N/D2 were not the Chondrodysplasia type and may represent the form 

seen in Friesian horses with normal bodies and shortened legs referred to as skeletal 

atavism.   The testing results of these dwarfs with skeletal atavism being heterozygous for 

one of the mutations within ACAN shows convincing evidence that skeletal atavism is not 

in linkage disequilibrium with any of the mutations found.Data shown in Table 2.3 

illustrate the number of individual genotypes categorized within the population of 
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samples gathered.  This table demonstrates the genotypes for normal and heterozygous 

normal carriers of the four dwarf alleles are all within the normal genotype group of the 

population sampled.  No homozygous normal or heterozygous normal carrier genotyped 

individuals exist within any grouping of homozygous dwarf alleles nor in novel dwarf 

allele combinations.   

 
Table 2.3. Genotype Association Studies. 
 * refers to individuals that display skeletal atavism type dwarfism 
 # refers to some individuals not typed yet for D3/D4 or N/D3 from the Sample 
population 
** refers to no samples collected that are homozygous D3/D3 or D4/D4 from the sample 
population 

  Physical Manifestations
Genotypes  Term live dwarf Nonviable/Aborted Dwarf  Normal
N/N *1 0 66
N/D1 0 0 27
N/D2 *3 0 39
N/D3 #0 #0 #0
N/D4 0 0 2
D1/D1 0 1 0
D1/D2 0 9 0
D1/D3 0 2 0
D1/D4 0 1 0
D2/D2 17 1 0
D2/D3 11 1 0
D2/D4 5 0 0
D3/D3 **0 **0 0
D3/D4 #3 #0 0
D4/D4 **0 **0 0  
 
 
Genotypes and Qualitative Assessment of Phenotypes 

Physical characteristics of four unique and distinct dwarf phenotypes observed 

within the Miniature horse breed were categorized and characterized.   Once proposed 

causative mutations were found, homozygous dwarf individuals were either physically 

examined or examined via multiple photos to assess common abnormal characteristics for 

each phenotype to match and confirm genotype.  A population group of 200 AMHA 

Miniature horses were tested for evidence of heterozygosity of proposed mutations to 

confirm that normal carriers only possessed one copy of any given proposed mutation.  If 

available, parents of dwarfs with homozygous results or novel combinations were tested 
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to confirm inheritance of specific mutations from each carrier parent to resulting dwarf 

foal.  Miniature stallions with known offspring numbers statistically sufficient to qualify 

as a non-carrier were tested for lack of evidence of mutations for confirmation.  In 

addition, a total of 44 Miniature horses from the AMHR registry were tested but were of 

unknown phenotype for dwarfism.  The testing results of 44 random horses from the 

AMHR registry were of unknown phenotype for dwarfism.  None of these tested 

homozygous for any of the proposed causative mutations or novel combinations thereof; 

however two tested as heterozygous carriers for the D2 allele (N/D2).  No other AMHR 

horses tested positive as carriers for any other dwarf allele.  More testing needs to be 

performed in both AMHA and AMHR populations, however; from the limited data 

collected, AMHR horses have a much less incidence of carriers of dwarf alleles 

compared to the AMHA population.   

 

A panel of other horse breeds was tested for the existence of any of the proposed 

causative mutations.  Horses from other breeds which have not reported the occurrence of 

dwarf phenotypes included 28 Thoroughbred, 22 American Standardbred, 4 American 

Saddlebred, 4 Tennessee Walking horses, 4 Arabian, 1 hackney pony and 1 Caspian 

horse.  These 64 large horse samples tested negative for dwarf alleles D1, D2, and D4, 

however; they have not been tested for allele D3 as of this writing.  Results are shown in 

the Appendix in Table 2.S4. 

 

Genotypes with D1 

Genotypes involving D1 in combination with any other mutant allele appeared to 

be fetal lethals.  Miniature dwarf genotype D1/D1 is characterized as showing fetal 

abortion.  Growth is extremely small stature, disproportionate dwarfism with a cranium 

large and domed for gestational age, extremely low nasal bridge, and extreme 

micrognathiawith severely retruded muzzle, cleft palate and protruding tongue.  

Characteristic ears set low and to the rear of cranium and large bulging eyes.  Neck 

appears to be almost non-existent even in early gestation.  Trunk involves a large 

abdominal hernia andextremely short vertebral column with ribs extremely short and thin.  

Limbs show severe micromeliaand appear to involve changes in limb bones that are 
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consistent with failure of endochondral ossification.  All bones are poorly ossified for 

gestational stage.  Figure 2.4 A, B, C show typical phenotype. When novel combinations 

of D1 allele occur with other ACAN dwarf alleles, the resulting fetus is also lethal.  Figure 

2.5 A, B, C show novel heterozygous lethals. 

 

 

 
A.           B.                                  C. 
Figure 2.4 A, B, C. Fetus dwarfs homozygous for genotype D1/D1. 
 
 

 
A.             B.                                C. 
Figure 2.5 A. Genotype D1/D2.  B. Genotype D1/D3.  C. Genotype D1/D4. 
 
Genotypes with D2 

Horses inheriting the D2 allele and D2, D3 or D4 were viable.  Miniature dwarf 

genotype D2/D2 is characterized with disproportionate short stature with short barrel 

shown in Figure 2.6 A, B, C.  Craniofacial has a disproportionately large head with 

pronounced frontal bone domed prominence, enlarged eyes and orbit with a low and 

severely shortened nasal bone with retruded muzzle and under bite of varying severity.  

Airway obstruction develops and it is possible to be "central" in origin (due to foramen 

magnum compression) or "obstructive" in origin (due to narrowed nasal passages), 

necropsies were inconclusive. Symptoms of airway obstruction include snoring and 

laboured breathing.  Limbs are short and thick comparatively to similar aged normal foal 

with various ranges of leg bowing due to joints.  Joints are enlarged at birth with limited 
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Table 3.5(continued). Proposed non-causative SNPs found in ACAN for exons 11-16.  
First column genotype of sample; N=normal, D1=dwarf type D1, D2= dwarf type D2, 
D3=dwarf type D3, D4=dwarf type D4: Second column = sample accession #: Columns 
of exon SNP genotype shows - position in genome, cDNA base number of gene, amino 
acid number in gene and alteration, sample genotype at exon location of SNP. Blank 
spaces indicate no sequence or genotype known for sample. 
ACAN exon 11 exon 11 exon 11 exon 13 exon 16 exon 16
Alleles sample 94,359,062 94,359,106 94,359,062 94,347,621 94,345,187 94,345,096

c.6275C>T c.6592A>G c.6636G>A c.7102G>A c.7412G>C c.7503C>T
p.A2092V p.R2198G p.S2212S p.A2368T p.C2471S p.T2501T

D2/D 2906 C/T G/G G/A
D3/D4 2741 A/A
N/D3 2742 G/G
D2/D4 2694 C/T G/G G/G
D2/D4 2696
D2/D3 2702
D2/D3 2710 G/G G/G
D1/D2 2719
D2/D4 2751
N/D2 2764
D2/D2 2752
N/D1 2721
N/D1 2514
N/D2 2669
D2/D 2695 G/G
D2/D2 2707 C/T G/G G/A G/G
D2/D2 2708
N/D2 2750

2911
N/D2 2860
N/D1 2880
N/D2 2722
N/D2 2518
N/D1 2512
D2/D2 2699
N/D2 2524
N/D1 2514
N/D4 2670
D2/D 2697 C/T G/G G/A \ 
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Discussion 

Since different horses were used at times when sequencing individual exons, this 

data is a composite of partial gene sequence on the individuals used in this project.  The 

SNPs annotated in this study that cause an amino acid change at the protein level have the 

potential to have other effects within the Miniature horse that we are not aware of at this 

time.  Considering Miniature horses are the smallest of the equines and GWAS studies 

have implicated ACANas a contributor to stature in organisms, the diminutive size could 

possibly be a result from a unique mutation in ACAN that does not result in a diseased 

animal.  There are possibly other dwarf types that exist in Miniature horses that were not 

seen and acquired for the dwarfism study.  If other dwarf types are found to exist, some 

of these SNPs that appear non-causative at this time should be considered for 

investigation. 

There are quite possibly additional SNPs within this gene.  This study only 

considered the sequences of Miniature horses to the reference sequence of a 

Thoroughbred, Twilight.  With the existence of numerous other breeds of equines 

throughout the world, it is likely more variability exists in the sequence of ACAN.  With 

better understanding of the exons expressed in ACAN in articular cartilage and other 

tissues, we will have a more accurate information to determine the correct exon number 

and splicing information. 

The inability to sequence entirely through the ~2400 bp highly conserved repeat 

region of exon 11 restricted our efforts to better understand the highly conserved 

sequence of the KS domain in ACAN. This region of ACAN has interesting and unique 

properties in structure and function for ACAN and more importantly the ECM and has 

great potential in all areas of research. 

 

 

 

 

 

 

Copyright © John Edmund Eberth 2013 
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Chapter 4 

Reflections on Project Complexity, Technology, Remaining Questions 

 

Summary of Aggrecan and Dwarfism study in Miniature horses 

Thesis Goals 

The primary works of this thesis were focused towards the discovery of the genetic cause 

of a common type of dwarfism in the Miniature horse with an ultimate goal of providing a 

genetic test for the breeders of Miniature horses to assist them in identifying carriers and better 

managing those horses with the genetic defect.  More specifically, the objectives were: (1) 

collect, identify and categorize the different dwarf phenotype samples and related unaffected 

individuals that exist in the breed, (2) from the dwarf samples gathered throughout the United 

States, determine the most common type and provide documentation and physical description of 

that phenotype, (3) to utilize GWAS techniques to find the genetic cause of that type, (4) design 

a genetic test that can be employed by genetic testing labs for the breeders of Miniature horses.  

 

Project Complexity  

Utilizing the GWAS technique was crucial in this project.  With the advent of the equine 

genome being sequenced, this new technology afforded the equine genetics research community 

the ability to find a genetic cause of a disease in a breeding population that would otherwise not 

have been possible.  Family studies of dwarfism within the Miniature horse breed would have 

been difficult.  This difficulty is in large part due to the inaccuracies with pedigree information 

of the Miniature horse breed, confidentiality concerns, and sensitivity of breeders.The origins of 

these mutations will not be completely understood.  This is due to the breeding practices in the 

foundation of the breed, and the use of numerous different pony breeds and various other larger 
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horse breeds to ultimately produce the Miniature horse of today.  These mutations show evidence 

to be exclusively within the Miniature horse breed.  These dwarf types have not been 

documented to exist in any other pony or large horse breed.  Miniature horses have other dwarf 

types not involving Acan and have a type similar to dwarfism in the Friesian mentioned earlier. 

This provides strong support that these mutations are relatively new within the equine genome.  

More specifically, it is probable these mutations arose within the smaller pony breeds in the 

United States given the anecdotal history of how many of the first Miniature horse breeders were 

well-known pony breeders.  Other anecdotal evidence mentions that some of the first small 

ponies in America, referred to by the Shetland pony breeders as “midget ponies”, were later 

some of the first registered Miniature horses. 

This thesis began a project that has become more intricate and complicated than was 

originally designed.  This is due mainly to the most common phenotype of dwarfism in the 

Miniature horse being a compound heterozygote of two different recessive mutations of the same 

gene independently segregating in the population and ultimately leading to the discovery of two 

other mutations with less allelic frequency in the sample group.  This thesis began a process that 

will take much more time and effort in order to properly annotate and categorize these different 

mutations that have been discovered and determine how they affect the Miniature horse. 

 

Remaining Questions - Possible Future Projects Moving Forward  

Some possible projects that could emanate from this original work could involve various 

specialties of equine research.  The following is a list of possible projects that could be beneficial 

to the equine research community and breeders of Miniature horses. 
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Quantify exon 11 deletion in the Miniature population 

 This mutation exists in a small portion of compound heterozygote dwarf samples within 

this project.  Designing a reliable Taqman® SNP Genotyping Assay (Applied Biosystems) for 

this mutation would need to be accomplished.  Testing of dwarf samples within this study that 

are of unknown status with regards to the mutations found and /or are heterozygous for a known 

mutation would need to be performed.  Also, testing of non-dwarf individuals in the control 

population of this study group would need to be performed as well.  However, testing other 

dwarfs of unknown cause that do not exhibit the genetic mutations found in this thesis would 

need to be performed to discover status, i.e. Miniature horse dwarfs with skeletal atavism.  To 

further determine population penetrance of this mutation within the breed, a large random group 

of individuals in the population could be tested.   This large group could be utilized to determine 

the penetrance of the other mutations found in Acan that cause dwarfism as well. 

 

Pathological Examination of Articular Cartilage and ECM of 4 Mutations of Aggrecan Causing 

Dwarfism 

 This project would entail work in Equine Pathology and/or Musculoskeletal Sciences.  

Acan is an integral part of cartilage and allows the ECM to function properly.  Acan is the reason 

weight bearing cartilage can retain water enabling joints to handle the stresses experienced on a 

daily basis.   Four different independently segregating mutations within this gene cause dwarfism 

in the Miniature horse.  This project’s goal would be to determine through examination of the 

cellular structures of articular cartilage how each of these mutations affect the horse in 

homozygous form and in compound heterozygous form to produce the resulting phenotypes seen 

in the breed.  Collecting cartilage tissue and bone samples of each donated dwarf would be done 
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after DNA testing provided genotype confirmation of mutations the dwarf carried.  Physical 

records with picture documentation would be performed of phenotype with detailed gross 

anatomical descriptions of each homozygous mutation and novel combinations.  Microscopic 

examinations would be performed on specific cartilage samples of each type of dwarf to provide 

explanation of resulting cartilage and bone malformations due to the mutations. 

 

Use of Vector / Plasmid to Sequence the CS Region of Equine Aggrecan  

 A large portion of the CS region of Equine Acanwas not able to be sequenced by typical 

short run sequencing utilized in this project by the ABI 310 genetic analyzer.  Due to the high 

conservation of sequence and unique repeat pattern of the CS region in exon 11 of Acan, it is not 

possible with current sequencing technology to read through this region in a single long read and 

produce consist and reliable results.  Therefore, a project utilizing unique restriction enzyme 

splice sites that sections this ~2.4 – 3.5 kb DNA sequence into sizes that could be inserted in 

plasmids / vectors and then be reliably sequenced by a short read sequencer repeatedly could be 

designed.  First would be to determine the existence of length variability within this region by 

simply designing reliable primers and PCR protocol that produced consistent bands of reliable 

size.  In humans, this region has been shown to be highly variable in the general population 

(Doege et al. 1997).  This would be a key to know in the horse to determine possible splice site 

variability thus possible fragment size variability with digestion and transfection ultimately 

causing sequence read overlapping inconsistencies.  If there is variability in sequence length of 

the CS region, the PCR protocol could be utilized to determine allelic variability in the size of 

this repeat region in the equine species as a whole or even a specific breed.  If Allelic variability 

exists within the equine, the samples that are determined to be homozygous for an allelic size 
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could then be utilized in the vector /plasmid transfection protocol for sequencing that allelic size.  

This region would also be an area to consider for any unknown dwarf types seen in the Miniature 

horse that do not express the four mutations described here.  

 

Final Thoughts 

Evaluating the Miniature horse’s foundation provides a general concept of the genetic 

diversity that has ultimately produced this breed.  It is necessary to understand the foundation 

and breeding practices of this breed in order to better comprehend the inherited genetic problems 

that permeate it.  The goal of the Miniature horse is to breed the smallest most correct and 

proportionate horse in miniature.  However, small size was the overriding breeding criteria used 

in the mid to later part of the 20th century, during the greatest popularity of the breed and 

population boom.  With this variation in genetics, the desire to produce the smallest Miniature 

horses and having no strict quality standards of bloodstock led to the use of severely malformed 

small Miniature horses being used in breeding programs.  A majority of these conformationally 

inferior Miniature horses showed consistent physical abnormalities typical of disproportionate 

dwarfisms as seen in other mammal species.  Disproportionate dwarfism in Miniature horses, in 

the decades past, has been a well-known unspoken problem within the breed and has known to 

exist through anecdotal evidence and record keeping of breeders.  This problem has now become 

a more openly discussed concern within the Miniature horse industry throughout the world.  

Dwarf Miniature horses, while often setting world records for small size are not considered to 

have desirable traits.  These horses possessing incorrect conformation typical of disproportionate 

dwarfism have significant health, quality of life and soundness issues.  Therefore, many 

Miniature horse registries try to avoid accepting Miniature horses affected by dwarfism for 
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breeding stock during the registration process (AMHA 2012; AMHR 2012). Unfortunately, 

Miniature horses which are not dwarfs and are small in size may also express extremely inferior 

conformational characteristics. These individuals may be confused with dwarfism and therefore 

compound the problem of identification of actual dwarfism and identification of other possible 

inferior genetic issues within the breed.  These other inferior individuals, along with dwarfs, are 

still used in some breeding programs today to produce the smallest horse possible.  These 

practices may reveal the possibility of the existence of other mutations that cause a type of 

dwarfism within Acan that was not found in this project or even a mutation of a different genetic 

cause. 
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APPENDIX 
 

Supplementary Data, Tables and Figures 
 
 

Table 2.S1. Shows the 10 most significant associations found for SNPs and the 
occurrence of dwarfism.  The only SNP that achieved statistical significance based on 
EMP2 score was BIEC2_38994 found on ECA1.  This observation was supported by 6 of 
the 10 strongest associations occurring with SNPs on ECA1.  
CHR SNP Chi-Square EMP2

1 BIEC2_38994 23.54 0.01898
1 BIEC2_40049 18.92 0.1558
1 BIEC2_38884 18.83 0.1628
1 BIEC2_38959 17.1 0.3516
1 BIEC2_38970 17.1 0.3516
8 BIEC2_1027066 16.89 0.3956
1 BIEC2_39609 15.75 0.5315
5 BIEC2_901067 14.1 0.7892
31 BIEC2_841695 13.63 0.8631
22 BIEC2_577120 13.28 0.8911  

 

 

 

Table 2.S2 
Haplotypes with SNP BIEC2_38994 shows 5 Haplotypes among dwarfs. 
Genotype Dwarf Control
1/2 1 7
1/3 6 1
2/2 0 8
2/3 4 5
2/4 0 1
2/5 1 0
3/3 5 0
3/5 2 0
4/5 0 1

19 23  
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Table 2.S3. Primers used for ACAN sequencing exons 1-17 Lower case sequences 
indicate intron.  Upper case indicate exon.Exon numbering is according to UCSC 
Genome browser prediction onEcab build 2.0.  
Exon # Forward Primer Sequence Reverse Primer Sequence
Exon 1 gtgacctttgccctcactgt gcacccagaatccagtcttc
Exon 2 tgggtggtcctctctagcac tttccacaggtgaagcaaca
Exon 3 gtgcctgacctgctctatcg agctcagtgctggtcaacg
Exon 4 cctgagtgtcacatcccactt gagtggtagtggggtgaagg
Exon 5 gcctgctttgtccttcacag aaaacagccccctattccac
Exon 6 gggctgagccgctaaagtt aggccaagttccttccactt
Exon 7 gtctctccttctcgccctct aagcctgacccttgagactg
Exon 8 agaacaggccctcattctgc aggtaatgccctctcctcgt
Exon 9 gtgccacctgcctctgtc cagaagtgggttctggagga
Exon 10 aggaggaaccttcaccacct cgcccaagccatacgaac
Exon 11a ggagcagtttctaatcccaca ACTGAGGTCCTCTGCTCCAG
Exon 11b TATCTCTGCAGTGGGCTCAG AGGCAGTGGGCTCTAGATGA
Exon 11c GAGTGGAGGACCTTGGTGAA gaggcagtgggctctaaatg
Exon 12a tgcctccggagtagaggac TGACGACTTCCACCAATGTC
Exon 12b GGCAAGCTCCTGAAGCAAGT TCCAGATGTTGTCCCACTGA
Exon 12c GTGGACTGTCCTCTGGACAAC CCCTTCTCCTGCTTCTTGG
Exon 12d TCCTCTGGAGCTGAGACTGG ATCAGGGGACCCAGAAGC
Exon 12e CCCAGCTTGTTGAGTCCAGT ctgaactacccaaaccccttt
Exon 13 cttcaagcccctgacctgt ctgctgacttctggcaagtg
Exon 14 cccaaacccacatcttctct atgccgtccgaatgtatctc
Exon 15 ctgccctctgctcacctct ggagccgaagtcttgattct
Exon 16 cacaggagccctttctgaag cagggaggaggaggtgct
Exon 17 ccgagggctcactaggattt gacgaagtgtcggtgatctg  
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Table 2.S4. Testing results of samples using Taqman® RT-PCR for exons 2 and 6.  As 
well as PCR results of exon 15 run on 2% agarose gel. Taqman® exon 6; CC = Normal 
genotype, CT= Carrier genotype D2:  Taqman® Exon 2: AA = Normal genotype, A- = 
Carrier genotype D1: Exon 15; CC = Normal genotype, C- = Carrier genotype. 
Acc. # Breed Taqman exon 6 Taqman exon 2 Exon 15 Del
13307 AMHR CT AA CC
13308 AMHR CC AA CC
13309 AMHR CC AA CC
13310 AMHR CC AA CC
13311 AMHR CC AA CC
13312 AMHR CC AA CC
13313 AMHR CC AA CC
13314 AMHR CC AA CC
13315 AMHR CC AA CC
13316 AMHR CC AA CC
13317 AMHR CC AA CC
13318 AMHR CC AA CC
13319 AMHR CC AA CC
13320 AMHR CC AA CC
13321 AMHR CC AA CC
13322 AMHR CC AA CC
13323 AMHR CC AA CC
13324 AMHR CC AA CC
13325 AMHR CC AA CC
13326 AMHR CC AA CC
13327 AMHR CC AA CC
13328 AMHR CC AA CC
13329 AMHR CC AA CC
13330 AMHR CC AA CC
13462 AMHR CC AA CC
13463 AMHR CC AA CC
13464 AMHR CC AA CC
13465 AMHR CC AA CC
13466 AMHR CC AA CC
13467 AMHR CC AA CC
13468 AMHR CC AA CC
13469 AMHR CC AA CC
13470 AMHR CC AA CC
13471 AMHR CC AA CC
13472 AMHR CC AA CC
13473 AMHR CC AA CC
13474 AMHR CC AA CC
13475 AMHR CT AA CC
13476 AMHR CC AA CC  
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Table 2.S4(continued). Testing results of samples using Taqman® RT-PCR for exons 2 
and 6.  As well as PCR results of exon 15 run on 2% agarose gel. Taqman® exon 6; CC = 
Normal genotype, CT= Carrier genotype D2:  Taqman® Exon 2: AA = Normal genotype, 
A- = Carrier genotype D1: Exon 15; CC = Normal genotype, C- = Carrier gentoype 
Acc. # Breed Taqman exon 6 Taqman exon 2 Exon 15 Del
H102526 AMHR CC AA CC
H102527 AMHR CC AA CC
H102528 AMHR CC AA CC
2936 AMHR CC AA CC
2798 Hackney CC AA CC
2813 Caspian CC AA CC
1835 ARA CC AA CC
1836 ARA CC AA CC
1827 ARA CC AA CC
1828 ARA CC AA CC
Q1-17 SAB CC AA CC
R1-20 SAB CC AA CC
R1-12 SAB CC AA CC
R1-14 SAB CC AA CC
C-180 TW CC AA CC
C-110 TW CC AA CC
C-230 TW CC AA CC
C-120 TW CC AA CC  
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Table 2.S4(continued). Testing results of samples using Taqman® RT-PCR for exons 2 
and 6.  As well as PCR results of exon 15 run on 2% agarose gel. Taqman® exon 6; CC = 
Normal genotype, CT= Carrier genotype D2:  Taqman® Exon 2: AA = Normal genotype, 
A- = Carrier genotype D1: Exon 15; CC = Normal genotype, C- = Carrier gentoype 
Acc. # Breed Taqman exon 6 Taqman exon 2 Exon 15 Del
Standard Twilight TB CC AA CC
2433 TB CC AA CC
1197 TB CC AA CC
2449 TB CC AA CC
307 TB CC AA CC
1178 TB CC AA CC
431 TB CC AA CC
421 TB CC AA CC
1179 TB CC AA CC
463 TB CC AA CC
1273 TB CC AA CC
1261 TB CC AA CC
315 TB CC AA CC
415 TB CC AA CC
429 TB CC AA CC
1195 TB CC AA CC
457 TB CC AA CC
1232 TB CC AA CC
2269 TB CC AA CC
1345 TB CC AA CC
467 TB CC AA CC
471 TB CC AA CC
472 TB CC AA CC
475 TB CC AA CC
603 TB CC AA CC
605 TB CC AA CC
622 TB CC AA CC
1242 TB CC AA CC  
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Table 2.S4(continued). Testing results of samples using Taqman® RT-PCR for exons 2 
and 6.  As well as PCR results of exon 15 run on 2% agarose gel. Taqman® exon 6; CC = 
Normal genotype, CT= Carrier genotype D2:  Taqman® Exon 2: AA = Normal genotype, 
A- = Carrier genotype D1: Exon 15; CC = Normal genotype, C- = Carrier gentoype 
Acc. # Breed Taqman exon 6 Taqman exon 2 Exon 15 Del
923 ST CC AA CC
924 ST CC AA CC
925 ST CC AA CC
926 ST CC AA CC
927 ST CC AA CC
928 ST CC AA CC
929 ST CC AA CC
930 ST CC AA CC
931 ST CC AA CC
932 ST CC AA CC
933 ST CC AA CC
934 ST CC AA CC
935 ST CC AA CC
936 ST CC AA CC
937 ST CC AA CC
938 ST CC AA CC
939 ST CC AA CC
940 ST CC AA CC
942 ST CC AA CC
943 ST CC AA CC
944 ST CC AA CC
945 ST CC AA CC  
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