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Abstract 111 

Abstract 

A skeletal chondrodysplasia characterized by dwarfism and angular defo rmity of  the 

forel imbs has been recognized over four seasons in Texe l and Texel cross lambs on three 

related properties .  Some affected lambs have nonnal eo-twins indicating that the disease 

is not dietary, but l ikely to be the result of a genetic disorder. This s tudy reports on the 

inheri tance and biochemistry of th is newly discovered chondrodysplasia in Texel sheep. 

The outcome of a backcross trial between putative can·ier ewes and affected rams 

provided evidence that indicated that the chond rodysplasia has an autosomal recessive 

mode of inheri tance, and that i t  is  l ike ly to be caused by a single gene defect .  

Analysis of proteoglycan constituents of ca Jti lage by SOS-PAGE, fol lowed by sulfate­

spec i fic staining indicated that the biochemical abnom1al i ty l ies in the level o f su lfat ion 

ofproteoglyc ans in the extrace l lular matrix of affected animals. It was also show n by 

SDS-PAG E that there were no differences in the ma jor col lagen constituents of carti !age 

between unaffected and affected animals. A candidat e gene, the diastrophic dysp lasia 

sulfate transporter, was detem1 ined based on i ts involvement in the process ofsu lfation of  

proteoglycans and i ts invol vement in characte1ized human dysplas ias, wh ich resemble 

Texe l chondrodysplasia both phenotyp ically and b iochemically. PCR amplification and 

sequenc ing of 8 5 .4 % of th is gene revealed no nucleotide differences bet ween the exon ic 

DNA ofno m1al ,  carrier, and affected an imals.  Whi le  th is reduced the l ikel ihood that this 

gene is causative in the chondrodysplasia, i t  does not el iminate i t  as a candidate, based on 

the fact that a mutation may exist in the region not sequenced, including the possibil ity o f  

sp l ice site mutations. 
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1 -Introduction and review 

Molecular bases of skeletal dysplasias and associated dwarfism, along with the 

importance of extracel lular matrix ( EC M )  in skeletal development, have become much 

better understood in recent years. It was previously thought that the extracel lu lar matrix 

was a static structure with l imited abi l ity to influence t issue structure, function, 

development, or gene expression. However, i t  is now known that the ECM is a dynamic 

network o f  molecules secreted by cel ls .  

The development of  bone is  l inked to cart i lage fonnation in that bone is formed from a 

carti lage template. Mutations or mal functions in the molecules invo lved and in the steps 

by which cart i lage matrix and endochondral bone is fanned resu lts in a range o f  ske letal 

diseases. 

1 . 1 Bone growth and development 

Most of the ske leton fonns through a process cal led endochondral ossification which 

invo lves the replacement o f  a cart i lage intennediate by bone, whi le a small number of  

skeletal e lements , main ly the flat bones of the sku l l  and lower jaw, fom1 by a process 

known as in tramembranous ossification, which involves the direct fonnation ofbones 

from condensation o f  mesenchymal cel ls  (Crombrugghe et al., 200 1 ). 

In endochondral  skeletal elements, such as long bones, cel ls in the mesenchymal 

condensations different iate into chondrocytes (cart i lage cel ls) . This process triggers 

col lagen expression transi t ion from type I to type n ( French et al. ,  1 999)  Chondrocytes 

deposit an extracel lu lar matrix that is cart i lage spec ific , undergo unidirectional 

prol iferat ion that resu lts in paral lel  columns of dividing cel ls and, after exit from the cell 

cycle become hypertrophic and die (Crombrugghe et al. , 200 1 ). Maturation into 

hypertrophic chondrocytes is marked by the expression o fthe proteoglycan aggrecan and 

col lagen type X (French et al. , 1 999) .  At this stage, the carti lage matrix becomes 
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mineralized and the septae between dead chondrocytes are removed by osteoclas ts, 

l eaving a scaffo ld of mineral ized carti l age wh ich serves as a framework for deposition of  

osteiod (bone matrix) by osteoblasts (Crombrugghe et  al. , 200  I ) . Nonnal formation and 

mineral ization of cart i lage is therefore essent ial for subsequent fonnation of bone by 

endochondral ossificat ion .  

1 .2 Cartilage and skeletal dysplasias 

Cart i lage serves as a mult ifunctional t issue in the ve 11ebrate body. It is found in adul t  

structures providing a flexible support in the nose, the trachea, the spine, and most 

notably  in the joints of long bones in the fonn of articu lar carti lage (French et al. ,  1 999). 

Cart i lage extracel lu lar matrix ( ECM) i s  composed primari ly of t ype II co l lagen and large, 

l ink-stab i l ized aggregates of hyaluronic acid  and chondroitin sulfate (Vertel et al. , 1 993 ) .  

The maturation and function of these complex macromolecu les are dependent upon 

sequential processing events which occur during their movement through speci fic 

subcel lular compartments in the constitutive secretory pathway (Vertel et al. ,  1 99 3 ). 

Diseases may arise as a consequence of errors in this process caused by genetic defects, 

nutri t ional deficiencies , or teratogens. 

The skeletal dysp lasias are a diverse group of d isorders that have only recent ly begun to 

be understood at the molecular level (Francamano et al. , 1 996). There has recently been 

a l arge increase in the number of identi fied genes involved in skeletal dysplasias, which 

has dramatically advanced th is  field.  

1.3 Proteoglycans and skeletal dysplasias 

The organ isat ion ofproteoglycans and glycosaminoglycans (GAGs) in the extracel lular 

matrix of  cart i lage can affect the architecture and function of the t issue (Brennan et al. , 

1 983  ) .  Proteoglycans occur in the extrace l lular matrix as comp lex aggregates containing 

proteoglycan monomers, hyaluronic acid, and l i nk proteins (L iu  et al. , 1 994) (Figure 1 ) . 
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Secreted extracel lu lar matrix proteins, especial ly GAGs and proteoglycans like 

chondroi tin sul fate, dermatan sulfate, and keratin sul fate are a group of sulfated 

macromolecules, requisite for the differentiation and integrity of most tissues and organ 

systems in al l  eukaryotes . GAG-dependent funct ions can be loosely subdivided into two 

c lasses :  the biophysical and the biochemical .  The fonner tenn refers to functions that are 

dependent on the unique biophysical properties of GAGs - the abi l i ty to fi l l  space, bind 

and organize water molecu les, and repel negative ly charged molecules ( Brenig et al. ,  

200 3 ), for wh ich they provide a major ro le i n  the maintenance o f  carti lage. The more 

biochemical functions of GAGs are those that are mediated by specific b inding of GAGs 

to other macromolecules, notab ly proteins .  In recent years an enormous amount of  

infonnation has been gathered on  the  binding of GAGs to  proteins. This info m1at ion has 

suggested numerous ways in which proteoglycans might partic ipate in cell and tissue 

development and physio logy. 
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Figure I: a) A s tructural model of aggrecan. The schematic representation shows the organization of 
peptide domains in aggrecan. HABR: hyaluronic acid-binding region; GAG: glycosaminogl ycan­
attachment domain; EGF: epidermal growth factor-like repeat; LEC :  C -type lectin-l ike module; C :  
complement regulatory protein-like module. b )  The repeating disacch aride unit that m akes u p  chondroitin 
sulfate chains (every unit is composed ofuronic acid (D-GicA or L-IdoA) and amino sugar (0-GalNAc or 
D-GlcNH2))  (courtesy of C ynthia Cresswel l). c) Electron micrograph of h yaluronate (up to 4 �un) coated 
with proteoglycans (aggrecan) (Yanagishita, 2005). 
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Proteoglycans are produced as a result ofact ivation ofa  number ofgenes that proceeds 

with the different iation of chondrocytes (St irpe et al., 1 987 ), and with bone development 

(Brennan et al. ,  1 983 ) . The proteoglycan mono mer is comprised of a protein core to 

which numerous GAG side-chains are attached (Figure 1 ) .  The core can vary in size 

from approximately forty-thousand to greater than three-hundred and fifty-thousand 

Daltons (Lozzo and Murdoch , 1 996). Cart i lage proteoglycans may contain some one­

hundred chondroitin sul fate side-chains attached to the protein core via a spec ific 

carbohydrate sequence .  Interestingly, these s ide-chains are not distributed even ly  along 

the protein core ,  but rather form clusters, especia l ly c lose to the C-terminal portion of the 

protein core (Oldberg et al. ,  1 990) (Figure 1 ) . Soft t issue proteoglycans, whi le sharing 

some structural features with the carti lage pro teoglycans (such as an immunologica l ly 
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i dentical hyaluronic ac id-binding domain in the extracellular matrix of  the aorta for 

example) d iffer from those of the carti lage (Oldberg et al. , 1 990). This difference is 

associated primarily with structure in re lation to the number of GAG side-chains. 

Po lyclonal antibodies raised against aortic proteoglycans do not cross-react with the 

carti lage proteoglycans (Oldberg et  al. , 1 990). Thus it is quite c lear that the carti lage 

proteoglycan represents a molecule speci fic for the ti ssue,  albeit structural ly simi lar to 

proteoglycans with a much wider tissue dist ribution . 

1 .3 . 1  Manga nese, proteog lycans, and skeletal dysplasias 

5 

Manganese has been demonstrated to be essent ial e lement for many species o f  animals 

and is also essential for humans (Yang and Klimis-Tavantzis, 1 998 ) for the biosynthesis 

and subsequent organ isation of carti lage macromolecules. I f  manganese defic iency 

occurs during fetal development or early postnatal I ife ,  severe impainnent of skeletal 

development may occur (Liu et al. , 1 994 ) .  The primary effect is decreased endochondral 

bone gro wth, result ing in dwarfism ( Valero et al. , 1 990), as seen in thirty two ful l tenn 

Charo lais calves that were born with shortened limbs and enlarged joints . Among the 

numerous functions of manganese, the most significant is its involvement in the 

po lymerization and e longation of the GAG chains in connective tissue proteoglycans by 

way of manganese-activated glycosyltransferases, and su lfotransferases ( Gundlach and 

Conrad, 1 985 ). Thus, the effect of manganese in no m1al epiphyseal cart i lage metabo lism 

appears to be centered on i ts involvement in the b iosyn thesis of proteoglycans ( Liu et al., 

1 994 ). More directly, manganese has been described as the most efficient divalent metal 

ion for the activation of the sulfotransferases, enzymes responsible for the sulfation o f  

GAG side-chains o n  proteoglycans ( Yang and Klimis-Tavantzis, 1 998).  M aternal 

manganese defic iency i s  recognized as a cause of ske letal defonnities, inc luding 

shortening and twisting of the limbs, in  new born calves and in other animal spec ies 

(Thompson et al. , 2005 ) .  
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1.3.2 Chondroitin sulfa te proteoglyca ns 

Aggrecan, a large chondroit in sulfate proteoglycan, i s  one o f  the major structural 

constituents of cart i lage and con tributes localized concentrations of negat ive charges that 

serve to increase the level of hydration and thereby provide an expanded t issue volume 

for bone replacement during long bone development (Vertel et al. , 1 994). The drastic 

change in expression during d ifferentiation from mesenchyme to carti lage, the loss of 

t issue integrity associated with proteoglycan degradation in several disease processes 

and, most important ly, the demonstration of abnormalities in proteoglycan production 

concomitant  wi th the aberrant growth patterns exhibited by the ca 11i lage matrix defic ient 

mouse (Kimata et al. , 1 98 1  ), and the nanomel ic chicken (St irpe et al. , 1 98 7; Vertel et al. , 

1 993 ) provide the strongest ev idence that the proteoglycan aggrecan is essential during 

differentiation and for maintenance of skeletal elements . 

The lethal chick genetic disease, nanomelia, and the cart i lage matrix defic ient (cmd) 

mouse have greatly reduced proteoglycan (aggrecan) content in the ECM due to defective 

intracel lular tra fficking, leading to a dramatic reduction in the volume occupied by the 

extrace l lu lar mat1ix .  The osteochondrodysplasia (ocd) rat shows histo logical anomalies 

in the epiphysis, also characterized by a decrease in the amount of GAGs in the ECM 

(Kikukawa and Su zuki,  1 992 ) .  Early studies into the proteoglycan deficit in the carti lage 

of the nanomel ic ch icken by Argraves et al. ( 1 98 1 )  revealed that the nanomelic mutation 

affects proteoglycans of  carti lage only and that th is defect was the result of a deficiency 

in proteoglycan core protein in that t issue. The chondrocytes of this homozygous 

recess ive avian mutant nanomelia synthesize sulfated GAGs at levels which are ten 

percent ofnonnal ( Argraves et al. , 1 98 1  ) . Because non-cart i laginous proteoglycans 

synthesized by the mutant have normal core protein, th is imp l ies that t issue-specific 

proteoglycans possess d ifferent core proteins encoded in separate genes (Argraves et al. , 

1 98 1  ). Further studies demonstrated that the nanomelic chondrocytes produced a 

truncated aggrecan precursor, result ing from a premature stop codon in the aggrecan 

gene, wh ich failed to be secreted (Luo et al. , 1 996). As a result ,  the nanomel ic 

chondrocytes assembled an ECM that consists of type I I  co l lagen but lacks aggrecan.  

Instead, the aggrecan precursor was local ized intracellu larly, wi thin smal l  cytopl asmic 
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structures corresponding to extensions of the endop lasmic reticulum, as determined by 

immuno fluorescence and immunoelectron microscopy. Stirpe et al. ( 1 987)  presented 

evidence suggest ing that the nanomel ic mutation affects transcriptional regulation of the 

major proteoglycan core protein gene.  I t  was noted by Vertel  et al. ( 1 994), in support of 

previous findings, that the truncated precursor was translated d irectly in cel l -free 

reactions, indicating that the mutant truncated precursor does not arise post ­

translational ly. The phenotypic resul t  of  this mutation is a chicken characterized by 

shortened and malfonned l imbs (Vertel et al., 1 993 ), assoc iated with the anomalies in 

cel lular trafficking and sorting, and with abnonnal product retention in the chondrocytes 

of the nanomel ic  cart i lage. 

7 

Resul ts from Binge !  et al. ( 1 985)  also showed a reduction in the amount o fproteoglycan 

in growth plates of the A laskan Malamute dog su ffering from a chondrodysplasia, and 

stated that the extracel lu lar matrices of dwarf growth plates contain proteoglycan 

monomers, which suggests a less mature extracel lular carti lage mat1ix than that of age­

matched nonnal contro ls .  As observed in the nanomel ic ch icken, it was the h igh 

molecular weight proteoglycan, aggrecan, characteristic of cart i lage that was absent from 

the dwarf Malamute cart i  !age matrix. 

Mouse cart i lage matrix defic iency (cmd) is an autosomal recessive phenotype caused by 

the absence of aggrecan (Krueger et al. , 1 999). The phenotype in the homozygote 

becomes apparent a few days a fter birth and is characterized by disproportionate 

dwarfism, with a shortened trunk, limbs and tail, and a c le ft palate ( Kimata et al. , 1 98 1 ) . 

Kimata et al. ( 1 98 1  ), using biochemical and i mmunofluorescent techniques, examined 

the col lagen and proteoglycan constituents of fetal l imb cart i lage and discovered that 

whi le a normal amount o f  col lagen I I  was found, the amount ofproteoglycan was 

reduced . The addit ion of an exogenous substrate for chondroitin sui fate sy n thesis, 

fol lowed by a d irect assay for activity, indicated that cmd cart i lage ce l ls contained normal 

levels of the enzymes required for chondro i tin sui fate synthesis (Kimata et al. , 1 98 1  ) .  

The ul trastructure patte rn and greatly reduced carti lage matrix volume in the cmd mouse 
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are simi lar to that o f  the mutant in chicken , nanomel ia. Hence i t  was suggested that the 

mutat ion resul ted in  the defective synthesis of the proteoglycan core protein. 

8 

The differential expression of  two proteoglycans, the major cartilage proteoglycan 

isolated from a rat chondrosarcoma and a smal l mo lecul ar weight chondroi tin sui fate 

proteoglycan isolated from rat yol k  sac tumor, suggests that the synthesis  of their core 

proteins is under separate genetic contro l ,  and there fore, these proteins are products of 

independent genes (Brennan et al., 1 983) .  lndeed, Brennan et al. ( 1 983 )  confinned these 

early observat ions by noting a lack of detectable  cart i lage-type proteoglycan in ti ssues of 

cmd/cmd mice, whi le the gene for the smaller proteoglycan was expressed at  nonnal 

levels in a non tissue-spec ific manner. Comp letion of the mouse aggrecan gene structure 

and the identification of the defects that caused the occunence ofthe cmd mouse 

phenotype by Krueger et al. ( 1 999) revealed that a seven base-pair deletion in the coding 

region of the gene resu lts in the incorporation of a premature stop codon, generat ing a 

truncated aggrecan prote in, which u ltimately resu lted in the absence of  functional 

aggrecan protein in the carti lage matrix and subsequent dwarfism (Brennan et al. , 1 983  ). 

1.3.3 Heparan sulfate proteoglycans 

Perlecan, a large, mult i-domain heparan sui fate proteoglycan is a component of al l  

basement membranes and is  expressed in cart i lage and several other mesenchymal t issues 

during deve lopment (Costel l et al. , 1 999).  [t in teracts with extracel lu lar matrix proteins 

and cel l  adhesion mo lecu les, growth factors and receptors, and influences cel lu lar 

s ignal ing (Arikawa-Hi rasawa et al. , 1 999) .  

Disruption of the gene encoding Perlecan (Hspg2 )  in mice (Arikawa-Hirasawa et al. , 

1 999) revealed a number of  important functions of the molecule with respect to skeletal 

dysplasias .  Approximately forty percent of Hspg2 -/- mice died at embryonic day ten 

with defective cephal ic development ( Arikawa-Hirasawa et al. , 1 999).  This resu l ted 

from defects in the basement membrane separating the brain from the adjacent 

mesenchyme (Coste l l  et al., 1 999) .  The remaining Hspg2 -/- mice died just after b irth ,  
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with respiratory fai lure and had skeletal dysplasia characterized by disproportionate 

dwarfism with broad and bowed long bones, narrow thorax and craniofacial 

abnormal ities (Arikawa-Hirasawa et al. , 1 999). Homozygous nul l  mice cart i lage showed 

severe d isorganization of the columnar structure of the chondrocytes and defective 

endochondral ossification. The Hspg2 -/- cart i lage contained reduced and d isorgan ized 

co l lagen fibri ls  and GAGs (Arikawa-Hirasawa et al. ,  1 999). The coll agen fibri l s  were 

also shortened in length (Coste l l  et al. , 1 999). Th is suggests that perlecan has an 

important ro le in matrix structure, and may protect carti lage extracel lular matrix from 

degradation (French et al. , 1 999). Furthennore, pro l iferation of chondrocytes was 

reduced and the prehypertroph ic zone was diminished in  homozygous mice with a nul l  

mutation (Ari kawa-Hirasawa et al. , 1 999) .  

Mutations in the perlecan gene in humans cause two c lasses of ske letal disorders: the 

re latively mi ld Schwartz-Jampel syndrome (SJ S) and severe neonatal lethal dyssegmental 

dysp lasia, S i lvennan-Handmaker type ( DDSH) (Arikawa-Hirasawa et al., 2002 ) .  

SJ S is a non-fatal autosomal recessive ske leta l  dysp lasia characterized by varying degrees 

of myotonia and osteochondrodysplas ia,  with which the patients surv ive (Arikawa­

Hirasawa et al. , 2002 ). The phenotype includes features such as a short stature 

(dwarfism), a fixed fac ial expression, sometimes low set ears, and myopia (Arikawa­

Hirasawa et al. ,  2002 ). Skeletal abnonnal ities include metaphyseal and epiphyseal 

dysp lasias, jo in t  contractures, and vertebral mal formations (Costell et al. , 1 999).  

Patients with differing mutations present resulted in various fonns ofperlecan, and 

therefore he lped define the molecular basis invo lved in the difference in phenotypic 

severity between DDSH and SJS. Heterozygous mutations with SJS produced ei ther 

truncated perlecan protein or sign i ficantly reduced levels  of wi ld-type perlecan. Another 

case had a homozygous seven ki lobase de letion that resu lted in reduced amounts of 

nearly ful l-length perlecan . Unl ike DDSH, SJS mutations resul t  in different forms of 

perlecan in  reduced levels that are secreted to the ECM and are l ikely partial ly functional 

( Arikawa-Hirasawa et al. , 2002). Perlecan nul l  bones show mild changes in epiphyseal 

carti lage, but severe abnormalities in the growth p late, indicating that perlecan is 
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important i n  proper organisation and function of matrix components (Ari kawa-Hi rasawa 

et al. , 2 002) .  

Interest ingly, the ske letal abnonnal it ies observed in  the perlecan null  m ice resemble the 

phenotype of the COL2A ]-defic ient mice (mutation in the type I I  co l lagen gene) and 

Dmm (disproportionate micromel i a) mice . This was supported by Asz6di et al. ( 1 998)  

who stated that the u ltrastructure o f the  perlecan nu l l  mice cart i lage lacked a typical  

col lagen network, and that the reduced amount and the shorten ing of the col lagen fibri ls 

suggests that perlecan plays a role in maintaining the col lagen network (Costell et al. , 

1 999) .  

1 .3.4 Sulfate metabolism, proteoglycans, and skeletal dysplasias 

The ro le of sulfate in metabolism is paramount .  Sulfate groups are found as s tructural 

features on various types ofbiological molecules, such as proteins, proteoglycans, l ipids, 

and polysaccharides.  M uch ofthe sul fate in bio logical systems i s  used in the 

posttrans lational mod ification of GAGs, the repeat ing disaccharide chains that are 

covalently l inked to protein cores to const itute the fami ly o fproteoglycans  (Kimura et al. , 

1 998) .  Proteoglycans are synthesized by most cells as cel lu lar or ECM components. 

Studies into the synthesis and sulfation of proteoglycans have shown that sulfate groups 

on proteoglycans may be derived from both intracel lular catabol ism of cysteine and other 

thiols and from the extracel lular flu id (Rossi et al. , 2003) .  

In  connective t issue disorders such as  osteogenesis imperfec ta and chondrodystrophies, 

de fects may involve the abnonnal synthes is, processing, translocation , and assembly of 

ECM components caused by defecti ve contro l l ing enzymes ( Vertel et al. ,  1994). 

Ion uptake and inhibi tion studies have indicated that in chondrocytes, su lfate ions are 

taken up by an an ion-exchange mechanism driven by the ch loride gradient; intrace l lu lar 

ch loride ions are re leased, whi le sulfate ions are taken up by the cell ( Karniski,  200 1 ). 

The molecule or  enzyme responsible for th is  exchange, the first in the sul fate acti vation 

pathway, is the transmembrane chloride/sulfate antiporter (NC B I  accession # 
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M_ 000 1 1 2 )  des ignated diastrophic dysp 1asia sulfate transporter (DTDST) o f  the cel l  

membrane ( Rossi and Supert i-Furga, 200 1 ), wh ich is  homologous to the 

hepatocanalicular sulfate transporter Sat- 1 (Satoh et al. , 1 998).  The sulfate activation 

pathway can be seen in Figure 2. Chondrocytes appear to be mostly dependent on 

extracel lu lar sulfate for proteoglycan sulfation ( lto et al., 1 982) .  Thus a h igh rate o f  

synthesis ofproteoglycans seems to corre late with dependence on uptake of extracel lu lar 

sulfate and the inac tivation of the sulfate exchanger l eads to intracel lu lar sulfate deplet ion 

and to the synthesis o f undersu lfated proteoglycans ( Rossi and Supert i-Furga, 200 I ) . 

Proof that this carrier-mediated transport ofsu lfate across the cell membrane is a key step 

for proteoglycan sulfation in vivo comes from a family o f recessively inheri ted 

chondrodysplasias in humans, which show a cont inuous spectrum, that inc lude 

diastrophic dysp lasia, mul tiple epiphyseal dysp lasia ( M E D), ate losteogenesis type 2 

( A02), and achondrogenesis type 1 B (ACG - I  B )  ( Rossi et al., 2003 ). Heterozygous 

individuals appear to be asymptomatic ( Rossi and Superti-Furga, 200 I ). 
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Figu re 2 :  Chondrocyte sui fate activation pathway (Superti-Furga, 200 I ). 
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Mutations detected in DTDST in patients inc lude point mutations causing amino acid 

substi tutions, premature stop codons or defective spl icing, and base deletions al teri ng the 

reading frame ( Rossi et al. , 2 003) .  Genotype-phenotype corre lations are recognizable 

with in the spectrum produced by mutations in the DTDST, with mutations pred icting a 

truncated protein or a non-conservative amino acid substitution in the transmembrane 

domain of DTDST giving the severe phenotype, and non-transmembrane amino acid 

substitutions and splice s ite mutations giving a mi lder phenotype ( Kamiski, 200 I ). 

Cart i lage from patients with the most severe fonn of the chondrodysplasia, ACG - I  8, i s  

softer than control carti lage and has distinctive h istological features such as coarsened 

col lagen fibers and a pecu l iar ringl ike perice l lu lar arrangement of col l agen fibers ,  

probably associated with the loss o f  the regulatory effect of proteoglycans o n  col lagen 

fibri l logenesis  (Corsi et al. , 200 1 ). The cart i lage contains less inorganic sulfate and less 

sui fated disaccharides ( Rossi and Superti-Furga, 200 I ) . ACG - I  B is characterized by 

severe hypodysplas ia of the spine, the rib cage, and the extremities, with a relatively 

preserved head (Rossi and Superti -Furga, 200 I ). Further signs inc lude a flat face,  a short 

neck, with the soft tissue of the neck thickened. The thorax is narrow and the abdomen is  

protruberant .  The l imbs are severely shortened and the fingers and toes short and stubby. 

In addition, the feet and toes are rotated inwards (Superti-Furga, 200 I ) . This form of the 

disease, resul t ing in severe ske letal underdevelopment, is  invariably lethal immediately 

after, and sometimes even before b i rth . 

Phenotypic manifestations of the mi lder d iastrophic dysp las ia include a short stature, 

joint contractures, c left palate, and c lass ic cl in ical s igns such as the so-cal led hitch-hiker 

thumb , and cyst ic swel ling of the external ears ( Rossi et al., 1 998) .  There are at least two 

methods by which impairment of DTDST function may resu lt in skeleta l  dysp las ia .  The 

first invo lves changes in composition, architecture, and mechanical properties of the 

ECM in carti lage; the second, somewhat hypothetical ,  may invo lve secondary c hanges in 

the fibroblast growth factor s ignal ing pathway in chondrocytes that depends in part on 

heparan su i  fate proteoglycans (Kam iski, 200 I ) . 
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Brachymorphic (bm) i s  a spontaneously  occurring, recessively i nherited mouse mutation . 

The homozygous phenotype is characterized by a dome-shaped skul l ,  and an abnormal ly 

short and thick tai l ,  in addition to shorter than nonnal,  but not wider, l imb bones (Epstein 

et al. , 1 988 ,  Superti-Furga, 200 1 ). In histo logical and ultra-structural studies Orkin et al. 

( 1 977) reported a defective carti lage matrix that contains normal col lagen fibri ls ,  but 

proteoglycan aggregate granules that are smal ler than nonnal and present in reduced 

numbers, particularly in the co lumnar and hypertrophic zones of the growth p late .  It was 

also noted that the ECM stains poorly with stains specific for sui fated GAGs .  

B iochemical analys is con finned that bm cart i lage contains nonnal levels  of GAGs but 

with d isaccharides ,  namely chondroitin sulfate proteoglycan side-chains, which are 

indeed sign ificantly undersulfated (Sugahara and Schwartz, 1 979).  The reduced 

incorporation ofsulfate in brachymorph ic cart i lage is assoc iated with l imited 

phosphoadenosine-phosphosulfate (PAPS )  avai labil ity, the universal donor for post­

trans lational protein su l fation in al l ce 11 types (u I Haque et al. , 1 998), because of  a 

reduction predominant ly in adenosine-phosphosulfate kinase activity ( Kimura et al. , 

1 998) .  This undersul fation ofGAGs was shown to be l inked with mutations in the gene 

SK2 (sulfate kinase 2 gene), by i ts colocal izat ion with the locus for the autosomal 

recessive murine phenotype brachymorphism (Kimura et al. , 1 998) .  M issense mutations 

in the SK2 coding sequence of bm mice that a lters h igh ly conserved amino ac id res idues, 

namely mutations in the functional mot if  in the kinase domain of mouse SK, des ignated 

the B M-motif, destroys APS-k inase act ivi ty and therefore the ab i lity of SK2 to synthesize 

PAPS (Singh and Schwartz, 2003) .  Thus, undersul fated, non-functional proteoglycan 

side-chains resulted in a dwarfing disease ,  by their affect on the composition ofthe ECM 

of cart i lage (Superti-Furga, 200 1  ) .  

U l  Haque et  al. (1 998) studied a large inbred family with a distinct form o f  recessive ly 

inheri ted spondyloep imetaphyseal dysplasia (SEMD) and mapped a gene associated with 

this dwarfing condition to chromosome 1 0q23 -24 , a region synten ic with the locus for the 

brachymorphic mutation on mouse chromosome 1 9 . Two orthologous genes ,  A TPSK2 

and Atpsk2 , encoding nove l  ATP sulfury1ase/ APS kinase orthologues in the respective 

regions of the human and mouse genomes, have been identified. 
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I n  addit ion to human and mouse mutations i n  the DTDST, analysis of a population of 

Holstein cattle showed two polymorphisms within the coding region o f  the bovine 

DTDST (NCBI accession # AJ2236 1 5 ) .  Two al leles were identified, resu lting from two 

po lymorphisms at different posi t ions. The first exchange, at position 1 4 1 7  of the eO A, 

is s i lent, whi le the second results in an amino acid exchange at position 520 of the sulfate 

transporter protein .  Both polymorphisms are detectable by restriction enzyme cleavage, 

with the s ilent po lymorphism abol ishing a restrict ion s i te and the polymorphism at 

position 1 559 creating a s ite (Brenig et al . ,  2003 ) .  Sui fate uptake studies revealed that 

the resul tant amino acid substitution ( I Ie520Ser) caused a threefold reduction in sulfate 

uptake in the cel ls .  Thus, this is a functional mutation and could conceivably lead to an 

undersu lfat ion of GAGs and proteoglycans. Whether the amino acid exchange in the 

bovine DTDST wi l l  be causat ive for a chondrodysp lastic disorder in cattle, for which the 

effect may on ly be subtle, remains unclear (Brenig et al. , 2003 ). 

The carti lage-specifici ty of the human and mouse phenotypes provides further evidence 

of the critical role  of sulfate activation in the maturat ion of carti lage ECM molecules and 

the effect of defects in th is process on the architecture of cart i lage and ske le togenesis . 

1 .4 Collagen and skeletal dysplasia 

There are va1ious fonns of col lagen invo lved in the fonnat ion of funct ional cart i lage 

t issue including: the fibri l lar col lagens; types I, I l ,  I l l ,  V, and XI ;  the non-fibri l lar 

co l lagens which are divided into network-fanning, types IV, V I I I, and X; and fibri l ­

associated with interrupted triple hel ices ( FAC IT), types IX, X II ,  XIV,  XVI ,  and XIX . 

Also inc luded in the non-fibri l lar col lagens are beaded-fi lament-fanning col lagen , type 

V I ;  col lagen of anchoring fibri ls ,  type V I I ;  and col lagens with a transmembrane domain, 

types XI I I  and XVI I .  Col lagens types XV and XVI I I ,  not yet i n  a named fami ly  are an 

additional form o f  the  non-fibri l l ar t ype (Kuivaniemi ,  1 997) .  

Biomechanically, articular carti lage can be regarded as  a h ierarchical ly organ ized 

material ,  in which co l lagen contributes to the tensi le  properti es and withstands shear 
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force, whi le pro teoglycans are primari ly responsible for the viscous osmotic resistance 

during compression (Hyttinen et al. ,  200 l ) .  The three dimensional collagen network of 

the matrix is thought to be crucial for the mechanical properties of articular cart i lage, 

during joint loading and carti lage defo rmation (Hyttinen et al. , 200 l ) .  The col lagen 

framework of the ECM of develop ing hyal ine carti lage is assembled primari ly from three 

carti lage-specific col lagens: type I I ;  type IX ;  and type X I  as wel l  as type X collagen .  

These col lagen molecules copo lymerize into heterotypic fibrils (Figure 3 )  and become 

cross-linked intermolecularly ( Femandes et al. , 2003 ) . The spatial organisation of type li 
col lagen is regulated by the covalently l inked type lX and X I  co llagens, and possib ly also 

by proteoglycans ( Ichimura et al. , 2000). 

The list of col lagen genes with defined mutations that cause chondrodysp lasia 

syndromes, in humans in particu lar, is growing rapidly and includes col lagens I I, IX , X, 

and XI ( Ichimura et al. , 2000) .  

1 .4. 1 Collagen type 1 1  

The col lagen type I I  molecule is a long, thin rod consisting of  three a polypeptides that 

are wrapped into a trip le  hel ix (Figure 3 ). The triple helical conformation is possib le 

because every third amino acid is glycine .  Therefore, the sequence of each a chain of 

approximately  one thousand ami no acids can be expressed as ( Gly-X-Y)11 , where X and Y 

represent amino acids other than g lycine and n varies according to col lagen type .  M any 

of the X- and Y-posi tion amino ac ids are ring amino ac ids pro l ine and hydroxyprol ine 

that give stab i lity to the trip le-he l ix (Ku ivaniemi et al. , 1 997) .  I t  i s  therefore not 

surprising that mutations in the COL2A 1 gene that rep lace arginine codons at Y-posi t ions 

7 5 ,  5 1 9 , and 789 in the triple-hel ical domain with codons for cysteine (an amino acid not 

nonnally found in the triple-he l ical domain oftype I I  co l lagen from any species) are the 

on ly amino acid subst i tutions in  th is  domain that cause a disease phenotype (Kuivaniemi 

et al. , 1 997 ) .  
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A variety of carti lage d isorders have been shown to be caused by other mutations in the 

COL2A 1 gene for type 1 1  procol lagen.  Heterozygous mutations in the type 11 col lagen 

gene (COL2A l )  made articular cart i lage softer, altered the col lagenous network,  reduced 

subchondral bone volume, and altered i ts microstructure (Hyttinen et al. 200 1 ) .  E yre et 

el. ( 1 99 1 )  stated that the presence of the mutant (cysteine for arginine at  res idue 5 1 9  of 

the t riple hel ical domain of the protein mentioned above) co llagen I !  protein molecules in 

the extrace l lu lar co l lagen reduces the durab i l i ty of  the articular carti lage and man ifests as 

the disorder, severe pri mary osteoarthritis (OA) in humans. The same mutation was also 

found to cause osteochondrodysplas ia in transgen ic mice carrying the human COL2A 1 

gene (Sah lman et al. , 2004).  Hyttinen et al. (200 1 )  also reported that nonnal type ! I  

co l lagen fib ri l  fonnation is d isturbed if  mutated pro-co llagen I I  chains are synthesized 

and several reports have shown that COL2A 1 gene mutations can cause the development 

of osteoarthritis and mi ld to severe chondrodysplasias (Femandes et al. ,  1 998 ,  T i l ler et 

al. , 1 995 , So et al. ,  200 1 ) . This spectrum of chondrodysp lasias inc ludes Stickler 

syndrome, Kniest dysp lasia (Weis et al. , 1 998), spondyloepiphyseal dysplas ia congeni ta 

(SEDC), spondyloepimetaphyseal dysplasia (SEMD), achondrogenesis type I I, and 

hypochondrogenesis. Individuals affected with these d isorders exhibit abnonnal ities o f  

the growth p late, nucleus pulposus, and vi treous humor, al l of which contain type I I  

co l lagen (Ti l ler et al. , 1 995 ) .  
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Figure 3 :  The collagen l l : I X : X I  heterofibril .  A molecular model of the coll agen LX fold and in teraction 
site wi th col lagen I l  m icrofibrils that can account for the known cross- l inking s i tes between co l lagen 11 and 

col lagen IX molecules ( E yre, 2002 ) 

1 .4.2 Collagen type IX 

Col lagen IX is a heterotrimeric non-fibri l lar co l lagen consisting of three different  a 

chains,  a !  ( IX) ,  a2 ( IX) ,  and a3 ( IX), that are encoded by three distinct genes, COL9A l ,  

COL9A2, and COL9A3 (Paass i l ta e t  al. , 1 999 ). I t  i s  located on the surface o f  type I l  

col lagen-containing fibri ls i n  articular cart i lage and covalent cross-l inks between types 

IX and !I stab i l ize the interact ion (Kuivan iemi et al. , 1 997) .  

MED is a common epiphyseal dysplasia characterized by m i ld to moderate short stature ,  

early-onset of osteoarthritis (OA) mainly in the h ip and knee joints, and abnonnal ly small 

and/or irregular epiphysis (Nakashima et al. , 2005 ) .  ln a fami ly with a form of M E D, the 

disorder was l inked to the gene COL9A2 and the molecular defect shown to be a 

heterozygous exon-skipping mutation within the a2 ( IX)  chain (Muragaki et al. , 1 996),  

whi le both Paassi lta et al. ( 1 999) and Bonnemann et al. (2000) reported an invers ion 

mutat ion in intron 2 of the  a3  (COL9A3)  locus in a fami ly  with autosomal dominan t 
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MED.  Al l the type IX col l agen mutations reported cause exon skipping that resul ts i n  the 

lose ofthe COL3 domain of the  protein (Nakash ima, 2005) .  

1.4.3 Collagen type X 

Col lagen X, a short-chain col lagen whose expression is l argely restricted to the 

hypertrophic chondrocytes of growth plate carti !age (Chan et al. , 1 999), has been 

suggested to be involved in the fonnation of hexagonal network structures and may be 

important in regional ECM organization by interacting with other matrix components 

(Bateman et al. , 2003 ) .  The molecu le is a homottimer of three a I (X) chains (Kwan et 

al. , 1 997) .  

The localization of col lagen X to the hypertrophic chondrocytes of growth plate cart i lage, 

which distinguishes them as those destined for replacement by bone and manow, predicts 

that col lagen X p lays a rol e  in  endochondral ossification-associated events. Thus, 

disrup tion ofthe co l lagen X gene in transgenic mice resu lted in a disorganized latt ice 

network ofthe matrix in these mice. Interestingly, col lagen X disruption resu l ted in an 

altered distribution ofGAGs and proteoglycans, confinned by a paucity of staining for 

hyaluronan and heparan sulfate proteoglycans (Jacenko et al. , 200 1 ) . Phenotyp ical ly, 

co l lagen X deficient mice showed a reduction in thickness of the growth plate rest ing 

zone and articular carti lage, a ltered bone content,  and atypical distribution of matrix  

components (Kwan et  al. ,  1 997) .  It was therefore proposed that col lagen X plays a ro le in  

the normal distribution of  matrix vesicles and proteoglycans within the growth p late 

matrix 

Mutations in the human col lagen X gene (COL JOA J )  p roduce a disease known as Schmid 

metap hyseal chondrodysplasia (SMCD) in  humans ( Ikegawa et al. , 1 997 ,  Bona venture et 

al. , 1 995,  Sawai et al. , 1 998) .  The null col lagen X mice have a phenotype which partly 

resembles SMCD in humans with respect to abnormal trabecular bone architecture 

( Kwan et al. , 1 997 ) .  
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Spondylometaphyseal dyspl asia (SMD), which shows a s ign ificant phenotypic overlap 

with S MCD, comprises a heterogeneous group ofheritable ske letal dyspl asias 

characterized by modificat ions of the vertebral bodies of the spine and metaphyses of the 

tubul ar bones, and has been shown to be caused by a missense mutation in the COL I OA J 

gene (resul ting in the p rotein substitution G ly5 95Glu)  in a SMD diseased fami ly 

( Ikegawa et  al. ,  1 998) .  

1 .4.4 Collagen type XI 

Col l agen XI is essential for the normal cohesiveness of carti l age and important for the 

fonnation of the fine network of col lagen cart i lage fibrils and the regu lation of  fibri l 

diameter (L i  et al. , 1 995) .  L ike co llagen IX, type X I  co l lagen is a heterotri mer composed 

of a l  (X I),  a2 (XI ) ,  and a3 ( X I) chains (Melkoniemi et al. , 2000). The a3 (X I) chain is a 

more extens ively posttrans lational ly modified produc t of the COL2A 1 gene, which codes 

for the a !  chain of type I I  co l lagen (L i  et al. , 200 1 ) . B ecause ofthis close structural and 

funct ional simi larity between collagen types XI and I I ,  mutations in the genes coding for 

ei ther of them result in part ial ly overlapping phenotypes (Spranger, 1 998) .  

Alterations of type X I  col lagen caused by mutations of the encoding genes COL I !  A 1 and 

COL I / A2 lead to Stickler dysplasia type 2 (Richards et al. , 1 996), Marshal ! syndrome, 

Weissenbacher-Zweymu l ler syndrome, heterozygous oto-spondylo-megaep iphyseal 

dysp lasia (OS MED), and homozygous OSMED, respectively, in humans (Me lkon iemi , 

2000) .  In mice a mutation, resulting i n  a frameshift, in the COL J J  A 1 gene produces the 

autosomal recess ive chondrodysplasia (cho) mouse (Oisen, 1 995) .  The OSMED 

phenotype is high ly homogenous and resu lts from homozygosity or  compound 

heterozygosity for COL I /  A2 mutations, most of which are predicted to cause comp lete 

absence of a2 (XI)  chains ( Melkoniemi ,  2000). 
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1 .5 Sheep chondrodysplasias 

The earl iest recorded chondrodyspl asia among domestic sheep was recognized in New 

England during the late 1 8111 century (Landauer and Chang 1 949) . The sheep were known 

as Ancon or Otter mutants at the time, but are breeds now believed to be extinct. 

Characterized by short l imbs, awkward gait and crooked forelegs, but the possession of a 

nonnal skull and axia l  skeleton, the mutant reappeared in a farm flock in orway 

(Landauer and Chang, 1 949) .  A third instance of a spontaneous mutation giving rise to 

the achondroplastic dwarf, Ancon, in Merino sheep occurred in America in 1 962 .  

Breeding data from subsequen t mating invo lving an affected ram confirmed i t  to be an 

inherent fonn of dwarfism, and also strongly indicated it to be a simple recessive trait 

(Shelton, 1 968) .  

Several other sporadic occurrences of dwarfism h ave a1isen, including one reported by 

Wray et al. ( 1 97 1  ) ,  which described an achondroplastic syndrome in  South Country 

Cheviot sheep, characterized b y  ectrodactyly, achondrop las ia ofthe head with protruding 

eyes, shortened forel imbs, and short ears and tai l .  I t  was reported that the syndrome was 

un l ike ly  caused by nutritional factors or drug use, because no such cases were seen in 

other b reeds of sheep on the two fam1s where it occurred .  

A further, lethal ,  chondrodysp lasia characterized by sho1i, p lump lambs , wi th a shortened 

nose and c left palate, short pad-l ike l imbs, a narrow thorax, and swol len abdomen, was 

noted in lambs bom to mixed-breed ewes crossed with Suffo lk rams (Du ffe l !  et. al. , 

1 985) .  There were also s ign i ficant h isto logical lesions restricted to the skeleton, lungs, 

trachea, and thyroid.  

The most common inheri ted chondrodysplasia of sheep i s  the semi-lethal condition 

"spider syndrome", which is inherited by a s ingle autosomal recess ive gene (Oberbauer et 

al. , 1 995) .  It was identified as a ske letal disease affecting domestic lambs ofb lac k-faced 

breeds , i ncluding purebred Suffol k  sheep and Suffolk crosses and the Hampshire breed 

(Vanek et al. , 1 989) i n  America. The disease first arose in New Zealand i n  Suffolk  sheep 
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i n  1 992,  and was described by West et al. ( 1 995 ) .  At b irth , affected l ambs may be 

grossly abnonnal or may appear nonnal but then develop an abnonnal confonnation at 

four to s ix  weeks of age ( Rook et al. , 1 988) .  Affected animals are characterized by 

abnonnal ly shaped bones of  the axia l  and appendicular skeleton,  inc luding a humped and 

twisted sp ine (kyphosis and sco l ios is) ;  l imbs that are crooked, re lative ly fine-boned , and 

un l ike typ ical chondrodysp lasias ,  disproportionately long and spider-l ike (Vanek et al. , 

1 986).  Other ske letal abnonnal ities may include certain fac ial defonnities, such as 

angular deviation with or without shortening of the maxi l la  and a pronounced "roman 

nose" (Thompson et al. , 2005) .  The gene and defect involved has been defined as a 

restrict ion enzyme polymorphism in fibroblast growth factor receptor 3 gene (FGFR3)  

(Cockett et  al. , 1 999).  There is now a commercial test avai lab le for this gene defect .  

The l i terature provides numerous examples of monofactoria l  dominant and recess ive 

hereditary types that cause dwarfism in cattle .  The genetic defects cause ei ther a 

proport ionate or disproport ionate type of dwarfism, and ac t as lethal or sub-lethal .  

Two we l l-known examples of chondrodysplasia or achondroplas ia are the s ingle locus 

incompletely dominant "bu l l-dog" fonn in Dexter cattle (Cavanagh et al. ,  2002 ), for 

which there is now a genetic test, and the autosomal recessive "Snorter" found in the 

Hereford and Angus breeds (Jones and Jo l ly, 1 982) .  

1 .6 Texel chondrodysplasia 

Chondrodysplastic Texel sheep were first recognized in a commercial sheep breeding and 

lamb fattening property runn ing approximately 1 1 00 mixed-breed ewes, inc luding Texe l ,  

Perendale, and White-faced Marsh breeds, o n  improved pasture i n  Southland. Tenninal 

sire ram s  used included those with Perendale, Pol led Dorset, Texel/Romney, 

Texe l/Suffo lk, and Texel/Perendale breeding (Thompson et al. , 2005 ) .  

The Texel  progeny affected by the chondrodysplasia, both male and female, appear to be 

nonnal at b irth but as early as ten days of age show evidence of  reduced growth rate, 

shortened legs and neck, angular forel imb defonnities, and progressive exerc ise 

into lerance. Affected animals usual ly had a wide-based stance (Figure 4) .  A further 
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characteristic seen in some affected lambs was a tendency for them to walk backwards, 

which was most evident particularly when the mother was stationary ( see attached cd). 

Results on development of morphological changes and further h istological analysis fonn 

part of a more detai led study, and wi l l  be reported separate ly. 

Figu re 4: C lin ical phenotype of lambs with the Texel Chondrodysplas ia. a) Nonnal lamb (right) alongside 

its affected eo-twin ( left) at approximately 5 week s of age. b )  3 week-old affected lamb beginning to show 

signs of reduced growth rate and a wide stance. c) 5 -week old lamb with evidence of angular forel imb 
deformity. d) 4-week old lamb with extremely shortened stature and neck. 

Phenotypically, the chondrodysplasia has a spectrum of severi ty, both morphological ly 

and histological ly, with some an imals dying as young as two weeks of age and other, less 

severe ly affected animals l iving to breeding age . Thus , there are varying degrees of 
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disproportionate dwarfism. Morphologically, postmortem analysis  of the jo ints of  a 

number of severely affected individuals revealed widespread loss of art icular carti lage 

and exposure of subchondral bone on the weight bearing surfaces ofthe leg bones (Figure 

5 ) .  This signifies the occurrence of  a b reakdown in the cart i lage structure and function . 

a b 

Figu re 5 :  Focal loss of arti cular cart i lage on weight-bearing surfaces of the femoral h eads (a)  and shoulder 
joint (b) in a severely affec ted 3 -month old lamb ( ph otographs courtesy of Keith Thompson).  

In some lambs there was an exaggerated convex curvature of the ribs and costal and 

costal carti lages, resu lt ing in these lambs having a "barrel-chested" appearance, and 

presumably contributing to the wide based stance seen in c ertain individuals. 

Existing articular, epiphyseal, and physeal catti lages were th icker than nonnal ,  indicating 

impaired or delayed endochondral oss i fication. The trachea is flacc id, abnonnally 

kinked, and has thickened carti laginous rings with a narrow lumen (F igure 6). For this 

reason severe ly affected an imals are prone to respiratory d istress, sometimes causing 

sudden death, presumably due to tracheal col lapse (Thompson et al. , 2 005 ) .  

I n  addit ion, chondrocytes in articu lar and physeal carti lage were rounded and loose ly 

packed (F igure 9) ,  with disruption of the  nonnal columnar alignment of  p ro l i ferating 

chondrocytes (Figure 7 )  and a conspicuous absence ofhypertrophic chondrocytes, as in 

nonnal carti lage. These characteri stics are variab le. Multiple foci of chondrolysis  were 

observed in articular cartilage, resu lting in the development of large c lefts in some areas 

(Figure 9) .  The cart i lage extracellular matrix surrounding the chondrocytes had a fibri l lar 

appearance (F igure 8) .  
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Figu re 6 :  Transverse sections through the trachea of a normal l amb ( left) and an affected Texel lamb. The 

carti lage from the affected animal i s  noticeab l y  thick er, and the trachea lumen is narrowed ( p hotographs 

courtesy of Keith Thomp son) .  

a b 

Figu re 7 :  H aematoxyl in  and Eosin s ta ined physeal c arti lage fro m  a normal ( a) and an affected ( b )  animal.  

Loss of the columnar structure o f  the physeal cartilage is seen i n  the affected lamb. The chondrocytes are 

noticeabl y  disorganized when compared to those fro m an unaffected animal  ( photographs courtesy of Keith 
Thompson ) .  
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Figu re 8 :  H aematox ylin and Eosin stai ned histological s l ides o f  arti cular c arti lage from a normal ( a )  and 
an affected (b) animal. Reg ions o f rarefied carti lage, and the ap pearance of coarse fib ril lar strands, can be 

seen developing in the affected an imal s '  carti l age as a resu lt of chondrolys is  (photographs courtesy of 
Keith Thompson).  

Figu re 9 :  H aematoxyl in and Eosin stained articular cartilage matrix, revealing large clefts caused by fus io n  
o f  multiple points of ehondrolysis  i n  an affected animal. Chondrocytes can also be seen surrounded b y  

concentric rings (arrows) ( p hotograph courtesy o f  Keith Thompson).  
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Valero et al. ( 1 990) studied chondrodystrophy in calves associated wi th manganese 

defic iency and noted that affected calves had col lapsed tracheas and thickened tracheal 

carti lage, s imilar to those seen in Texel chondrodysplasia. Manganese deficiency also 

results in a reduction in the carti lage hexosamine concentration, a major component of 

glycosarninoglycan s ide-chains ( Liu et al. , 1 994 ). 
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The phenotype of chondrodysplasia in  Texe l sheep shows some resemblance to disorders 

caused by mutations in the gene encoding the large chondroi tin sulfate proteoglycan, 

aggrecan . Th is similarity is related to the loss of ti ssue integrity assoc iated with the 

proteoglycan degradation, due to the truncated protein being retained in the chondrocytes 

and therefore not in the carti !age matrix .  The result of these mutations has been seen 

phenotypical ly in mice and chickens .  

Mutat ions in the gene encoding perlecan, a large heparan sulfate proteoglycan ,  produce a 

skeletal dysp las ia characterized by disproportionate dwarfism in mice, as seen in affected 

Texel sheep . SJS and DDSH are diseases i n  humans that result from perlecan gene 

mutations . While there are characteristics o f these diseases seen in Texe l 

chondrodysplasia, several features are not seen in sheep such as myoton ia and abnom1al 

facial express ions .  

Characteristics of diseases associated with major col lagen const ituents ; col lagen types 1 1 ,  

IX, X,  and X I ,  respective ly wh ich show s imilarit ies to  Texel chondrodysplasia imply that 

there is a possibi l i ty that a col lagen defect may be causative in the Texel 

chondrodysp lasia. It is predicted that col lagen X plays a role in endochondral 

ossification (J acenko et al. , 200 I ) . The fac t  that a characteristic of the chondrodysplasia 

in  Texel sheep is  possible delayed endochondral oss ification, suggests a co llagen X gene 

defect  may be responsible for the occurrence of this disease. Disruption of the col lagen 

X gene in  mjce resulted in  a disorgani zed l attice network in  the ECM ,  and altered 

distribution of matrix components in l ine with what is observed in the Texel sheep with 

this form of c hondrodysplasia. 
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Defective sulfate metabolism is another possible mechanism by which the Texel 

c hondrodysplasia may have arisen . Defective sulfate transport has been shown to result 

in the production ofunsulfated proteoglycans,  in humans , mice and cattle, which are 

defective in the maintenance o f  cartilage ECM integrity. Diseases associated with 

defective sulfate metabolism have a range o f  severity, depending on the mutation or  the 

i ndividual .  Characteristics simi lar to those related to the Texel chondrodysplasia inc lude 

a short stature and joint contractures . The observed chondrodysplasia shows simi larities 

w ith a number of the dysplasias in wh ich there is current knowledge . Thus the 

hypothesis is that the chondrodysplasia in Texel sheep is inherited in an autosomal 

recessive manner and is the resu lt of a mutation in a gene associated with the product ion 

and/or processing o fproteoglycans. 

1 .7 Research aims 

At the outset of this research the infonnation avai lable regarding the disease included 

observations of the animals'  phenotype, as wel l  as the gross lesions and h istological 

anomal ies. No disease of this nature had been observed in the Texel breed before, so the 

main aim of th i s  research was to characterize the disease in tenns of inheritance and 

b iochemical and genetic abnormal ities . Thus, the research began with a breeding trial, not 

only to provide the data to establish the mode of inheritance, but also to provide samples 

for further research . Affected animals produced from the breeding t rial provided articular 

ca1iilage t issue for purification of proteoglycans and co llagen and subsequent 

biochemical analysis ofthese carti lage constituents. B lood samples taken from 

unaffected, assumed carrier, and affected animals would be used for isolation of  DNA 

and genetic analysis of  the  disease . 

The spec ific objectives of th is  research were as fol lows : 

• Carry out a series of  breeding trials ,  involving outcross and backcrossing 

components. 
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• Detennine the phenotype of  the chondrodysplasia b iochemica l ly by protein 

fractionation and subsequent analysis by polyacrylam ide gel electrophoresis 

(SDS-PAGE) .  

• Ident i fy a candidate gene b y  histological and biochemical comparison to other 

diseases.  

28 
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2 - Breeding trial 

2 . 1  I ntroduction 

The aim of th is trial  was to detennine the mode o f  inheritance of chondrodysp las ia in 

Texel sheep . An autosomal recess ive mode of  inheritance was considered most l ikely for 

severa l  reasons . The dams and s ire producing the affected progeny were wel l-grown and 

appeared c l in ical ly nonnal, with the rams having been purchased from the same breeder 

for severa l  years (Thompson et al. , 2005 ) .  While some of the affected lambs born during 

the 2002 season had pigmented faces, they were most l ikely sired by a Texel/Suffolk 

cross ram that was no longer on the prope1ty (Thompson et al. , 2005 ) .  Parentage was 

con finned for all dwarf lambs available for testing on the South land property in the 2002 

season using DNA fingerprinting (hoof-printing), a service provided by Signagen® based 

on microsatel li te markers, and showed that al l a ffected lambs born had been s ired by the 

same ram (Thompson et a/. ,2005) .  Approval was obtained from the M assey University 

An imal Ethics Committee and the tria l  was conducted in two parts, over two years, to 

cover two breeding seasons. 

2.2 Materials and methods 

2 .2 . 1  M aterials fo r breeding tria l  

Ear tags and flexitag taggers used where obtained from Al l flex New Z ealand Limited, 

Palmerston North,  ew Zealand . Ident i fication spray, super sprayline s tock marker, was 

a product of Donaghys Industries, Christchurch,  New Zealand. Scales used for weighing 

were purchased from Tru-test, Auckland, New Zealand.  The raddle ( M ating Mark) used 

was a product o f Stockguard Laboratories ( Ltd) New Zealand, Hami l ton, ew Zealand. 
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2.2.2 Animals 

A number of  animals were made avai lable  from the South land farm where the condition 

arose, and these were transported to Massey Un iversity for the study. The flock 

t ransported included six affected rams, five affected ewes, seventeen putative carrier 

ewes, and a number of younger animals i nc luding eight rising two-tooth ewes, and eleven 

l ambs. Several of the younger animals had to be euthanased prior to the breeding season 

in year one of the trial due to the progression of the chondrodysplas ia, and therefore not 

a l l  of the animals mentioned above were included in the first mating season . This did 

however al low for sample collection . Animals were provided with pasture and water ad 

lib , as the ava i lab ility of the season penn itted. 

To begin the trial a small flock of suspected carrier and affected mixed age ewes were 

mated to affected rams, in a pi lot tria l ,  to produce lambs to monitor the growth 

characteti stics of the diseased animals . This also al lowed further sample and data 

co llection for b iochemical and genetic analysis .  An outcross trial conducted was the 

beginning of the inheti tance analysis .  

2.2 .3 Mating 

5 mi ldly affected two-tooth ewes and 20 mixed age putative catTier ewes were mated 

with an affected ram (pi lot trial) ,  over a five week peri od. The ram was a ffected, 

detennined by c l in ical phenotype, and had also been selected based on parentage to 

previously recorded affected animals born in South land. During this five week period, 

the ram was harnessed and the colour of the raddle was changed after two and a half 

weeks, in order to detennine the cyc le in which conception took place for each ewe. 

In the fi rst year of the s tudy (2003 ) an outcross trial was also undertaken with 22 1 

unre lated, unaffected ewes, being crossed to 3 affected rams, with the aim of produc ing 

daughters for backcrossing to their s ires. The daughters (F 1 generation),  of which there 

were 1 25 ,  were then mated to their s ires in the subsequent breeding season (backcross) 

(2004). 
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2 .2.4 Data recording 

Newly born lambs were caught  in the paddock, tagged to their  mother (where possible) 

and sprayed with the COITesponding tag number on their s ides, to al low ident ification and 

monitoring from a distance . The b irth date was recorded and used along with the date of 

disease symptom development to give a t ime course of the morphological p rogression of 

the disease. Photographs were taken of lambs as they grew. Data were col lected on a 

dai ly  basis for new born lambs and included weight, sex, b irth rank, dam number, and 

morphological measurements, which consisted of  crown-rump length, front  leg length, 

back leg l ength, and girth . 

2.2.5 Sample collectio n 

The offspring from the affected ewes were of  primary interest for tissue sample co llection 

from birth . Samples from deceased and euthanased animals included articular, physeal , 

and tracheal carti lage samples, some of wh ich were frozen for biochemical analysis, and 

some ofwhich were stored in 1 0% buffered fonnal in for h istological analysis .  Tissue 

samples inc luding musc le and spleen, and b lood samples were col lected to provide DNA 

for genetic analysis .  Control ( i .e .  nonnal) t issue was collected from an external source in  

the earl ier stages of lamb ing because affected and unaffected lambs could not  be 

dist ingu ished re l iab ly during the first ten days o f li fe .  After identification of  affected 

an imals , contro l  samples were taken fi·om within the existing flock from animals that 

were not affected by the disease (carriers) .  

2.2.6 Chi  squared analysis 

The chi square test allows a comparison of a co llection of categorical data with a known 

theoretical d istribution i .e .  does the observed resul t  deviate from the expected result due 

to chance (Eck and Ryan, 2005 ). Based on a cross between carrier ewes (represented 

genetical ly  by A a) and an affected ram (represented geneticall y  by aa), and an autosomal 

recess ive mode of inheritance, the expected outcome is described in F igure 1 0 . 
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Figu re 1 0 :  Expected outcome !Tom homozygous by carrier cross. 

3 2  

Thus, halfof the progeny are expected t o  be affected (represented by aa above) and half 

unaffected (represented by A a  above), giving an expected proportion o f 0 .5 . 

The chi square value is calculated as fol lows:  

(observed - expected/ 
Chi square (affected) 

expected 

The chi square value is interpreted as fo llows; acceptance of the hypothesis (calculated 

probabi l i ty is greater than 0 .05 , P>0 .05 ) means the di fference in the proportions ( in this 

case expected proport ion of0 . 5 )  is l ikely to be by chance (unl ikely to get exactly a 0 . 5  

proportion in the lambs) .  Rej ect ion of the hypothesis  (calculated probabi lity is  less than 

0 .05 , P<0.05 )  means the data are sufficiently differen t from the 0 .5 prop011 ion and it is 

l ikely that a proportion other than 0.5 more accurate ly re flects the actual data. 

2.3 Pilot trial (year one) 

2 .3 . 1  Parturition 

38 lambs were bom over a 58 day period (24th Aug - 2 0th Oct, 2003 ), with the majori ty 

( 34 )  being born in the first 3 l days (24th Aug - 23  rd Sept, 2003 ). Thi s  produced a 1 52 %  

lambing rate ((3 8 -:- 2 5 )  * l 00)). 7 lambs died at b i rth o r  soon after. It was not known 

whether these deaths were the result of  the disease. 5 l ambs were born to the 5 affected 
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ewes, while the remainder were born to carrier ewes (appendix A ) .  The identi fication o f  

d isease was b ased on the c lin ical  s igns described in section 1 .6,  and on postmortem 

analysis of affected individuals. This diagnosis (observation for occurrence of c l in ical 

s igns) was carried from birth onwards , to ensure that the earliest man ifestations o f the 

condition were seen. 

2.3.2 Chi square 

In the use of the  chi square test lambs mothered by affected ewes were not inc luded in the 

analysis  because al l offspring produced were affected, therefore removing the need to test 

these an imals .  The lambs which died at b irth, or soon after, were not inc luded in the 

analysis because the disease state of these animals could not be obtained. These two 

categories accounted for 1 2  lambs.  The observed results for the 26 offspring produced by 

the carrier and a summary of the chi square analysis are represented in Table 1 .  

Affected Carrier Total 

Expecte d  (E) 1 3  1 3  26 

Observed (0) 1 5  I 1 26 

0 - E  2 -2 0 

(0 - E )l 4 4 8 

(0 - Et I E 0.308 0 .308 0.6 1 6  

T a b le 1 :  Results ( number o f  o ffsp ri ng in a ffected and unaffected categories) and chi square analysis o f  a 

cross b etween an affected ram and carrier ewes. 

Chi square (X2) = 0.6 1 6  

Entering the Chi square distribution table with I degree o f  freedom the chi square value 

of0 .6 1 6  resu l ts in a corresponding probabi l ity of 0 .5<P<O . I  (between 50 and 1 0%). 

This suggest acceptance of the hypothesis, that the ratio of affected to unaffected lambs i s  

5 0 :5 0, (0 .50<P<O. l 0) and the difference in  the data from a 50 :50  spl i t  i s  l ikely to be  due 

to chance .  
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2.4 Outcross trial (year one) 

2.4. 1 Pregnancy scanning 

34 

The two hundred and twenty one mixed age ewes were pregnancy scanned six and a half 

weeks (46 days) after the last day of mating.  Based on the results ofthis scan the ewes 

were expected to produce the lambs as shown in Table 2 .  

Rank Ewes Lambs expected 

No lamb 10 0 

Single 1 1 4 1 1 4 

Twins 95 1 90 

Trip lets 2 6 

Total 22 1 3 1 0  

Table 2 :  Scanning resu lts and expected lamb production from m i xed age ewes. 

The ewes scanned at a rate of one hundred and forty l ambs per one hundred ewes 

(3 1 0/22 1 * 1 00) ( 1 40 .3%). 

2 .4.2 Pa rturition 

The 22 1 ewes in the outcross trial produced 2 1 4 (lambing rate of97 . 3%) of wh ich 95 

were males. The lambs were born over a 39  day period (2nd Sept - I 01h Oct) .  Thus, 1 1 9 

females (2 1 4 - 95) produced from these ewes (2 1 4 - 95) as wel l  as 6 ewe hoggets from 

the pi lot trial were avai lable for backcross to their s ires in year two . 
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2.5 Pilot trial (year two) 

2 .5. 1 Pregna ncy scanning 
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Pregnancy scann ing of the twenty two mixed age ewes was carried out six and a half  

weeks (46 days) after the end of mating. Based on the resul ts of pregnancy diagnosis the 

mixed age ewes were expected to produce the lambs as in Tab le 3 .  

Rank Ewes Lambs expected 

No lamb 2 0 

S ingle 5 5 

Twins 1 3  26 

Triplets 2 6 

Total 22 3 7  

Table 3 :  Scanning resu lts and expected lamb production fi·om m i xed age putative carrier and affected 
ewes . 

The animals scanned at a rate of one hundred and sixty eight lambs per one hundred ewes 

( 3 7 -;- 22 * 1 00) ( 1 68 .2%). For the ful l  detai ls of  scann ing results see appendix B .  

2.5.2 Parturition 

The 22 mixed age ewes gave b irth to 26 lambs over a 26 day period (26111 Sept - 2 1 51 Oct, 

2004). This equates to a rate of one hundred and eighteen lambs per one hundred ewes 

(26 -;- 22 * 1 00) ( 1 1 8 .2 %). A number of  lambs were lost at birth or short ly  after. Refer 

to appendix C for ful l  deta i ls of parturi t ion. 
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2.6 Backcross (year two) 

2 .6. 1 Pregnancy sca nning 

Two of the  hoggets died before mating and therefore only 1 23 hoggets could be used. 

Pregnancy scanning of the 1 23 hogget ewes was canied out six and a half weeks (46 

days ) after the end of mating.  Based on the results of pregnancy diagnosis the mixed age 

ewes were expected to produce l ambs as in Table 4 .  

Rank Ewes Lambs expected 

No lamb 45 0 

Single 68 68 

Twins 10  20 

Trip lets 0 0 

Total 1 23 88  

Table 4 :  Scanning results and expected lamb production from ewe hoggets. 

The an imals scanned at a rate of seventy two lambs per one hundred ewes (88 ..;- 1 23 * 

1 00) ( 7 1 .5 %). For ful l  detai ls of  scanning resul ts see appendix D.  

2.6.2 Pa rturition 

The 1 23 hoggets gave b irth to 83 lambs over a 32 day period (26th Sept - 27th Oct, 2004) 

( lambing rate of 66.7 %) (Appendix E). Of these lambs 23 died at b irth and 1 4  died 

within the first 14 days of l i fe ,  therefore the d isease status of these animals was not able 

to be recorded by c l in ical phenotype alone. There are severa l  reasons for these high 

mortal ity rate and deviation from the expected outcome based on scann ing. The season 

was particularly good in terms of pasture growing condit ions and the hoggets were fed 

very wel l  in the later part of  gestation. This resul ted in some large lambs wh ich caused a 

number of  dystocia cases, causing lamb death . Several lambs also d ied due to exposure .  

For th is reason these 37 an imals are exc luded from the ch i square analysis .  There may be 
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the opportunity to categorize these animals as affected or not affected based on 

histological data, which is part of an ongoing study. 

2.6.3 Chi square 

The observed proport ion of affected lambs (p )  is 0 .4 78 (22/46), whi le the expected 

proportion (p) is 0 . 5 .  

37  

The observed results for the 46  offspring (83 - 37), for which disease status was 

observed, produced by the carrier hogget ewes and a summary of the chi square analys is, 

are represented in Table 5 .  

Affected Carrier Total 

Expected (E) 23 23 46 

Observed (0) 22 24 46 

0 - E  - I  I 0 

(0 - E)l 1 I 8 

(0 - Et I E 0.043 0 .043 0 .087 

Table 5: Results ( number of o ffsp ring in affected and unaffected categories) and chi  sq uare analysis o f  a 
cross b etween an a ffec ted ram and carrier ewes. 

Chi square (X2 )  = 0.087 

Entering the Chi square dist ribution tab le with 1 degree of freedom the chi square value 

of0 .087 results in a corresponding probabi l ity of 0 .5<P (greater than 50 %). This 

suggest acceptance of the hypothesis, that the rat io of affected to unaffected lambs is 

50 :5 0, and the difference in the data from a 50 :50 split is l ikely to be due to chance. 

This outcome provides further support that the disease is inherited in an autosomal 

recess ive manner. No general directions were found in the l i terature regarding how smal l 

a sample may be and still be suitable for a chi square test of goodness of  fit .  However, 

caution should be exercised with sample s izes of n less than 50 in interpreting results 

(Sokal and Rohlf, 1 969). Therefore caution has to be taken when interpreting these 

results . 
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95% confidence mean ± 1 .96 --J p ( 1 -p )/n 

o .5  ± 1 .96 --Jo . 5  ( 1 -0 .5 )/46 

o.5 ± 1 .96 --Jo .5  (0 . 5 )/46 

0 .5  ± 1 .96 --J0 .25/46 

0.5 ± 1 .96 0 .0054 

0.5 ± 1 .96 (0.0737)  

0 .5  ± 0. 1 4445 2  

3 8  

Based o n  th is outcome, the 95% confidence interva l for an expected proportion (p) o f 0 . 5 ,  

with a popu lation size o f  4 6 ,  i s  between 0 .355548 and 0 .644452 .  The calcu lated 

proportion of0 .478 is with in this range, and therefore it is 95% l ikely that this value 

represents the actual expected proportion of0 .5 . F rom this it can be determined that the 

nul l  hypothesis,  that there i s  a di fference in the expec ted and observed proportions 

(meaning that 0 .478 is  sign ificantly different from 0 .5 ), is  rejected. 

2. 7 Discussion 

The animals born over the two year period were assessed for deve lopment of the 

condition and mon ito red as they grew. The pilot trial provided an oppot1unity to assess 

the techn ical aspects of l amb numbering and monitoring. The outcome of this  t rial  

indicated an autosomal recessive disease, and this was supported by the resu lts from the 

successive breeding s eason . 

Several threads of evidence suggest that the condition under study is a new recessive ly 

inhetited chondrodysplasia of the Texel breed. ln all a ffected an imals there were Texe l 

genes on both dam and sire s ides of the pedigree, and some affected ind ividuals h ad 

normal eo -twins .  No causative plant  agents or potential teratogens were identified and 

because affected lambs were successfu l ly  bred at M assey Universi ty this excludes any 

cause re lating to the South land property, such as a mineral defic iency. Parentage testing 

results, identifying one ram as the sire of all affected lambs from the 2002 season , gave 

further evidence for a genetic aetio logy. 
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Given that the Texel breed i n  New Zealand i s  based on a relat ive ly  smal l number o f  

founder animals, i t  i s  not surprising that the defective gene became widespread before 

detection .  As a result  of the continued use of a carrier ram by the fanner, carrier ewes 

eventual ly became part of the flock and were mated to can·ier rams, producing affected 

progeny (Thompson et al. , 2005) .  Key observations that support an autosomal recessive 

mode o f  inheritance include the fol lowing :  no normal lambs were born to a cross between 

affected parents ; affected lambs have been produced from a cross between normal 

parents; a cross between a normal parent and an affected parent produces both nonnal 

and affected progeny; and no third phenotype has been ident i fied at th is stage . 

The proportions of normal and affected lambs, from the putative carrier ewes crossed 

with an affected ram in the pilot trial  (year one) provide support for the hypothesis that 

the chondrodysplas ia was indeed caused by a s ingle autosomal recessive gene. In 

addition to this, proportions of normal and affected lambs in the backcross trial in year 

two, wi th a larger number of animals, were consistent with the expected proportions 

assuming autosomal recessive inheritance. Equal numbers o f lambs of each sex, l l  

males and 1 1  females, affected with the chondrodysp lasia were born in the backcross 

t rial , indicating that the inheritance i s  not sex-linked. 

It is not uncommon for animal chondrodysp las ias to be inherited in an autosomal 

recess ive mode . One such example is the ' spider' syndrome disease in Suffolk sheep . 

Whi le the aetiology of  the few recognized sheep chondrodysplasias is l imited , one which 

is well charac terized is ' sp ider' syndrome . Evidence suggested that 'spider' lamb 

syndrome was caused by a single autosomal recessive gene . Directed test-breeding o f  

presumed homozygous rams and presumed heterozygous ewes supported th is prediction 

(Oberbauer et al. , 1 99 5 ). The genetic cause has been attributed to a polymorph ism in 

fibrob last growth factor receptor 3 gene (FGFR3 ). In the case ofthe Ancon mutant and 

other reported fonns of c hondrodysplasia a genetic aet io logy was suspected but not 

proven in al l cases. The Ancon Merino sheep, wh ich occurred in America in 1 962, was 

shown to be a simple recessive trait (Shelton, 1 968) .  
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M utations in the chondroitin sulfate gene aggrecan produce the nanomelic chicken 

( Argraves et al. , 1 98 1 )  and the c arti l age matrix deficient mouse ( Krueger et al. , 1 999),  

which are diseases inherited in an autosomal recessive manner. Chondrodysplasia in the 

Alaskan Malamute is an autosomal recessive trait, and is characterized by 

disproportionate dwarfism (Minor and Famum, 1 988) .  In addition the ' snorter' dwarf in 

Hereford and Angus breed of cattle is a l so an autosomal recessive trait .  To imply that 

Texel chondrodysplasia is inheri ted in an autosomal recess ive would not be unreasonable 

being that other animal chondrodysplas ias are common ly inherited by a s ingle autosomal 

recess tve gene .  

Human forms of  chondrodysplasia are a lso conunonly inherited in an autosomal 

recessive manner. The fami ly ofchondrodysplasias caused by sulfate transporter 

mutations (Rossi and Superti-Furga, 200 1 )  are a l l  inhetited in th is fashion ,  and show 

many phenotypic s imi latit ies to Texel c hondrodysp lasia, and thus provided a major focus 

for th is  study. 
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3 - Biochemical analysis of collagens and proteoglycans 

3. 1 Introduction 

4 1  

In order to examine the genetic cause ofTexel chondrodysplasia, an insight was needed 

into the b iochemical differences underlying the abnormal characterist ics of the carti lage 

matrix in affected animals. 

Col lagen and the col lagen network are integral parts of the cart i lage ECM, providing the 

tensi le properties allowing it to withstand shear force and estab l i shing the mechanical 

properties of the matrix during joint loading and carti lage deformation . Histo logical 

examination of articular cart i lage in  affected an imals showed gross abnonnalit ies . As 

type !I co l lagen is the major constituent of articular cart i lage and because col l agen types 

IX and X I  are i mportant for the spatial organisation of type !I co l lagen , a fi rst s tep in the 

analysis was to detem1ine whether there was any s ignificant di fference in type I I ,  type IX, 

and type X I  co l lagen in the articular carti lage from unaffected and affected an imal s .  

Based on  phenotyp ic similarity, particularly a t  the  h istological level, between the 

observed chondrodysplasia in Texel sheep and the chondrodysplasias, ACG - I  B and 

M E D, in humans, it was postulated that a similar biochemical mechan ism may be 

associated with the Texe l disease .  The biochemical mechanism involved in the human 

disorder is re lated to the ch loride/sulfate antiporter ( DTDST) .  Mutations in the gene, 

encoding th is transport prote in,  have been shown to be responsib le for the ACG - I  B and 

MED phenotypes, by disrupting the su lfate activation pathway ( Figure 2 ). Su lfation 

requires active transport of inorganic sul fate into the ce l l ,  conversion into the "active" 

high energy fonn of PAPS, t ranslocation of P APS across the Go lgi membrane, and 

transfer ofsulfate from PAPS, via a multitude of sulfotransferases, to the recip ient 

biomolecules .  The su lfate activation pathway consi sts of two activities, A TP-su l furylase, 

which catalyzes synthesis of APS from ATP and S04 -2, and APS kinase, wh ich 

phosphorylates APS in the presence of another molecule of ATP to form PAPS . In 
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contrast ,  when these two sulfate-activating activ i ties were purified from rat 

chondrosarcoma they were found to exist as a b ifunctional enzyme, which uses a 

channeling mechanism to transfer the intennediate APS effic ient ly from the sulfurylase 

to the kinase act ive s i te ( Kurima et al. ,  1 998) .  U l t imately, mutations in the transporter 

gene resul t  in a depletion o f the PAPS donor molecule and therefore the abnormal i ty seen 

in the proteoglycan const i tuents of carti lage from ACG - 1  B and MED patients , is related 

to the level ofsu lfation o f the glycosaminoglycan s ide-chain s in the proteoglycan 

macromolecules. 

Thus a further step in analysis of the b iochemical cause of Texel chondrodysplas ia was to 

i nvestigate the level o f su l fation of the proteoglycan constituent of the cart i lage, in 

affected animals and compare this to the level of  sulfation in unaffected animals. 

3.2 Materials and m ethods 

3.2 . 1  Materials for collagen analysis 

Guanidine hydrochloride ,  Crysta l l ine -Ethyl maleimide ,  Co l lagen Type II (Bomstein 

and Traub nomenclature) from chicken sterna! cart i lage, and Toluidine Blue 0 were 

purchas ed from Sigma - Aldrich Chemical Company, MO,  USA. Coomassie B ri l l iant 

B lue R stain was purchased from GIBCOBRL,  fnvitrogen Corporation, lnvitrogen NZ 

Limited, Penrose, Auckland, New Zealand. The acrylamide:  bis-acrylamide (ratio 

29 . 1  :0 .9 )  ready-to-use solution ( Acrylogel 3 solution) was a product from B D H  

Laboratory Supp lies, Poole ,  England. Precision Plus Prote in™ Standards A l l  B lue and 

Bradford protein assay kit were obtained from B ioRad, Hercu les , CA, USA.  

3 .2.2 Guanidine hydroc hloride extraction 

1 00 mg (wet weight) of each carti l age sample ,  five from normal animals and four from 

affected animals ,  were finely minced us ing an U ltra-turrax T25 b lender (Janke and 

Kunkel , IKA-Labortechnik)  in 1 0  mL ( 1 00 �Limg ofwet t i ssue) of a guanidine 
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hydrochloride solution (4.0 M guanidine hydrochloride, 50 mM tris-chloride, and 1 m M  

each ofphenylmethane-sulfonylfluoride (PMSF),  N-ethylmaleimide, and E DTA). The 

samples were then left for 48 hours at 8°C with continuous st irring. 

The sample was then centri fuged at 3000 rpm ( 1 864 g) for 1 0  minutes and the 

supematant removed and p laced in dialys is  tub ing for purification ofproteoglycans. 

Four proteoglycan extracts from nonnal animals and four from affected animals were 

treated as fo llows. The supematants were then dialysed for 24 hours against 1 50 mM 

NaC I ,  50 mM tris-chloride pH 7 .4, 0 . 1 % triton X- 1 00, and I mM each of protease 

inhibitors phenylmethane-sul fonylfluori de (PMSF), N-ethylmaleimide, and EOT A at 4°C . 

The dialysis was repeated three t imes to maximize the purity of  the proteoglycans. 

The residue , containing col lagen , was washed with phosphate buffer sal ine (PBS)  (0 . 1 4  

M NaCI ,  0 .003 M KCI ,  0 .002 M K H2P04, 0 .0 1 M Na2HP04 p H  7 .4) and further extracted 

with the same vo lume of0 .5  M acetic ac id containing 1 mg peps in/mL .  

Pepsin extracts were lyophi l ized overnight using a freeze dryer ( Kenetics Thennal 

Systems) and reconstituted in 0 .8  mL of samp le buffer containing 2 .0 M urea, and 

exc luding OTT ( 1 5 % (w/v) glycero l ,  6 %  Sodium dodecyl sulfate (SOS) ,  0 . 1 25 % Tris­

HCI pH 6 .8 )  (Superti -Furga, 1 994). 

3.2.3 Protein quantification 

The protein concentration of col lagen and proteoglycan extracts was determined using 

the Bradford protein assay dye reagent concentrate (BioRad) accord ing to manufac turer's 

i nstruct ions . The concentrated reagent was di luted 1 :5 in water, and then 200 J.!L was 

added to bovine serum albumin (B SA) (0 .2  mg/J.!L) standards (diluted to a range of0-2 .5 

J.-tg in water) The col lagen samples assayed inc luded a 1 :2 d i lution in water, whi le serial 

di lutions of the proteoglycan samples were made to give di lut ions of 1 :2, 1 :5 ,  and 1 : 1 0  in 

water. A 5 J.!L  al iquot of each di lution weas loaded in tripl icate into a hard plastic 96-

wel l microtitre p late (Nunc), and left to develop colour at room temperature for a 

min imum of 1 0  minutes, at wh ich t ime absorbance was read at 595 nm.  A prote in 
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standard curve was constructed using the standard amounts of BSA and the amount of  

protein present in each samp le was estimated. 

3.2.4 Polyacrylamide gel electrophoresis 
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Col lagen extracts were di luted 1 0  x and disso lved and denatured by boi l ing for 3 minutes 

with 5 J..!L of2  x loading buffer (40 % w/v sucrose, 0 .25 % bromopheno l b lue) .  Al iquot 

vo lume was detennined by resul ts of the Bradford assay, and 7 J..!g of protein from each 

sample were then separated on 5 % acrylamide gels contain ing 0 .5  M urea under non­

reducing condit ions ( Steinmann et al. , 1 984).  A stock solution of 1 %  (w/v) Coomassie 

Bri l l iant B lue R in ethanol was di luted with 20 vo lumes of 1 2  % (w/v) trichloroacetic 

ac id (TCA), and gels were stained overnight .  Ge ls were then bathed in 1 2 % TCA unt i l  

c lear, and then photographed to  visual ize col lagens (Superti-Furga, 1 994) .  

Aliquots (containing 7 J..!g of protein as detennined by Bradford assay above) of 

proteoglycan extract were boiled for 3 minutes with 5 J..!L of2  x loading buffer (40 % w/v 

sucrose, 0 .25 % bromophenol b lue), and samp les were separated by SOS - PAGE on a 

discontinuous gel system with 2 .5 % stacking gel and a 3 % - 7 % step-separating gel 

under reduc ing conditions. Al l gels were prepared and e lectrophoresed in M in i ­

PROTEAN Jt I I  Ce l l  ( B ioRad) vertical ge l  units .  Visuali sation ofproteoglycans was 

achieved by staining in 7 .5 % acetic acid with 0 .2 % to luid ine b lue for 60 minutes .  Gels 

were then part ia l ly destained in 7 %  acetic ac id I 30 % methanol and p laced in  water to 

enhance metachromasia.  Proteoglycan gels were subsequently stained with 1 % (w/v) 

Coomassie Bri l l iant B lue R to stain for equal protein loading (Supert i-Furga, 1 994) .  

3.3 Results 

3.3 . 1  Protein qua ntification 

The overal l  protein concentration of the col lagen and pro teoglycan sample extracts was 

determined using the BSA standard curve (F igure 1 1  ) .  This information was used to 
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ensure that an equivalent amount of prote in was loaded and e lectrophoresed on the 

polyacrylamide gels for analysis .  

y = 0. 1 454x + 0 . 2658 
0. 700 -,--------------------------, 

E 0.600 
c: � 0. 500 

10 -; 0 . 400 
u � 0 . 300 
� 0. 200 
1/1 � 0. 1 00 

0. 000 +--------,---------,------.-----,--------,----i 
0 0. 5 1 . 5 2 2 .5  

Prote i n  (microgra ms) 

• BSA standard curve -- Linear (BSA standard curve) 

3 

Figu re l l :  Typical B S A  standard curve used for determination ofprotein concentration of col lagen and 
proteoglycan samp les. 

45 

From the quantification data the fo l lowing protein concentrations were observed for 

contro l (C ) and diseased (A) animals .  Average protein concentration was calcu lated from 

each o f the  trip l icate d i lutions, and then the concentrat ion of the undiluted sample for 

co l lagens (Table 6) and proteoglycans (Tab le 7 )  calculated . For data on col lagen and 

proteoglycan quantification see appendix F .  
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Sample Concentration 
(mg/mL) 

C l  0 .5 7 1  

C2 0 .637 

C3 0 .769 

C4 0 .656 

CS 0 . 756 

A I  0 .609 

A2 0.608 

A3 0.625 

A4 0 .552 

Table 6 :  Concentration o f  undiluted samp les from control ( C )  and affected ( A )  an imal col lagen extracts . 

Sample Concentration 
(mg/mL) 

C l  0 .4 1 5  

C2 0 .376 

C3 0.693 

C4 0 .449 

A I  0 .489 

A2 0 .5 1 8  

A3 0 .394 

A4 0.4 1 2  

Table 7 :  Concentration o f undi luted samp les from control ( C )  and affected ( A )  an imal p roteogl yc an 

extracts. 

3 .3.2 Collagen SDS - PAGE 
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Throughout sample col lection from affected individuals and to a lesser extent during 

minc ing, cart i lage appeared softer and was easier to sever than control hyal ine carti lage, 

and was also noticeably opaque .  
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This feature bears resemblance to cart i lage from patients with Achondrogenesis type I I  

(Supert i -Furga, 1 994), which i s  caused b y  a genetic defect i n  col lagen type I I  (Dert inger 

et al. , 2005) .  

SOS-PAGE analys is  ofpepsin-extracted col lagens from control and affected lamb 's 

carti lage revealed no differences in the mob i l ity of  col lagen I I ,  col lagen IX, or  col lagen 

XI (Figure 1 2 )  between contro l  (C) and affected (A) animal extracts. There also appears 

to be no difference in the composition of the  cart i lage with respect to the relative amounts 

of these tissue componen ts , shown by the fact that the samples (both contro l and affected)  

appear to  have equivalent amounts of each of the  three collagen spec ies noted, with an 

equal amount of protein loaded into the wel ls .  

A A A A c c c c c s 

C I X 

C X I  

1 1  

Figu re 1 2 :  A nalysis o f  co l lagen in control ( C )  and a ffected ( A )  animals. 5 %  SOS gel containing 0 .5 M 
urea. T he gel  was electrophoresed in I x electrode buffer until the dye front reached the bottom o f  the gel .  
Cart i lage guan idine extracts show equivalent Coomassic bri l l iant b lue sta in ing of control and a ffected 

animal col lagen extracts. S represents a col lagen type [[ standard. !t can be seen that there arc no 
difference b etween samp les from the two groups. C l l  = col lagen !!; C X I  = collagen X I ;  C I X = collagen 

IX 
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3.3.3 Proteoglycan SOS - PAGE 

The S DS-PAGE gel below ( Figure 1 3 )  represents proteoglycan samples taken from 

minced articular carti lage of unaffected (contro l )  and affected animals. In contro l  an imal 

samples (C),  and to a m uch l esser extent in affected animal samples (A),  to luidine b lue ­

posi t ive material of h igh molecu lar weight, most of wh ich barely  enters the gel (and 

probably corresponding to aggrecan), is seen. F igure 1 4  represents the proteoglycan gel 

stained with Coomassie B ri l l iant B lue R.  The gel shows s taining which i s  equal between 

contro l  and affected samples indicating that the amount of protein loaded in each wel l  

was the same . 

M(kDa) C 

250 
1 50 
1 00 

75 
50 

c c c A A A A 
':;f-- aggrecan 

+-- proteoglyc ans 

Figu re 1 3 :  Analysis o f  proteoglycans in  control ( C )  and affected ( A) animals .  Carti !age guan idine extracts 
separated by S D S-PAG E on a 3 % - 7 % step-separating ge l. The gel was electrophoresed in I x electrode 

buffer for 1 . 5 hours at 200Y The gel was stained with Toluidin e  b lue 0, a stain with h igh affinity for 
sui fated molecules, and shows d ifferen tial sui fate staining of control and a ffected animal p roteogl ycan 

extracts, indication a d i fference in the level ofsulfation of these p roteoglycans. M =  p rotein standard 
marker. 
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c c A A A A 

Figu re 1 4 :  Cartilage guan idin e extracts sep arated by S OS-PAGE on a 3 % - 7 %  step-separating gel .  The 
gel is the same as in  figure 1 3  stained w ith Coomassie Brill iant Blue R ,  showing equivalent loading o f  

control ( C )  a n d  affected ( A )  animal proteoglycan extracts. M =  protein standard m arker. 

3.4 Discussion 

In mammals,  col lagen accounts for about two-thirds of the dry weight of adul t  art icular 

carti lage. The t issue's  material strength depends on the extensive cross-linking of the 

col lagen and the apparent zonal  changes in fibri l lar arch itecture with t issue depth ( Eyre, 

200 l ) .  Identification of the molecular defect in patients with type !I col lagen disorders is 

therefore usual ly a chal lenge, not only because cartilage is re latively acel lu lar, but 

because of the relatively large size and complexity of the COL2A l gene and its main 

expression in carti lage (Mortier et al. , 2000), along with its high degree of  interact ion 

with other carti lage components . However, differences in col lagen const i tuents, namely 

co l lagen II, have been noted in the spondyloepiphyseal dysplasias (SED), and the 

spondyloepimetaphyseal dysplasias (SEMD)  (Murray et al. , 1 989)  as wel l  as Kniest 

dysplasia (Weis et al. , 1 998) in humans, by way of collagen analysis using SOS-PAGE .  

Resu lts revealed that in a l l  patients in  the study groups, the type I I  co llagen exhibited a 

s lower e lectrophoretic mobi l ity when compared with that from controls, indicating some 

structural alteration in type I I  co l lagen from these individuals. This e lectrophoretic 
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mobi l i ty dissimil arity was not observed in  Texe l chondrodysplasia between control and 

affected animal samp les, when subjected to SOS-PAGE. 
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Col lagen extracts from pat ients with e ither achondrogenesis  I I-hypochondrogenesis or 

severe spondyloepiphyseal dysplasia congenita (SEOC) when subjected to SOS-PAGE,  

similarly  showed slowly migrating a l  ( I I) chains when compared with the control 

extracts ( Mortier et al. ,  2 000) .  An analogous investigation was carried out by Eyre et al. 

( 1 99 1 )  who studied a dominantly inheri ted fonn of  osteoarthritis associated with a mi ld 

chondrodysp lasia, for wh ich l inkage studies showed that the condition was eo-inheri ted 

with an al lele for the type II co l lagen gene, and also produced resu lts that i l lustrated a 

sl ight retardat ion in the mobil i ty of  patien t 's  a 1 ( I I )  chain, when compared to that of  the 

contro l human a 1  ( I I )  chain. These characteristics were not seen when comparisons were 

made between control and affected col lagen extracts from the Texel chondrodysp lasia. 

In transgenic mice harbouring col lagen I I  pro-a-chains contain ing a Gly5 74Ser mutation , 

pepsin - extracted col lagen , from embryo cart i lage, was analyzed electrophoretical ly and 

showed predominantly type I I  co l lagen, as expected, in both wild-type and transgenic 

t issue. Equivalent amounts of wet t issue were used in extraction ; however less a1 ( I I )  

co l lagen was extracted from the rib cage of the transgenic embryos compared with that 

from wild-type littennates. The re lative amount of a I ( I I )  col lagen in the transgenic 

carti lage was quant ified from gel band intensi ties and shown to be reduced to 0 .30  of 

wi ld-type (Maddox et al. , 1 997). The same s tudy also noted that the rat io of the a 1  ( X I) 

and a2 ( X I) to the a3 ( I l )  and a 1 ( l l )  bands, wh ich eo-migrate, appeared to be consistent 

between l ittetmates , demonstrating that the composition of the fibri ls was nonnal , 

although the amount of  type X I  col lagen present in the transgenic tissue was less than in 

wild-type .  Overa l l ,  the major col lagen components present in  rib cage cart i lage, those 

being type II and type XI were present in reduced quantities in transgen ic mouse tissue. 

As an internal contro l type I co llagen, present in adjacent non-cartilaginous t issue, was at 

wi ld-type level s. I n  col lagen analysis from Texel chondrodysp lastic and control tissue, 

not such differences were seen in quanti ty or mobil ity of  extracts from unaffected and 

affected extracts, pro vi ding further support that col lagen defects are not the underlying 

cause ofTexel  chondrodysplasia. 
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The "spider syndrome" c l inical phenotype is  quite different from that observed in  the 

currently studied chondrodysp lasia. "Spider l ambs" have long, spindly legs and various 

other deformities associated with the vertebral co lu mn and face (Vanek et al. ,  1 986 ), 

whi le l ambs with the current chondrodysp lasia have disproportionate dwarfism and short 

l egs . Indeed, no other reports describing dwarfism in sheep resemble the Texel 

chondrodysp lasia in tenns of c lin ical signs, gross les ions, and h istopathology (Thompson 

et al. , 2005) .  Nakano et al. ( 1 994) reported that eroded proximal humeral art icular 

cart i lage from a lamb with "Sp ider syndrome" contained a lower concentration of  

col lagen when compared to adjacent v isual ly nonnal cart i lage, a characteri stic not 

observed in the current Texel chondrodysplasia .  SOS-PAGE analysis of  col lagen 

extracted in the nat ive state from spider-affected cortical bone revealed that i t  is 

comprised of type I co l lagen which is nonnal in i ts primary structure (Troyer et al. , 

1 988) .  It would be interesting to determine the biochemical structure of the type I 

co l lagen in bones from Texe l  chondrodysplastic individuals and observe whether it was 

d ifferent from that ofnonnal animals. This would involve pulverizing and 

demineral ization of bone samp les, and then limited pepsin degradation. The samples 

would then be subjected to interrupted e lectrophoresis on 5 % acrylamide gels  using the 

technique of Sykes et al. ( 1 976). 

These notab le differences, part icular in structure, apparent in the collagen species from a 

wide range of skeletal dysplasias in humans, mice, and sheep, were not seen in the 

currently studied Texel chondrodysplas ia, suggesting that the Texel chondrodysp lasia 

does not result from a mutation involving any of  the three main col lagen consti tuents of 

mature carti lage. 

Whi le type rx and type XI co l lagens are quanti tative ly minor components of hyal ine 

carti lage, they are essential for the nonnal structura l  i ntegrity of the tissue ( lch imura et 

al. , 2000) .  In a study examining the i l iac crest growth cart i lage from a patient with 

diastroph ic dysplasia, SOS-PAGE revealed a pronounced excess of the COL l domain of 

the molecule in pepsin extracts, suggesting an abnormality in structure or metabol ism of 

type rx col lagen (Diab et al. , 1 994) .  Whi le no analysis of individual domains was 
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carried out i n  the present s tudy, no difference is seen in the e lectrophoretic mobi l i ty of  

the overal l  type IX molecu le (F igure 1 2) .  

As discussed, carti lage from ACG- l B  patients has dist inguish in g  histological features 

including coarsened col lagen fibers and a concentric perice l lu lar arrangement of the 

matrix around chondrocytes .  This is  thought to be a result  of the loss of the regulatory 

effect of proteoglycans on col lagen fibri l logenesis (Corsi  et al. , 200 l ). Similar 

histological features are seen in Texel chondrodysplasia (F igure 9), therefore indicat ing 

that the same b iochemical mechan ism may be involved. 

52 

Superti-Furga ( 1 994) investigated the metabol ic activation o f su lfate in a patien t with 

ACG- l B . It was reported that when guanidine extracts of control cart i lage were 

separated by SOS-PAGE and the gels stained with to lu idine blue, a cationic dye which 

has affini ty for sulfated proteoglycans, metachromatic stain ing o f sulfated proteoglycans 

was seen by virtue oftheir polyanionic nature. However, this staining was not seen in 

samples taken from patients with ACG- 1 B .  The noticeab le difference in sui fate staining 

between control and ACG- 1 B pat ients could indicate that proteoglycans are either 

reduced in  quantity, or have some defect in sul fat ion. The quant ity ofpro teoglycans was 

shown to be unchanged in these patients, as it was reported that synthesis ofthe core 

protein, as wel l  as in itiation and elongation of the GAG s ide chains was normal .  

Rossi et al. ( 1 996) also reported l ack of  to luidine blue staining, consistent with the 

hypothesis that patient ' s  proteoglycans were not correctly su lfated and thus less 

negat ive ly charged, rather than reduced in quantity. Resu lts indicated that both the large 

chondroit in sulfate proteoglycans (CSPGs), such as aggrecan, and the small CSPGs 

synthesized by ACG- 1 B chondrocytes bear glycosaminoglycan chains which are of  

nonnal length but not correctly su lfated .  Texel chondrodysplasia has a resemblance to 

ACG- 1 B,  and recess ive M E D  ( DTDST chondrodysp lasias), i n  terms of staining 

behaviour ofproteoglycans after SOS-PAGE, providing support for the chondrodysplas ia  

be ing caused by a defect in the uptake or  activation of  su lfate i n  chondrocytes . The 

degree ofproteoglycan undersulfation in vivo, was evaluated in extracted chondro itin 

sulfate proteoglycans from carti lage of twelve patients with sulfate transporter 
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chondrodysplas ias .  H igh Perfonnance L iquid Chromatography (HPLC) analysis 

i ndicated that the amount of non-sulfated disaccharide was e levated in pat ients ' samples 

(Rossi et al. , 1 998) .  

Impaired sulfation of g lycosaminoglycan s ide chains cou Id in  theory be due to reduced 

avai lab i l i ty of the sulfate donor, PAPS, by a defective PAPS synthesis enzyme as seen in 

the Brachymorphic mouse (ul  Hague et al. ,  1 998) ,  or by reduced act ivi ty of the 

transferase activi ties transferring sui fate from PAPS to endogenous acceptors (a defect in 

sulfate metabol ism).  This theory was reso l ved for ACG- 1 B patients by Superti-Furga et 

al. ( 1 996), who showed, by sui fate uptake s tudies , that the disease was not caused by a 

defect in the metabolic act ivation of su !fate,  but was the result of impaired sui fate uptake, 

and therefore the DTDST was responsible for the sul fation defect . 

It is not known whether the Texel chondrodysp lasia is caused by a reduction in availab le 

sui fate as a resu lt o f  a defect in the enzymes responsible for the synthes i s  of PAPS or the 

sulfotransferases responsib le for the transfe r  ofsulfate to acceptor mo lecu les. However, 

the s imi lari t ies seen in the microscopic les ions in abnonnal articular cart i lage, the 

b iochemical behaviour ofproteoglycans b etween chi ldren with ACG- I B and lambs with 

Texel chondrodysplasia, and the absence o f  col lagen di fferences, indicate that i t  is l ike ly 

to be a defect in the sulfation of glycosaminoglycans, rather than a defect on col lagen 

fonnation . 

As mentioned in section 1 .6, the chondrodysp las ia in Texel sheep shows variab le 

expression ; it is there fore of interest to note that the recess ively inheri ted M E D  is 

characterized by a markedly variable phenotype, with short to nonnal stature, and 

va1i ab le epiphyseal dysp lasia, features that resemble those described for the present 

chondrodysplas ia, and provide further sup port for the d isease being the resu lt of a 

mutation in the DTDST (Maki tie et al. , 2003 ) .  

The dist inct variat ion in severity of phenotype, c l inical ly, and histo logica l ly within 

affected animals is unusual for a genetic d isease. This variation probably  reflects the 

presence of different b iochemical pathways, or modifying enzymes, capab le of modifying 
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gene expression, such as the abi l ity to uti l ise cytop lasmic thiols or sulphur containing 

amino acids, rather than the presence of more than one defective gene (Thompson et al. , 

2005 ) 

In cart i lage from ACG- 1 B pat ients the matrix is distinctly abnormal and is characterized 

by rarefaction o f  ground substance (matrix),  as is seen with the Texel chondrodysp lasia. 

In a study characteriz ing chondrodystrophy in calves assoc iated with manganese 

deficiency (Valero et al. , 1 990), it was seen that affected calves had many characteristics 

simi lar to those seen in Texel chondrodysp lasia, inc luding the presence of large amounts 

of  rarefied carti lage, and joint laxity resulting in varus forel imb defonnities.  

The observed chondrodysp lasia also shows phenotyp ic s imi larities to those caused by 

manganese deficiency with respect to shortening and twisting of the l imbs, reduced 

endochondral bone formation, resulting in dwarfism, and in particular s imi lari t ies 

associated with the col lapsed trachea and the general disorganization of cel ls  in the 

growth plate carti !age ( L iu et al. , 1 994 ). The major role of manganese in carti lage 

metabolism is its invo lvement as a co-factor in the b iosynthesis ofglycosaminoglycan 

chains, which const itute a large part of proteoglycans, through activation of 

glycosyltransferases and sul fotransferases (Gundlach and Conrad, 1 985 ,  Leach, 1 97 1  ). It 

is therefore not unreasonab le, if indeed the disease is associated with manganese, to 

suggest that the observed chondrodysplas ia may be the result of a mutation that renders 

an enzyme involved in GAG s ynthesis such as a glycosyltransferase, or invo lved in GAG 

sulfation such as a sulfotransferase, incapab le or impaired in the util ization of manganese. 

Thus a phenotypic overlap between manganese defic iency and the Texe l 

chondrodysplasia may have been created by way of an enzyme mutation, which could be 

associated with inab i li ty to ut i l ize manganese but results in a disease that is characteristic 

of a sui fate metabolism defect, rather than a direct deficiency issue. Dietary manganese 

deficiency can be ruled out as the ewe flock had been grazed on improved pasture 

throughout pregnancy, with only a small  percentage of animals on the property affected 

(Thompson et al. , 2005) .  
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D ifferences observed in  the su lfate staining behaviour between unaffected and affected 

an imal proteoglycan extracts ,  along with the absence of any s ign i ficant col lagen spec ies 

anomalies in affected animal extracts when compared to unaffected animal pepsin 

extracts , i ndicates that the chondrodysplas ia  i s  l ikely assoc iated with proteoglycan 

sulfat ion and not a collagen defect .  This is supported by histological and biochemical 

s imi larities between Texel and human and mouse chondrodysplasias resulting from 

sulfation defects. 
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4 - DNA analysis 

4. 1 Introduction 

The ch loride/su lfate anti porter DTDST p l ays an important role  in proteoglycan synthesis 

in the extracel lular matrix ofbone and carti lage . As suggested in sect ion 1 . 3 .4 the 

DTDST gene encoding the chloride/sul fate antiporter of the cel l  membrane is involved in 

a number ofchondrodysplastic d isorders in humans with the degree severity detennined 

by the position and type of mutation in the gene. I t  is hypothesized that the DTDST gene 

might be a candidate for Texel chondrodysp lasia. 

A reduction was observed in the level of sui fation of carti lage proteoglycans from 

an imals affected by the chondrodysplas ia .  In add ition phenotypic simi lari ties exist 

between several  of the human diseases, achondrogenesis type I B and multiple ep iphyseal 

dysps lasia, caused by mutations in the DT DST gene and the observed Texe l 

chondrodysplasia. Therefore the exon ic DNA sequence of the sheep DTDST gene, in 

diseased animals, was investigated for the presence of  any mutations that may be 

causative in the d isease . A compari son of the gene (exonic) sequence from unaffected 

an imals was then made . This invo lved PCR (polymerase chain reaction ) amp lification o f  

the exonic sequences of  the gene i n  several separate reac tions, and subsequent DNA 

sequence analysis .  

4.2 Materials and methods 

4.2 . 1  M aterials for DNA extraction and a nalysis 

Wizard™ Genomic D A puri fication kit was a product of Promega. Pheno l used for 

DNA extraction was obtained from USB Corporation , C leveland, OH,  USA. Custom 

PCR and Sequenc ing primers were ordered from Invitrogen l ife technologi es Corporation, 

Auckland or Sigma Genosys, NSW, Austra l ia .  Agarose was purchased from Invitrogen 



Cha ter 4 5 7  

l ife technologies Corporation, Auckland. Taq DNA Polymerase and Proteinase K were 

purchased from Roche Diagnostics, Mt Wel lington,  Auckland. The restriction enzyme 

used in this project (Kpn I)  were obtained from Invitrogen l ife technologies Corporation, 

Auckland or Amersham B iosc iences, Auckland . 

4.2.2 DNA extractio n 

DNA extraction was required to obtain samples for parentage analysis to detenni ne 

patern ity and therefore enab le a ram, which is known to produce affected progeny, to be  

mated to  diseased and carrier ewes in the first part of the  breeding tria l .  The samples 

avai lable at the time from affected lambs were muscle tissue , and these therefore were 

used to obtain the in itial D A samp le used to detennine parentage. B lood samples, taken 

throughout the proj ect ,  were used for genetic analysi s of the disease . 

4.2.3 Sample preparation 

Muscle t issue samples were taken from two lambs, designated 33047 A and 330478, 

respectively. Lamb 33047 A had d ied at two days of  age, while l amb 3 3047 8  died at 

three weeks ofage with severe h isto logical lesions .  Muscle was frozen in l iquid ni trogen 

and then pulverized using a rock crusher that had been cooled to - 1 96°C . 1 0  m L  ofTE9 

buffer (500 mM Tris, 20 mM EDTA, 1 0  mM NaCI pH 9 .0)  contain ing I m L  of 1 0% SOS 

( BDH L aboratories) and 1 25 �LL of  40 Jlg/flL proteinase K (Roche Diagnostics) was then 

added to the musc le samp les to aid in protease degradat ion. After incubat ion for 48 hours 

at 50°C, the solution was forced through an eigh teen gauge needle three t imes , us ing 

finger pressure, to shear the tissue fragments. 

4.2.4 Phenol ch loroform extraction 

D A was extracted by adding an equal vo lume of tris-equi libriated phenol and 

chloro form fo l lowed by vigorous vortexing for 3 minutes . The sample was then 

centrifuged at 3 ,000 rpm (RTH-750 rotor) ( 1 864 g) for 1 0  minutes and the supematant  

removed. This  was repeated three t imes. Extraction of final aqueous phase was 
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performed using an equal vo lume o f  chloroform, and v igorous vortexing for 3 minutes . 

The samp le was then centrifuged for 1 0  minutes at 3 ,000 rpm and the upper phase 

transferred to a steri le 1 5  mL NUNC tube for ethanol p recipita tion . DNA was 

prec ipitated from samp les by adding 1 13 sample volume of 1 0  M ammonium acetate, 

fol lowed by 2 .5 volumes of cold 95% ethano l .  Samples were then incubated at -70°C for 

at least two hours ,  fo l lowed by centrifugation at 1 3 ,000 rpm (a-4-3 8 rotor) for 1 hour at 

4°C . The DNA pellet was then washed in 70% ethano l  and centrifuged again at 1 3 ,000 

rpm for 5 minutes at 4°C . A fter drying and re-suspension of the DNA pel let in 250 �tL of  

renaturation solution ( 1 0  mM Tris-HCI,  1 mM E DTA pH 8 .0 )  (wizard genomic DNA 

kit) , 3 .5 �L samples were analysed on I %  agarose gel ,  and sample concentration was 

determined by spec trophotometry using absorbance at 260 nm and 280 nm.  

4.2.5 DNA extraction from blood 

B lood samples of 1 0  mL volume taken from contro l ,  carTier, and affected animals were 

stored with 1 4  mg/mL EDTA and frozen at -70°C until required for DNA analysis .  

DNA was extracted using the WizardT. I Genomic DNA Puri fication Kit (Promega). 

Detennination of successfu l  extraction and quantification of samp les was detennined by 

subjecting 5 �L of the  DNA to agarose ge l  electrophores is . 

4.2.6 Oligonucleotides 

Oligonucleotide primers were des igned to both PCR ampl ifY and sequence the exonic 

region of the su lfate/ch loride ant iporter (see appendix H for primer sequences), based on 

the Ovis aries c DNA (NCB I  accession # Y l 855 8), using the primer des ign computer 

software, Ampl ifY 1 .0 (http ://engels .genetics.wisc .edu/ampl ity/index.html) . 

Ol igonuc leotides were synthes ized by S igma Genosys, NSW, Austral ia, and provided as 

a dry stock. Each was reconstituted in TE buffer ( 1 0  mM Tris-HCI p H  8 .0, 0 . 1 mM 

EDT A) to  a concentration of 1 0  �g! �L and stored a t  -20°C . 01igonuc leotides were serial 

di luted in TE to a concentration of 50 ng/ �L for PCR reac tions .  
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4.2.7 Exon two polymerase chain reaction and sequencing primers 

59 

A forward polymerase chain reaction primer was designed to the sequence in the 5 ' region 

of exon 5 (exon2-for) and a reverse primer (exon2-rev) designed to the region wh ich 

corresponded to the 3 '  end of ex on two. The positioning of these primers can be seen in 

F igure 1 5 . Refer to appendix G for primer sequences .  The p1i mers used to sequence 

exon two were the same as those used in the PCR react ion (exon2-for/exon2-rev) . 

exon2-for-+ 
5 ' --

------
�r-------------------E-

xo
_

n
_2--(6_0_0-

bp-)------------------�� -------3 ' 

+-cxon2-rcv 

F igu re 1 5 :  Position of PCR and seq uencing primers on exon 2 . U s ing these PCR primers the rragment is 
expected to be 600 base pairs in length. 

4.2.8 Exon th ree polymerase chain reaction and sequencing primers 

A forward polymerase chain reaction primer was designed to the sequence in the S ' region 

of exon 3 (exon3 -for) and a reverse primer (exon3-rev) designed to the region wh ich 

corresponded to the 3 '  end o fexon 3 .  The primer sequences can be seen in appendix G .  

In  order t o  obtain the ful l  sequence for exon three several sequenc ing reactions were 

requ ired using different primers. This involved the use of the PCR primers as wel l  newly 

designed sequencing primers . Individual react ions were set up with e i ther a primer that 

was designed to anneal to the 5 '  end of the fragment (exon3-for/exon3 -for l ), to a region 

in the centre of the fragment (exon3-for2/exon3-rev2 ), or to the 3 '  end of the fragment 

( exon3-rev/exon3 -rev l )  (see appendix G for primer sequences).  The posi tion ing of the 

primers can be seen in F igure 1 6 .  
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exon3 -for I ___.. 
exonJ-for --+ 

60 

exon3 -for2 --+ 

--4� ______________________ E_x_o_n_3_(_1 4_8_3_bP_) ____________________ �� 
+- exon3-rev2 

+- ' exon.> -rev 
+- exon3-rev I 

figu re 1 6 :  Positioning of P C R  ( --+ ) and sequen ci ng ( ___,. ) primers on ex on 3 .  The P C R  primers were 
also used for seq uencing. U si n g  these PCR p rimers th e fragment id expected to be 1 4 83 base pairs in 
length . 

The fragment, for each o f  the contro l ,  carrier, and diseased animal samples, was therefore 

sequenced in both directions (on both strands) in a number of  separate reactions. 

4.2.9 Genera l  PC R reactions 

Each PCR reaction contained 5 f-lL (50 ng/f-lL) of each primer, 5 �tL (3 mM)  d !  TPs (a 

mixture of dATP, dTTP, dCTP, and dGTP), 5 f-lL 1 0  x PCR buffer ( l OO mM Tris-HCI ,  

500 mM KC! pH 8 .3 ,  Roche), 0 .5  �LL Taq polymerase (5 U/f-lL , Roche), 2 �LL of DNA 

template (appro ximately 2ng/f-lL) and dH20 to make a total reac tion volume of  50 f-lL 

Taq po lymerase was added last and the reaction mixed thorough ly fol lowed by addition 

of a drop (approximately 25 f-lL) ofmineral o i l .  All PCR was carried out in 0 .5 mL tubes 

on a Corbett FT S - 3 20 them1al sequencer (Corbett Research) programmed as shown 

below. 

Thermocycling conditions for PCR 

95°C for 5 minutes.  

Denaturing 95°C for 30 seconds 

Annealing 

E xtension 

55°C for 30 seconds 

72°C for 30 seconds 

72°C for 4 minutes 

3 0  cycles 
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A negative contro l  (no DNA temp late) was also included with each PCR reac tion to 

ensure no contaminat ion ofsamples . A 5 j..tL aliquot of  each reaction was analyzed for 

correc t  ampl ification by agarose gel electrophoresis, and restriction enzyme digest . 

4.2 . 1 0  Column pu rification of DNA 

6 1  

DNA was purified from PCR using the Q IAquick PCR purification kit (Qiagen). T his 

involves DNA binding to a s i l ica co lumn in the presence of h igh salt, and at a pH o f less 

then 7 .5 .  The samples were mixed with the buffer as supplied to provide optimum 

conditions for b inding, and appl ied to the column . During centrifugat ion at 1 3 ,000 rpm 

DNA binds to the s i l ica, whilst contaminants pass through. The column was then washed 

with ethano l contain ing buffer, and DNA eluted in a low salt buffer. 

4.2. 1 1  DNA Quantification 

The concentration of DNA samples was estimated by gel  e lectrophoresis .  5 �tL o f the 

query DNA with 1 0 % loading dye was loaded on a 1 % agarose gel ( i ncorporat ing 2 �-tL 

of  1 0  mg/mL ethidium bromide), along with 5 �-tL of  each quantification standard ( 5  ng/ 5 

j..tL ,  1 0  ng/ 5 �-tL ,  20 ng/ 5 �tL ,  50 ng/ 5 �-tL,  1 00 ng/ 5 �tL) ,  and electrophoresed for 1 hour 

in  1 x T AE at 1 OOV. DNA was visual ized by exposure to UV l ight and the intensity of 

fluorescence emitted from the query DNA was compared to that of the known standards, 

thereby indicating the concentration of the query DNA. The standards were generated 

from l inearized plasmid DNA (pB luescript SK-I I ) .  

4.2 . 1 2  Restriction endonuclease digests 

Restrict ion d igests were carried out in 1 x d igestion buffer (as recommended by 

manufacturer of individual enzymes) in  a 30 �-tL total volume. For complete digestion, 1 

un it of enzyme was used per 5 j..tg of DNA, and samples incubated at the optimal 

temperature as recommended by manufacturer for I hour. 
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4.2. 1 3  Agarose gel electrophoresis 

Agarose gel e lectrophoresis was carried out using M in i  SubTM DNA Cel l  (B ioRad) gel 

boxes, in 1 x T AE (0.04 M Tris-Acetate , 1 mM E DTA pH 8 .0). Agarose was disso lved 

in I x TAE, and 2 11L ofethidium bromide so lution ( 1 0  mg/mL) per 50 11L of gel was 

added once the gel had coo led. Agarose was then poured into a gel tray with combs in 

p lace and left to set . DNA loading dye (40 % (w/v) sucrose, 0 .25 % (w/v) bromophenol 

blue) was added to samp les which were appl ied to the wel ls of gel submerged in I x T AE . 

Current ( 1 20V) was appl ied to the gel ,  with the DNA migrat ing toward the pos i t ive 

tenninal . Once the bromopheno l b lue dye front reached the bottom of the gel,  the current 

was switched off, and D A visualized under UV l ight .  

4.2 . 1 4  D N A  sequencing 

DNA to be sequenced was pre-mixed at a concentrat ion of I ng of DNA per l OO base 

pairs, with 3 .2 pmo l of primer in a 1 5  11L tota l reaction volume. Pre-mixed DNA and 

primer samp les were submitted to the Al lan Wi lson Centre Genome Service, where the 

D A was sequenced using the B igDye& Tenninator v3 . I  Kit (Applied Biosystems) and 

samples were analysed using the ABI3 730 Genetic Analyzer ( Appl ied B iosystems). The 

resu lting sequence data was edited manual ly and used in al ignments. 

4.2 . 1 5  Sequence analysis 

Sequences were analyzed and cont iguous sequences created by sequence analysis  

so ftware provided by either GCG (Wi sconsin Genetics Computer Group, Version 9 . 1 ,  

USA) or B i ology Workbench (San Diego Supercomputer Centre, Univers ity of  Cal i fornia, 

USA). Various functions were used in GCG to carry out certain processes, inc luding: 

sequence uploading (pico, Gelenter), fragment assembly (Gelstart), generat ing 

contiguous sequences (Gelmerge) ,  sequence al ignment and graphic output (Gelassemble). 

F i rstly, a d irectory was created within the program using the command l ine 'Gelstart ' .  

This command init ial izes t he  fragment assembly system and enables the GCG network to 

recognize and bui ld individual projects .  Each sequence was entered individual ly  into the 

directory using 'p ico '  and 'Gelenter' commands to al low sto rage within the c reated 
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directory. Each set of  sequences was then assembled into consensus sequences using 

'Gelmerge ' .  'Gelmerge ' automatically recognizes overlapping sequences b etween 

individual fragments and creates a l igned assembl ies. F inally, 'Gelassemble '  al lowed 

viewing o f the consensus sequences created . The web- based tool ,  SDSC B io logy 

Workbench (Subramaniam, 2005)  which a l lows searching of many protein and nuc leic 

acid sequence databases was also used. This website al lows database searching integrated 

with access to a wide variety of analysis and modeling tools .  The functions used included 

analyzing a nucleotide sequence for restriction enzyme sites (TACG), and al igning 

sequences using optimal global sequence al ignment (ALIGN) .  Al ignments were created 

using the gap and best-fit algorithms. 

4.3 PC R 

4.3 . 1  Genomic DNA extraction 

Genomic D A extracted from contro l  (N), carrier (C), and affected (A) blood samples 

can be seen in Figure 1 7 . These samples were di luted in dH20 before being used as a 

template for PCR.  
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Figu re 1 7 :  I %  agarose gel electrophoresed in I x T A E  buffer unti l  the bromophenol b lue dye front reached 
the end of the gel. 5 J-l L of each D N A  extract were loaded in  the wel ls .  The bands ( arrow) show extracted 
genomic DNA. L = I kb p lus ladder; N = normal animal D N A  samp le; C = carrier an imal D N A  sample;  A 
= affected animal D N A  samp le. 

4.3.2 Exon 2 

The melting temperatures of the forward and reverse primers are 64° C and 60° C 

respectively. The fol lowing thennocyc l ing condit ions were set for the reaction. 

The rmocycling conditions for PCR 

95°C for 5 minutes. 

Denaturing 

Anneal ing 

Extension 

95°C for 30 seconds 

5 8°C for 30 seconds 

72°C for 30 seconds 

72°C for 4 minutes 

30 cycles 
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PCR products were successfully produced from each of  the normal, carrier, and affected 

an imal DNA sampl es, as shown below. The bands represent a s ix hundred base pair 

fragment (Figure 1 8) .  

650 
500 
400 
300 

Figu re 1 8 :  I %  agarose gel show ing th e PCR products produced form amp l i fication of exon 2. 5 �lL o f  
each product was loaded and t h e  g e l  el ectrophoresed in I x T A E  unt i l  t h e  d ye fron t reached t h e  end of the 
gel. L = I kb p lus Ladder; N o = per b lank; N = normal animal D N A ;  C = carrier animal DNA;  A =  affected 
animal D N A. The bands produced represent a fragment o f 600bp in size ( arrow) .  

4.3 .3 Exo n  3 

The melting temperature of the forward and reverse primers designed for Exon 3 is 56° C .  

Therefore the PCR conditions were al tered accordingly and the fol lowing thennocyc le 

was used. 

Thermocycling conditions for PCR 

95°C for 5 minutes . 

Denaturing 

Anneal ing 

E xtension 

95°C for 30 seconds 

54°C for 30 seconds 

72°C for 30 seconds 

72°C for 4 minutes 

30 cycles 
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Products that represent fragments of o ne thousand four h undred and e ighty three base 

pairs are present for each o f  the DNA samples (Figure 1 9) .  
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Figu re 1 9 :  I %  agarose gel electrophoresed in I x TAE until dye rront near end of gel,  showing bands 
representing PCR products from exon 3. L = I kb p l us D N A  Ladder: N o = per b lank ; N = normal an imal  
D N A ; C = c arrier an i mal DNA; A =  affected animal  DNA. The bands represent a p roduct of 1 483bp in 
s ize ( arrow). 

4.3 .4 Diagnostic digest 

66 

The spec ificity of restrict ion enzymes for their cut s i tes allows for their  use in diagnostic 

digests of PCR products, and therefore detem1ination that the product is the desired 

ampl ified fragment ,  based on the presence of fragments of a known size after digest ion . 
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Figu re 20: I% agarose gel  showing diagnostic digest o f  ex o n  2 PCR fragment. 5 J.! L  of each p roduct was 

loaded and the gel electrophoresed in I x T AE unti l  the d ye front reached the end of the gel .  lt can be seen 

that after digestion ( lane D) two fragments appear of s izes 205  and 3 95bp. respectively. indicat ing 
successfu l  d igestion o f the band, and conftnnation o f the correct fragment. L = l kb p lus DNA ladder; C = 
negative contro l ;  D = digested D N A .  

Figure 20 shows the digestion of a 600 base pair - exon 2 fragment into fragments of205 

and 395 base pairs, respectively, using Kpn I. This provides confinnation that this 

amp l ified DNA region is the one expected. Rather than subjecting exon 3 fragments to 

digestion, direct sequencing was carried out to detennine that the ampl ified region was 

indeed exon 3 of the  DTDST. 

4.3.5 DNA quantificatio n 

DNA quant ification was detennined, and the info rmation used to ensure that the correct 

concentration o f PC R  product was included in  each of the sequencing reactions. 

Quant ification agarose gels can be seen in F igure 2 1  for ex on 2 and Figure 22 for exon 3 .  

Resul ts indicated that the concentration of the PCR products for exon 2 normal ,  canier, 

and affected animals were approximately 20 ng/5 J..l.L ,  l 0 ng/5 J..l.L, and 5 n g/5 J..l.L, 

respectively.  The quantifi cation gel for exon 3 indicates that the approximate 
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concentrations of pcr products for exon 3 are 1 0  ng/5 J.!L for eac h  of the normal,  carrier, 

and affected animals .  These gels are representative , and a number ofpcr reactions were 

carried out, and quantified, in order to get enough p roducts for a l l  sequencing reactions .  
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Figu re 2 1 :  I % agarose gel representing q uanti fication of the PCR products of cxon 2 .  5 J..IL  of each 

product was loaded and the gel electrophoresed in I x TA E until the d ye front reached the end of the gel . N 
= PCR product from control animal; C = PCR product from carrier an imal ;  A =  PCR product from affected 

animal . I 0, 20, 50, I 00 represent D N A  concentration standards o f  I 0 ng/5 J..I L, 20 ng/5 J..I L, 50 ng/5 �t L,  and 

I 00 ng/5 J.l L respectively. I t  can be seen that PCR p roduct from the con trol ( N )  animal has a concentration 
o f  approximately 20 ng/5 11 L whi l e the c arrier ( C )  and a ffected ( A )  samp les have a concentration of 

approximately I 0 ng/5 J..IL, and s l ightly less than this, respect ively 
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Figu re 22 :  I %  agarose gel representing quanti fication o f the PCR products of exon 3 .  5 11 l of each 

p roduct w as  loaded and the gel electrophoresed in I x T AE unti I the dye front reached the end of the gel . N 

= PCR product from control animal: C = PCR product from carrier animal ; A =  PCR product from a ffected 
animal . l 0, 20, 50, I 00 represent ON A concentration standards of I 0 ng/5 11l, 20 n g/5 11L. 50 ng/5 �t l. and 
I 00 ng/5 11l, respectively. I t  can be seen that PCR products from the control ( N ), carrier ( C )  and affected 
( A )  animal samp les have a concentration of approximately I O ng/5 1-l l. 

4.4 Sequence analysis 

4 .4.1  Exon 2 

Forward and reverse sequences were obtained for each of the affected, carrier, and 

control (normal )  PCR products by direct sequenc ing of exon 2 ,  on both strands (refer to 

appendix H for sequence output) .  The two sequence products for each an imal group 

were then combined to create a consensus sequence, wh ich were then al igned for a 

comparison o f  the coding sequence .  The sequence shown below represents 96.8 %, 97 .3 

%, and 98.5 % o f the contro l ,  carrier, and affected PCR product, respectively. 

F rom Figure 23 i t  can be seen that there are no base pair polymorph isms in the sequences 

across the length of the aligned region . 
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Name : E x2 A f f e c t e d  

Name : Ex2 Ca r r i e r  

Name : E x2 No rm a l 

Exon 2 A f f e c t ed consensus 

Exon 2 Ca r r i e r  c on s e n s u s  

E xon 2 Cont r o l  c o n s e nsus 

Len : 

Len : 

Len : 

5 9 1  

5 8 4  

5 8 1  

Ex2A f f e c t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

Ex2Af f ec t e d  

Ex2 Ca r r i e r  

Ex 2Norma l 

Ex2 A f f ec t e d  

Ex2 Ca rr i e r  

Ex2Norma l 

Ex2A f f ec t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

Ex2Af f ec t e d  

Ex2Ca r r i e  r 

Ex2Norma l 

Ex2 A f f ec t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

Ex2A f f ec t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

Ex2A f f ec t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

Ex2Af f e c t e d  

Ex2 Ca rr i e r  

Ex2Norma l 

Ex2 A f f e c t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

E x 2 A f  f ec t e d  

Ex2 Ca rr i e r  

Ex2No rma l 

Ex2Af f e c t e d  

Ex2 Ca r r i e r  

Ex2Norma l 

1 5 0  

CATCTG GGAT CCATGTGGAG CATGAAGAGG AATCACGTAA TGACTTCTGG 

CATCTGGGAT CCATGTGGAG CATGAAGAGG AATCACGTAA TGACTTCTGG 

- - - - TG GGAT CCATGTGGAG CATGAAGAGG AATCACGTAA TGACTTCTGG 

5 1  1 0 0  

CAGTTTGAGT CCAGTAATCT TTTTAGACAC CCTAGGATCC ATTTGGAGCC 

CAGTTTGAGT CCAGTAATCT TTTTAGACAC CCTAGGATCC ATTTGGAGCC 

CAGTTTGAGT CCAGTAATCT TTTTAGACAC CCTAGGATCC ATTTG GAGCC 

1 0 1  1 5 0  

TCAAGAGAAA TCAGATAATA ACCTCAAGAA GTTTGTTATC AAAAAACTAG 

TCAAGAGAAA TCAGATAATA A CTCAAGAA GTTTGTTATC AAAAAACTAG 

TCAAGAGAAA TCAGATAATA ACCTCAAGAA GTTTGTTATC AAAAAACTAG 

1 5 1 2 0 0  

AGAAGAGTTG CCAGTGTAGT TCAACCAAAG CCAAAAATAC CATTTTTGGT 

AGAAGAGTTG CCAGTGTAGT TCAAC CAAAG CCAAAAATAC CATTTTTGGT 

AGAAGAGTTG CCAGTGTAGT TCAACCAAAG CCAAAAATAC CATTTTTGGT 

2 0 1  2 5 0  

TTCCTTCCTG TTTTGCAGTG GCTCC CAAAA TATGATCTGA AGAAAAACAT 

TTCCTTCCTG TTTTGCAGTG GCTCC CAAAA TATGATCTGA AGAAAAACAT 

TTCCTTCCTG TTTTGCAGTG GCTCCCAAAA TATGATCTGA AGAAAAACAT 

2 5 1  3 0 0  

TTTAGGAGAT ATGATGTCTG GCTTGATTGT GGGCATCTTA TTGGTGCCCC 

TTTAGGAGAT ATGATGTCTG GCTTGATTGT GGGCATCTTA TTGGTGCCCC 

TTTAGGAGAT ATGATGTCTG GCTTGATTGT GGGCATCTTA TTGGTGCCCC 

3 0 1  3 5 0  

AATCCATTGC TTATTCTCTC TTGGCTGGCC AAGAACCTAT CTATG GTCTG 

AATCCATTGC TTATTCTCTC TTGGCTGGCC AAGAACCTAT CTATGGTCTG 

AATCCATTGC TTATTCTCTC TTGGCTGGCC AAGAACCTAT CTATGGTCTG 

3 5 1  4 0 0  

TACACATCTT TTTTTGCCAG CCTCATTTAT TTCATTTTGG GTACCTCCCG 

TACACATCTT TTTTTGCCAG CCTCATTTAT TTCATTTTGG GTACCTCCCG 

TACACATCTT TTTTTGCCAG CCTCATTTAT TTCATTTTGG GTACCTCCCG 

4 0 1  4 5 0  

TCACATCTCT GTGGGCATTT TTGGAATACT GTGCCTTATG ATTGGTGAAG 

TCACATCTCT GTGGGCATTT TTGGAATACT GTGCCTTATG ATTGGTGAAG 

TCACATCTCT GTGGGCATTT TTGGAATACT GTGCCTTATG ATTGGTGAAG 

4 5 1  5 0 0  

TAGTTGACCG AGAACTATAC ATAGCTGGCT ATGACACTGT CCATGCCGCT 

TAGTTGACCG AGAACTATAC ATAGCTGGCT ATGACACTGT CCATG CCGCT 

TAGTTGACCG AGAACTATAC ATAGCTGGCT ATGACACTGT CCATG CCGCT 

5 0 1  5 5 0  

TCAAATGAGA GCTCATTAGT AAACCAGATG TCAAACCAGA CATGTGACAG 

TCAAATGAGA GCTCATTAGT AAACCAGATG TCAAACCAGA CATGTGACAG 

TCAAATGAGA GCTCATTAGT AAACCAGATG TCAAACCAGA CATGTGACAG 

5 5 1  5 9 1  

AAGTTGCTAT G CAATTACAG TTGGCAGCAC TGTAACCTTT G 

AAGTTGCTAT G CAATTACAG TTGGCAGCAC TGTA - - - - - - -

AAGTTG CTAT GCAATTACAG TTGGCAGCAC TGTAA - - - - - -

70 

Figu re 23 : A l ignment of the sequenced regions o f exon 2 from normal ( Ex2Normal), carrier (Ex2Carrier), 

and affected ( E x2Affected) an imals. There are no b ase p air p olymorphisms present in any of the 
sequences. 
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4.4.2 Exon 3 

Several sequencing produc ts were obtained from the PCR products of ex on 3 .  As with 

exon 2 ,  the exon 3 fragment was sequenced directly in  the forward and reverse d irection 

(both strands), which inc luded two, three,  or four react ions in the forward d irection and 

two, three, or four  reactions in  the reverse direction, respective ly. Thus, the number o f  

sequence products obtained for each of the nonnal (contro l ), carrier, and affected PCR 

samples differed depending on the qual ity of  the sequence obtained from the respective 

primers .  These produc ts were combined to create a consensus sequence for each animal 

(nonnal, carrier, and affected), and the three consensus sequences al igned. The entire 

length of the PCR product for exon 3 was not sequenced in any of the fragments .  The 

reason for this is because certain regions of sequence, particularly around the primer 

region, were not good enough to use for mutation analys is .  From the al ignment in Figure 

24 corresponding to 98 .8  %, 87 .8  %, and 97 .8 % of the sequence of the  PCR product for 

exon 3 for contro l ,  canier, and affected, respectively, it can be seen that there are no 

nuc leotide differences between the exonic DNA. 

E x 3 Norma l 

Ex3 Ca r r i e r  

Ex 3 A f f ec t e d  

Ex3 orma l 

Ex3 Ca rr i e r  

Ex3 A f f e c t e d  

Ex3 Norma l 

ExJ Ca rr i e r  

Ex3A f f ec t e d  

Ex3 Norma l 

Ex3 Ca rr i e r  

Ex3 A f f ec t e d  

E x 3 Norma l 

Ex3 Ca r r i e r  

E x 3A f f ec t e d  

Ex3 Norma l 

Ex3 Ca rr i e r  

Ex 3 A f f e c t e d  

Name : Ex 3 A f f e c e d  

Name : Ex 3 C a r r i e r 

Name : Ex 3 Norma l 

Exon 3 A f f ec t e d  c o n s e n s u s  Len : 1 4 5 1  

1 3 0 2  

1 4 6 5  

TTCTCAGTCT 

- - - - - - - - - -

- - - - CAGTCT 

5 1  

CTCCTTCACT 

- - - - - - - - - -
CTCCTTCACT 

1 0 1  

Exon 3 Ca r r i e r  con s e n s u s  

Exon 3 Con t ro l  con s e n su s  

ACCTCTCCGA TGCCTTGCTG GGTGGGTTTG 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

ACCTCTCCGA TGCCTTGCTG GGTGGGTTTG 

ATTCTTACAT CTCAAGTCAA GTACCT CTT 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
ATTCTTACAT CTCAAGTCAA GTACCTCCTT 

Len : 

Len : 

5 0  

TCACTGGTGC 

- - - - - - - - - -
TCACTGGTGC 

1 0 0  

GGACTCAGCC 

- - - - - - - - - -

GGACTCAGCC 

1 5 0  

TTCCTCGGAG TGGTGGAGTG GGATCACTCA T CACTACTTG GATACATATC 

TTCCTCGGAG TGGTGGAGTG GGATCACTCA TCACTACTTG GATACATATC 

1 5 1  2 0 0  

TTCAGAAACA TCCATAAGAC CAATATCTGT GATCTCATCA CCAGCCTTTT 

- - -AGAAACA TCCATAAGAC CAATATCTGT GATCTCATCA CCAGCCTTTT 

TTCAGAAACA TCCATAAGAC CAATATCTGT GATCTCATCA CCAGCCTTTT 

2 0 1  2 5 0  

GTGCCTTTTG GTTCTTTTGC CAACCAAAGA ACTCAATGAG CGCTTCAAGT 

GTGCCTTTTG GTTCTTTTGC CAACCAAAGA ACTCAATGAG CGCTTCAAGT 

GTGCCTTTTG GTTCTTTTGC CAACCAAAGA ACTCAATGAG CGCTTCAAGT 

2 5 1  3 0 0  

CCAAGCTTAA GGCACCGATT CCTGTTGAAC TCTTTGTTGT TGTGGCAGCC 

CCAAGCTTAA GGCACCGATT CCTGTTGAAC TCTTTGTTGT TGTGGCAGCC 

CCAAGCTTAA GGCACCGATT CCTGTTGAAC TCTTTGTTGT TGTGGCAGCC 
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3 0 1  3 5 0  

Ex3Norma l ACATTAGCCT CTCATTTTGG AAAACTCTCT GAGAAATATG GCACCAGTAT 

Ex3 Ca r r i e r  ACATTAGCCT CTCATTTTGG AAAACTCTCT GAGAAATATG GCACCAGTAT 

Ex3A f f e c t e d  ACATTAGCCT CTCATTTTGG AAAACTCTCT GAGAAATATG GCACCAGTAT 

3 5 1  4 0 0  

Ex3 Norma l TGCTGGGCAT ATTCCCACTG GGTTTATGCC ACCCAAAGCA CCTGACTGGA 

E x 3 Ca r r i e r  TGCTGGGCAT ATTCCCACTG GGTTTATGCC ACCCAAAGCA CCTGACTGGA 

Ex 3 A f f e c t e d  TGCTGGGCAT ATTCCCACTG GGTTTATGCC ACCCAAAGCA CCTGACTGGA 

4 0 1  4 5 0  

Ex3 Norma l ACTTAATTCC TAGAGTGGCT GTAGATGCAA TAGCTATTGC TATCATTGGG 

Ex3 Ca rr i e r  ACTTAATTCC TAGAGTGGCT GTAGATGCAA TAGCTATTGC TATCATTGGG 

Ex 3 A f f e c t e d  ACTTAATTCC TAGAGTGGCT GTAGATGCAA TAGCTATTGC TATCATTGGG 

4 5 1  5 0 0  

Ex 3Norma l TTTGCTATCA CTGTATCACT TTCTGAGATG TTTGCCAAGA AACATGGCTA 

E x 3 Ca r r i e r  TTTGCTATCA CTGTATCACT TTCTGAGATG TTTGCCAAGA AACATGGCTA 

Ex 3A f f e c t e d  TTTGCTATCA CTGTATCACT TTCTGAGATG TTTGCCAAGA AACATGGCTA 

5 0 1  5 5 0  

Ex3Norma 1 CACAGTCAAA GCTAATCAGG AAATGTA GC TATCGGCTTT TGCAATATCA 

E x 3 Ca r r i e r  CACAGTCAAA GCTAATCAGG AAATGTACGC TATCGGCTTT TGCAATATCA 

Ex 3 A f f ec c e d  CA AGTCAAA GCTAATCAGG AAATGTACGC TATCGGCTTT TGCAATATCA 

5 5 1  6 0 0  

Ex3Norma l TCCCTTCCTT CTT CCACAGC TTCACTACTA GCGCAGCTCT TGCAAAGACA 

Ex3 Ca r r i e r TCCCTTCCTT CTT CCACAGC TTCACTACTA GCGCAGCTCT TGCAAAGACA 

E x 3 A f f e c t e d  TCCCTTCCTT CTT CCACAGC TT ACTACTA GCGCAGCTCT TGCAAAGACA 

6 0 1  6 5 0  

Ex3 Norma l CTGGTGAAGG AATCCACAGG CTGTCAAACT CAGGTTTCTG GTGTGATGAC 

E x 3 Ca rr i e r  CTGGTGAAGG AATCCACAGG CTGTCAAACT CAGGTTTCTG GTGTGATGAC 

E x 3 A f f e c c e d  CTGGTGAAGG AATCCACAGG CTGTCAAACT CAGGTTTCTG GTGTGATGAC 

6 5 1  7 0 0  

Ex3Norma l AGCTCTGGTT CTTTTGTTGG TCCTCTTGGT CATAGCTCCT TTGTTCTTCT 

E x 3 Ca r r i e r  AGCTCTGGTT CTTTTGTTGG TCCTCTTGGT CATAGCTCCT TTGTTCTTCT 

Ex 3 A f f e c t e d  AGCTCTGGTT CTTTTGTTGG TCCTCTTGGT CATAGCTCCT TTGTTCTTCT 

7 0 1  7 5 0  

Ex 3 Norma l CCCTGCAGAA AAGTGTCCTT GGTGTGATCA CTATTGTAAA TCTCCGGGGA 

E x 3 Ca r r i e r  CCCTGCAGAA AAGTGTCCTT GGTGTGATCA CTATTGTAAA TCTCCGGGGA 

Ex 3A f f e c t e d  CCCTGCAGAA AAGTGTCCTT GGTGTGATCA CTATTGTAAA TCTCCGGGGA 

7 5 1  8 0 0  

Ex3Norma l GCCCTATGTA AATTTAAGGA TCTGCCCCAG ATGTGGAGGA TTAGCAGAAT 

E x 3 Ca r r i e r  GCCCTATGTA AATTTAAGGA TCTGCCCCAG ATGTGGAGGA TTAGCAGAAT 

Ex 3A f f e c t e d  GCCCTATGTA AATTTAAGGA TCTGCCCCAG ATGTGGAGGA TTAGCAGAAT 

8 0 1  8 5 0  

Ex3 Norma l GGACACAGTT ATCTGGTTTG TTACTATGCT GTCCTCTGCA CTGATCAGTA 

E x 3 Ca rr i e r  GGACACAGTT ATCTGGTTTG TTACTATGCT GTCCTCTGCA CTGATCAGTA 

E x 3 A f  f e c te d  GGACACAGTT ATCTGGTTTG TTACTATGCT GTCCTCTGCA CTGATCAGTA 

8 5 1  9 0 0  

Ex3Norma l CTGAAATAGG C CTGCTTACT GGGGTTTGTT TTTCTATGTT TTGTGTTATC 

E x 3 Ca r r i e r  CTGAAATAGG C CTGCTTACT GGGGTTTGTT TTTCTATGTT TTGTGTTATC 

Ex 3A f f ec t e d  CTGAAATAGG C CTGCTTACT GGGGTTTGTT TTTCTATGTT TTGTGTTATC 

9 0 1  9 5 0  

Ex3 Norma l CTCCGCACTC AGAAGCCAAA GGCTTCATTG CTTGGCTTGG TGGAAGATTC 

E x 3 Ca rr i e r  CTCCGCACTC AGAAGCCAAA GGCTTCATTG CTTGGCTTGG TGGAAGATTC 

E x 3A f f e c t e d  CTCCGCACTC AGAAGCCAAA GGCTTCATTG CTTGGCTTGG TGGAAGATTC 

9 5 1 1 0 0 0  

Ex3 Norma l TGAAGTCTTT GAGTCCATGT CTGCCTACAA GAACCTTCAG GCCAAGTCAG 

E x 3 Ca r r i e r  TGAAGTCTTT GAGTCCATGT CTGCCTACAA GAACCTTCAG GCCAAGTCAG 

Ex3A f f ec te d  TGAAGTCTTT GAGTCCATGT CTGCCTACAA GAACCTTCAG GCCAAGTCAG 
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1 0  0 1  1 0 5 0  

ExJNorma l GeATeAAGAT TTTeeGeTTT GTGGeeeeTe TeTAeTAeGT AAAeAAAGAA 

ExJ e a r r i e r  GeATeAAGAT TTTeeGeTTT GTGGeeeeTe TeTAeTAeGT AAAeAAAGAA 

ExJA f f ec t e d  GeATeAAGAT TTTeeGeTTT GTGGeeeeTe TeTAeTAeGT AAAeAAAGAA 

1 0 5 1  1 1 0 0  

ExJ Norma l TATTTTAAAT eTGTCTTATA eAAAAAAAeT eTeAAeeeAG TCTTAGTAAA 

ExJ ea r r i e r  TATTTTAAAT eTGTeTTATA eAAAAAAAeT eTeAAeeeAG TCTTAGTAAA 

Ex3A f f e c t e d  TATTTTAAAT eTGTeTTATA eAAAAAAAeT eTeAAeeeAG TCTTAGTAAA 

1 1 0 1 1 1 5 0  

ExJNo rma l AGeAGeTeAG AGGAAGGeAG eAAAGAAAAA GATeAAAAGG GAAAeGGTAA 

ExJ ea rr ie r AGeAGeTeAG AGGAAGGeAG eAAAGAAAAA GATeAAAAGG GAAAeGGTAA 

Ex3A f f e c t e d  AGCAGeTeAG AGGAAGGeAG eAAAGAAAAA GATeAAAAGG GAAAeGGTAA 

1 1 5 1  1 2 0 0  

ExJ Norma l eAeTeAGTGG AATeCAGGAe GAAGTTTeAG TGeAAeTTTC eTATGATeee 

ExJ e a r r i e r  eAeTeAGTGG AATeCAGGAe GAAGTTTeAG TGeAAeTTTe CTATGATeee 

ExJA f f ec te d  eAeTeAGTGG AATeeAGGAe GAAGTTTeAG TGeAAeTTTC eTATGATeee 

12 01 1 2 5 0  

ExJNorma l TTAGAGTTeC ATAeAATAGT GATTGAeTGT AGTGeAATAe AGTTTTTAGA 

ExJ ea rr i e r  TTAGAGTTeC ATACAATAGT GATTGAeTGT AGTGeAATAe AGTTTTTAGA 

ExJA f f ec t e d  TTAGAGTTee ATACAATAGT GATTGAeTGT AGTGeAATAe AGTTTTTAGA 

12 5 1  1 3 0 0  

ExJNorma l TAeAGeAGGG ATeeATAeAe TGAAAGAAGT TeGeAGAGAT TATGAAGeTA 

ExJ ea r r i e r  TAeAGeAGGG ATeeATAeAe TGAAAGAAGT TeGeAGAGAT TATGAAG eTA 

ExJAf f e c t e d  TAeAGeAGGG ATeeATAeAe TGAAAGAAGT TeGeAGAGAT TATGAAGeTA 

1 3  0 1  1 3 5 0  

ExJNorma l TTGG CATeeA GGTTeTGeTG GeTeAGTGeA ATeeeTeTGT GAGGGAeTee 

ExJ ea r r  i e  r TTGGeATeeA GGTTeTGeTG GeTeAGTGeA ATeeeTeTGT GAGGGAeTee 

ExJA f f ec t e d  TTGGCATeeA GGTTeTGeTG GeTeAGTGeA ATeeeTeTGT GAGGGAeTee 

1 3  5 1  1 4 0 0  

ExJ Norma l eTGGeeAGGG GAGAGTAeTG eAAAAAGGAT GAAGAAAAeC TTeTeTTTTA 

ExJ ea r r i e r  eTGGeeAGGG GAGAGTAeTG eAAAAAGGAT GAAGAAAAee TTeTeTTTTA 

Ex3A f f ec t e d  eTGGeCAGGG GAGAGTAeTG eAAAAAGGAT GAAGAAAAee TTeTeTTTTA 

14 0 1  1 4 5 0  

E x J Norma l TAGTGTATAT GAAGeeATGA eTTTTGeAGA AGATTeTeAG AATeAAAAAG 

ExJ ea r r i e r  TAGTGTATAT GAAGeeATGA eTTTTGeAGA AGATTeTeAG AATeAAAAAG 

E x 3 A f f e c t e d  TAGTGTATAT GAAGeeATGA eTTTTGeAGA AGATTeTeAG AATeAAAAAG 

1 4  5 1  1 4 6 5  

ExJNorma l AGAGATATGT eeAAT 

ExJ ea r r i e r  AGAGA- - - - -

ExJA f f ec t e d  AGAGA- - - - -

Figu re 24 :  Al ignment of the sequeneed regions of ex on 3 from normal ( Ex3Normal ), carrier ( E x 3 C arrier), 

and affected ( Ex3Affected) an imals. There are no b ase p air  polymorp hisms present in any of the 
seq uences. 

4.4.3 Overall exon a lignment 

Figure 25  shows the al ignment of  the shortest sequences obtained for the two exons ( Ex2 

/Ex3 ), these being from the normal animal ( E x2Normal)  from the carrier an imal 

( Ex3Carrier) for exon 2 and exon 3, respectively, al igned with the Ovis aries  gene 

encoding sul fate transporter (NCB I  accession # Y l 855 8) .  The D A sequence obtained 

from sequencing accounts for 8 5 .4 % of the total Ovis aries su lfate transporter coding 
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regwn. The fact  that there are no polymorphisms in the sequenced region does reduce the 

l ikel ihood that this gene is invol ved in the disease. It does not however rule out the gene 

as a candidate for Texel chondrodysplasia, because a mutation may be present in the 

exonic region not sequenced or in  the intron affecting spl icing. 

1 0 Ex2 / E x 3  

1 ATGTCTTTGAAAAATGGAGAGCAAAATGACCTTTCACCCAAGGACTCAGT 5 0  Ov i s  a r i e s  

1 TGGGATCCATGTGGAGCATG 2 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
5 1  TAAAGGAAATGACCAGTACAGATCTCCATCTGGGATCCATGTGGAGCATG 10 0 

2 1  AAGAGGAAT CACGTAATGACTTCTGGCAGTTTGAGTCCAGTAATCTTTTT 7 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 0 1  AAGAGGAATCACG TAATGACTTCTGGCAGTTTGAGTCCAGTAATCTTTTT 1 5 0  

7 1  AGACACCCTAGGATCCATTTGGAGCCTCAAGAGAAATCAGATAATAACCT 12 0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 5 1  AGACACCCTAGGATCCATTTGGAGCCTCAAGAGAAATCAGATAATAACCT 2 0 0  

1 2 1  CAAGAAGTTTGTTATCAAAAAACTAGAGAAGAGTTGCCAGTGTAGTTCAA 17 0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 0 1  CAAGAAGTTTGTTAT AAAAAA TAGAGAAGAGTTGCCAGTGTAGTTCAA 2 5 0  

1 7 1  CCAAAGCCAAAAATACCATTTTTGGTTTCCTTCCTGTTTTGCAGTGGCTC 2 2 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 5 1  CCAAAGC CAAAAATACCATTTTTGGTTTCCTTCCTGTTTTGCAGTGGCTC 3 0 0  

2 2 1  CCAAAATATGATCTGAAGAAAAACATTTTAGGAGATATGATGTCTGGCTT 2 7 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
3 0 1  CCAAAATATGATCTGAAGAAAAACATTTTAGGAGATATGATGTCTGGCTT 3 5 0  

2 7 1  GATTGTGGGCATCTTATTGGTGCCCCAATCCATTGCTTATTCTCTCTTGG 3 2 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
3 5 1  GATTGTGGGCATCTTATTGGTGCCCCAATCCATTGCTTATTCTCTCTTGG 4 0 0  

3 2 1  CTGG CCAAGAACCTATCTATGGTCTGTACACATCTTTTTTTGCCAGCCTC 3 7 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
4 0 1  CTGG CCAAGAACCTATCTATGGTCTGTACACATCTTTTTTTGCCAGCCTC 4 5 0  

3 7 1  ATTTATTTCATTTTGGGTACCTCCCGTCACATCTCTGTGGGCATTTTTGG 4 2 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4 5 1  ATTTATTTCATTTTGGGTACCTCCCGTCACATCTCTGTGGGCATTTTTGG 5 0 0  

4 2 1  AATACTGTGCCTTATGATTGGTGAAGTAGTTGACCGAGAACTATACATAG 4 7 0  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
5 0 1  AATACTGTGCCTTATGATTGGTGAAGTAGTTGACCGAGAACTATACATAG 5 5 0  

4 7 1 CTGG CTATGACACTGTCCATGCCGCTTCAAATGAGAGCTCATTAGTAAAC 52 0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
5 5 1  CTGG CTATGACACTGTCCATGCCGCTTCAAATGAGAGCTCATTAGTAAAC 6 0 0  

5 2 1  CAGATGTCAAACCAGACATGTGACAGAAGTTGCTATGCAATTACAGTTGG 5 7 0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
6 0 1  CAGATGTCAAACCAGACATGTGACAGAAGTTGCTATGCAATTACAGTTGG 6 5 0  

5 7 1  CAGCACTGTAA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 8 1  

1 1 1 1 1 1 1 1 1 1 1  
6 5 1  CAGCACTGTAACCTTTGTGGCTGGAGTTTATCAGGTAGCAATGGGCTTCT 7 0 0  

5 8 2  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 8 1  

7 0 1  TT CAAGTGGGCTTTGTCTCAGTCTACCTCTCCGATGCCTTGCTGGGTGGG 7 5 0  

5 8 2  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 8 1  

7 5 1  TTTGTCACTGGTGCCTCCTTCACTATTCTTACATCTCAAGTCAAGTACCT B O O  

5 8 2  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 8 1  

8 0 1  CCTTGGACTCAGCCTTCCTCGGAGTGGTGGAGTGGGATCACTCATCACTA 8 5 0  
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5 8 2  - - - - - - - - - - - - - - - - - AGAAACATCCATAAGACCAATATCTGTGATCTC 6 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
8 5 1  CTTGGATACATATCTTCAGAAACATCCATAAGACCAATATCTGTGATCTC 9 0 0  

6 1 5  ATCACCAGCCTTTTGTGCCTTTTGGTTCTTTTGCCAACCAAAGAACTCAA 6 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
9 0 1 ATCACCAGCCTTTTGTGCCTTTTGGTTCTTTTGCCAACCAAAGAACTCAA 9 5 0  

6 6 5  TGAGCGCTTCAAGTCCAAGCTTAAGGCACCGATTCCTGTTGAACTCTTTG 7 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
9 5 1 TGAGCGCTTCAAGTCCAAGCTTAAGGCACCGATTCCTGTTGAACTCTTTG 1 0 0 0  

7 1 5  TTGTTGTGGCAGCCACATTAGCCTCTCATTTTGGAAAACTCTCTGAGAAA 7 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 0 0 1  TTGTTGTGGCAGCCACATTAGCCTCTCATTTTGGAAAACTCTCTGAGAAA 1 0 5 0  

7 6 5  TATGGCACCAGTATTGCTGGGCATATTCCCACTGGGTTTATGCCACCCAA 8 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 0 5 1  TATGGCACCAGTATTGCTGGGCATATTCCCACTGGGTTTATGCCACCCAA 1 1 0 0  

8 1 5  AGCACCTGACTGGAACTTAATTCCTAGAGTGGCTGTAGATGCAATAGCTA 8 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 1 0 1  AGCACCTGACTGGAACTTAATTCCTAGAGTGGCTGTAGATGCAATAGCTA 1 1 5 0  

8 6 5  TTGCTATCATTGGGTTTG CTATCACTGTATCACTTTCTGAGATGTTTGCC 9 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 1 5 1 TTG CTATCATTGGGTTTGCTATCACTGTAT ACTTTCTGAGATGTTTGCC 1 2 0 0  

9 1 5  AAGAAACATGGCTACACAGTCAAAGCTAAT AGGAAATGTACGCTATCGG 9 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 2  0 1  AAGAAACATG GCTACACAGTCAAAGCTAATCAGGAAATGTACGCTATCGG 1 2 5 0  

9 6 5  CTTTTGCAATATCATCCCTTCCTTCTTCCACAGCTTCACTACTAGCGCAG 1 0 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 2  5 1  CTTTTGCAATATCATCCCTTCCTTCTTCCA AGCTTCACTACTAGCGCAG 1 3 0 0  

1 0 1 5 CTCTTG CAAAGACACTGGTGAAGGAATCCACAGGCTGTCAAACTCAGGTT 1 0 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 3  0 1  CTCTTGCAAAGACACTGGTGAAGGAATCCA AGGCTGTCAAACTCAGGTT 1 3 5 0  

1 0 6 5 TCTGGTGTGATGACAGCTCTGGTTCTTTTGTTGGTCCTCTTGGTCATAGC 1 1 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 3  5 1  TCTGGTGTGATGACAG CTCTGGTTCTTTTGTTGGTCCTCTTGGTCATAGC 14 0 0  

1 1 1 5 TCCTTTGTTCTTCTCCCTGCAGAAAAGTGTCCTTGGTGTGATCACTATTG 1 1 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 4  0 1  TCCTTTGTTCTT CTCCCTGCAGAAAAGTGTCCTTGGTGTGATCACTATTG 14 5 0  

1 1 6 5 TAAATCTCCGGGGAGCCCTATGTAAATTTAAGGATCTGCCCCAGATGTGG 12 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 4  5 1  TAAATCTCCGGGGAGCCCTATGTAAATTTAAGGATCTGCCCCAGATGTGG 15 0 0  

1 2 1 5  AGGATTAG CAGAATGGACACAGTTATCTGGTTTGTTACTATGCTGTCCTC 1 2 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 5 0 1  AGGATTAGCAGAATGGACACAGTTATCTGGTTTGTTACTATGCTGTCCTC 1 5 5 0  

1 2 6 5  TGCACTGATCAGTACTGAAATAGGCCTGCTTACTGGGGTTTGTTTTTCTA 1 3 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 5 5 1  TGCACTGATCAGTACTGAAATAGGCCTGCTTACTGGGGTTTGTTTTTCTA 1 6 0 0  

1 3 1 5 TGTTTTGTGTTATCCTCCGCACTCAGAAGCCAAAGGCTTCATTGCTTGGC 13 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 6 0 1  TGTTTTGTGTTATCCTCCGCACTCAGAAGCCAAAGGCTTCATTGCTTGGC 1 6 5 0  

1 3 6 5  TTGGTGGAAGATTCTGAAGTCTTTGAGTCCATGTCTGCCTACAAGAACCT 1 4 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 6 5 1  TTGGTGGAAGATTCTGAAGTCTTTGAGTCCATGTCTGCCTACAAGAACCT 1 7 0 0  

1 4 1 5 TCAGGCCAAGTCAGGCATCAAGATTTTCCGCTTTGTGGCCCCTCTCTACT 1 4 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 7 0 1  TCAGGCCAAGTCAGGCAT CAAGATTTTCCGCTTTGTGGCCCCTCTCTACT 1 7 5 0  

1 4 6 5  ACGTAAACAAAGAATATTTTAAATCTGTCTTATACAAAAAAACTCTCAAC 1 5 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 7 5 1  ACGTAAACAAAGAATATTTTAAATCTGTCTTATACAAAAAAACTCTCAAC 1 8 0 0  

1 5 1 5  CCAGTCTTAGTAAAAGCAGCTCAGAGGAAGGCAGCAAAGAAAAAGATCAA 1 5 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 8 0 1  CCAGTCTTAGTAAAAG CAGCTCAGAGGAAGGCAGCAAAGAAAAAGATCAA 1 8 5 0  
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1 5 6 5  AAGGGAAACGGTAACACTCAGTGGAATCCAGGACGAAGTTTCAGTGCAAC 1 6 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 8 5 1  AAGGGAAACGGTAACACTCAGTGGAATCCAGGACGAAGTTTCAGTGCAAC 1 9 0 0  

1 6 1 5  TTTCCTATGATC CCTTAGAGTTCCATACAATAGTGATTGACTGTAGTGCA 1 6 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 9 0 1  TTTCCTATGATCCCTTAGAGTTCCATACAATAGTGATTGACTGTAGTGCA 1 9 5 0  

1 6 6 5  ATACAGTTTTTAGATACAGCAGGGATCCATACACTGAAAGAAGTTCGCAG 1 7 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 9 5 1  ATACAGTTTTTAGATACAGCAGGGATCCATACACTGAAAGAAGTTCGCAG 2 0 0 0 

1 7 1 5  AGATTATGAAGCTATTGG CATCCAGGTTCTGCTGGCTCAGTGCAATCCCT 1 7 6 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 0 0 1  AGATTATGAAGCTATTGGCATCCAGGTTCTGCTGGCTCAGTGCAATCCCT 2 0 5 0  

1 7 6 5  CTGTGAGGGACTCCCTGGCCAGGGGAGAGTACTGCAAAAAGGATGAAGAA 1 8 1 4  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 0 5 1  CTGTGAGGGACTCCCTGGCCAGGGGAGAGTACTGCAAAAAGGATGAAGAA 2 1 0 0  

1 8 1 5 AACCTTCTCTTTTATAGTGTATATGAAGCCATGACTTTTGCAGAAGATTC 1 8 6 4 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 1 0 1  AACCTT CTCTTTTATAGTGTATATGAAGCCATGACTTTTGCAGAAGATTC 2 1 5 0  

1 8 6 5  T CAGAATCAAAAAGAGAGA 1 8 8 3  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
2 1 5 1  TCAGAATCAAAAAGAGAGATATGTTCCCAATGGTCCAAGTTTTTCCAGTG 2 2 0 0  

1 8 8 4 1 8 8 3 

2 2  0 1  ATTGA 2 2  0 5  

Figu re 25 : Complete al ignment of the shortest sequence obtained for each of exon 2 ( Ex2N ormal), and 

exon 3 (Ex3 C arrier). with the complete exonic sequence for the Ovis aries gene encoding sui fate 

transporter. The a l igned region represents 8 5 .4 % of the to tal exon ic reg ion. 

76 



Cha ter 5 

5 - Summary and future direction 
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Based o n  the breeding trial results i t  i s  l ikely that inheritance ofTexel chondrodysplasia 

is the result of a single autosomal recessive gene .  This is in  agreement with the 

observation that chondrodysplasias, in many animals, are commonly inherited in this 

manner. 

Biochemical analysis ofproteoglycans by SOS-PAGE analysis and sulfate-specific 

staining has provided a strong indication of the biochemical pathway, and therefore the 

genes/gene mutations, that may be involved in the disease. Analysis of col lagen species, 

also using S OS-PAGE, from affected and normal animals revealed no difference, 

excluding a collagen defect as the cause of  the disease. A n umber of genes (DTDST, 

SK2)  that encode the proteins of the chondrocyte sulfate activation pathway have been 

implicated in skeletal diseases including the DTDST family of inherited 

chondrodyspl asias in humans, the brachymorphic mouse, and a DTDST -related 

phenotype in Holstein catt le .  

I n  terms of the  candidate gene studied, DTDST, determination of  its involvement was not 

definitive. Whi le mutations were absent from the sequenced region of the gene, it can 

not be e liminated as a candidate because the regions unab le to be sequenced, of which 

there is 14 .6  %, may contain polymorphisms. In addition, there are several other genes 

for which candidate status may be given based on phenotypic and biochemical evidence. 

Not onl y  does this new chondrodysplasia ofTexe l  sheep provide an important discovery 

for the agricultural industry in New Zealand, it has considerable potential as an animal 

model for studying various aspects of chondrodyspl asia and resul ting dwarfism in  human 

patients . It wil l  not only provide an opportunity to investigate aspects of cartilage 

metabol ism, but there is also considerab le potential for its use in assessing methods of  

drug and/or gene therapy. Sheep are an excellent species for studying s ke letal diseases, 

not only because of their size and ease of  containment but the fact that the lambs are born 

al ive and appear rel atively normal at that age, thus providing an opportunity for early 
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in tervention (Thompson et a!, 2005) .  It is of  great importance that the cause of this  

disease is  determined, because if l eft  unchecked i t  has  the potential to  become a serious 

i ssue for the Texel industry in New Zealand .  Given that i t  is l ikely to be caused by a 

single autosomal recessive gene, the gene frequency in the Texel population could be 

high ,  and therefore become detrimental very quickly. 

78 

The current study has provided an insight into what might be the underlying cause of the 

disease, provided a number of c lues as to what b iochemical and genetic factors may be 

invo lved, and given a c lear d irection for further i nvestigation . U lt imately the a im would 

be to develop a diagnostic genetic test, which would be relatively inexpensive, for 

i dent ification of diseased and carrier individuals and therefore allow the e limination of 

the undesired gene from the population by standard breeding regimes . I t  would be 

essential  that the test be inexpensive as many animals would have to be  tested. However 

in order to do this effectively, the gene and mutation involved needs to be known . Once 

a mutation in a gene is identified a causat ive relationsh ip h as to be proven i .e .  the mutated 

gene proven to eo-segregate with the disorder. This may be achieved by a simple 

analysis of  mutation associated with phenotype. L inkage analysis or quantitative trait 

loci (QTL )  analysis using markers that eo-segregate with the disease phenotype could 

also be used if  no defects were found on the selected candidate gene . 

The focus of  future work wi l l  revo lve around continued investigation into the genes of 

the sulfate activation pathway. It would be imperative to sequence the remainder of the 

DTDST gene, i nc luding intron-exon boundaries and spl ice s i tes, to determine whether it 

is causative or not. This could i nvolve direct PCR and some inverse PCR, fol lowed by 

DNA sequencing to obtain the boundary regions. 

With the development of chondrocyte cultures a possibil ity would arise to investigate the 

in vitro synthesis of sulfated proteoglycans in these cul tures, using radio-labeling. This 

would be very useful in  determining the level ofunder-sulfation, if indeed the defect is 

associated with this part ofpro teoglycan synthesis. 
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Chondrocyte cultures also provide an opportuni ty to  study the act ivation of sulfate in  

affected animals. This can be done by a pulse chase experiment involving monitoring of 

radio-labe led sul fate and its conversion to the h igh energy APS and PAPS molecules, and 

would al low assessment of the conversion of inorgan ic sulfate by the respect ive enzymes 

i nvo lved. This information could be used to determine whether the reduced sulfation was 

the result  of a reduction in the avai lab i l i ty of the PAPS donor molecule .  

A prospect may also be that o f  examining the  sulfotransferase activi ty .  This  would al low 

distinction between impaired sulfation as a result of reduced PAPS avai labi l i ty or as a 

resul t  o f  i mpaired transferase activities. This would invo lve the use of  a radio-labeled 

PAPS donor molecule. The amount ofradio-labeled sulfate transferred from PAPS to the 

macromolecular acceptors would  i ndicate the activi ty of the sulfotransferase enzyme in 

normal and affected animals. 

In addition to the aforementioned experiments, it would be valuab le to detennine the 

l evel of su lfation derived from sul thydryl compounds. By incubating chondrocyte 

cu ltures, grown from affected animal t issue, in the presence o f  d ifferent  concentrations o f  

cysteine one could observe using HPLC analys is  whether any recovery i n  impaired 

sulfation of proteoglycans occurs. This type of experiment may be used to determine 

whether the abi l i ty to use cytoplasmic thiols could explain the variation seen within the 

affected phenotype. 

It appears that the currently studied condition is a new recessively inherited 

chondrodyspl as ia  of the Texel breed of sheep . This is strongly supported by a number of  

notable factors, and the results of  a breeding trial ,  albeit wi th a relatively small population 

s ize. The defect is l ikely associated with a reduction in the l evel of sulfation of 

proteoglycans in the ECM of  c artilage in affected animals. The l i ke l ihood of a collagen 

defect  b eing causative was e l im inated by demonstration that collagen species show no 

differences between normal and affected animals. An exonic region of the candidate 

gene, DTDST, was sequenced from normal and affected animals, and comparisons 

showed no base p ai r  differen ces.  The invol vement of this gene in  the disease h as 
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therefore not been definitive . There are a number of further candidate genes that may be 

assessed for involvement in the disease .  Ul timately, the aim would be to identity a 

causative mutation and implement DNA-based diagnostic testing. This would allow 

i dentification of c arriers and there elimination from b reeding stock.  
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Appendix A 

Ewe parturition data (pilot trial - year 1 )  

Born Lamb ID Dam ID Sex Rank Birth wejg_htj� Status 
24-Aug -

3-Jan 14 Affected f Single 4 . 5  Affected -
27-Aug 

3-Feb 1 0  f Twin to 3-03 4 . 1  Affected 
3-Mar 1 0  m Twin to 2-03 4 Ca rrier 

1 -Sep 
1 - � - l r-

3-Apr 1 f Sing le 4 Carrier 
3-May 21  Affected m Sing le 5 Affected 
3-Jun 6 f Twin to 7-03 3 . 5  Ca rrier 
3-Jul  6 f Twin to 6-03 3 . 1  Ca rrier 

3-Aug f - Sing le 3 . 6  Ca rrier 
2 -Sep I ' 

3-Sep 9262 m Twin to 1 0-03 4 . 1  Carrier 
3-0ct 9262 f Twin to 9-03 6 Carrier 

-
3-Sep 

3-Nov 9055 m Twin to 1 2-03 5 Affected 
3-Dec 9055 m Twin to 1 1 -03 5 Affected 

4-Sep 
1 3-03 1 1  m Twin to 1 4-03 5 . 1  Ca rrier 
1 4-03 1 1  f Twin to 1 3-03 4 . 6  Affected 
1 5-03 8 f Single 5 Ca rrier 
1 6-03 5 m Twin to 1 7-03 6 . 5  Carrier 
1 7-03 5 f Twin to 1 6-03 5 . 1  Affected 

6-Sep . -
1 8-03 22 Affected f Single 5 . 5  Affected 
1 9-03 901 1 f Single 6 . 8  Affected 

7-Sep 
20-03 1 74 m Twin to 2 1 -03 5 . 5  Carrier 
2 1 -03 1 74 f Twin to 20-03 4 . 5  Carrier -

8 -Sep 
22-03 2 m Twin to 23-03 5 Carrier 
23-03 2 m Twin to 22-03 6 Affected 
24-03 26 Affected m Single 6 Affected 
25-03 1 2  m Twin to 26-03 5 . 1  Carrier 
26-03 1 2  f Twin to 25-03 4 . 5  Affected 1 - � � - ·-

9 -Sep -
27-03 1 5  Affected m Single 7 . 1  Affected - - --

1 4-Sep l i -, - - 1 -
28-03 3 f Sing le 5 . 5  Carrier 

23-Sep 
- - - -l r-- -1 -

29-03 308 1 f Single 6 . 2  Ca rrier 
30-03 3220 m Twin to 3 1 -03 5 . 5  Affected 
31 -03 3220 m Twin to 30-03 6 . 1  Ca rrier 
32-03 9 1 59 m Single 7 . 5  Ca rrier 
33-03 9 1 55 f Single 5 . 5  Affected 
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34-04 9285 f Single 7 Affected 
1 -0ct 

35-03 9 m Twin to 36-03 5 
36-03 9 m Twin to 35-03 4 . 7  

20-0ct 
201 -03 4 m Twin to 202-03 4 . 5  Ca rrier 
202-03 4 f Twin to 201 -03 4.6 Carrier 
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Appendix B 
Ewe scanning data (pilot trial - year 2)  

ewe ID ewe weight (kg) status scanned (# lambs) period 
03/05/2004 (29/07/2004) 

1 70 .5 in lamb 2 E 
R2 7 1  in lamb 2 E 
R1 68 .5 in lamb 2 E 

9285 71 .5 in lamb 1 E 
9262 8 1  in lamb 2 E 
9 1 55 72 in lamb 1 L 
9055 7 1  in lamb 2 E 
90 1 1  82.5 in lamb 2 E 
3220 76.5 dry 0 N/A 
3081 57.5 in lamb 2 E 
1 2 1 2  75 in lamb 1 E 
1 74 80 .5 in lamb 3 E 
26 59 .5 in lamb 2 E 
22 58 .5 in lamb 1 E 
1 2  83 in lamb 2 E 
1 0  75 in lamb 2 E 
8 50 in lamb 1 E 
6 81 .5 in lamb 2 E 
5 86 .5 in lamb 3 E 
4 84 .5 d ry  0 N/A 
3 8 1  in lamb 2 E 
2 75 in lamb 2 E 

22 73.273 37 

Period refers to the cycle that the ewe was expected to give birth in, based on the age and 

size of the foetus at scanning. E refers to lambs that expected to be born early, and were 

conceived in the first oestrous cycle.  While L refers to lambs expected to be born late, 

and were conceived in the second oestrous cycle. 
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Appendix C 
Ewe parturition data (pilot trial - year 2 )  

Birth weight 
Bom Lamb ID Sex Rank (kg) Status 

9/26/2004 
2-04 F Single 5 .2 - -

9/28/2004 -
9-04 F Single 5 .5 Carrier 
1 0-04 M Single 5 .3 Affected - -

9/29/2004 
19-04 F Triplet to 20-04 and 20a-04 4 . 1  Ca rrier 
20-04 F Triplet to 1 9-04 and 20a-04 3 .5  Carrier 

20a-04 M Triplet to 1 9-04 and 20-04 3 .8 
9/30/2004 

22-04 F Triplet to 23-04 and 24-04 3 .7 Affected 
23-04 M Triplet to 22-04 and 24-04 4 .6 Carrier 
24-04 M Triplet to 22-04 and 23-04 4 .0 Affected ·-

1 0/1 /2004 
30b-04 F Twin to 30c-04 3 .0 Obl igate affected 
30c-04 F Twin to 30b-04 4 .4 Obl igate affected 

1 0/2/2004 
32-04 M Single 5 .0 Obl igate affected 

1 0/3/2004 
35-04 F Twin to 36-04 4 .5 Affected 
36-04 F Twin to 35-04 4 .2 Carrier 

1 0/5/2004 -
39-04 M Single 5 .8 Carrier 

1 0/1 0/2004 
45-04 F Twin to 46-04 4 .2 Carrier 
46-04 F Twin to 45-04 4 .3 Carrier 
47-04 M Twin to 48-04 5 .6 Affected 
48-04 F Twin to 47-04 4 .5 Carrier 
50-04 M Single 6 .8 Carrier 1- -� - -� 

1 0/1 3/2004 - ·- -
58-04 M Single 5 .5 Carrier -- - � 

1 0/1 4/2004 -I - � � 
60-04 F Twin to 6 1 -04 3.3 
61 -04 M Twin to 60-04 3 ,6 
62-04 F Twin to 63-04 3 . 1  Ca rrier 
63-04 F Twin to 62-04 4 .3 Carrier 

1 0/2 1 /2004 
� I� - I� -

79-04 F Single 6 . 1  Affected 
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Appendix D 

Hogget scanning data (backcross - year 2)  

hog get 
ID hogget weight (kg) status scanned (# lambs) period 

3/5/2004 (29/07/04) 
4 38 p ilot (dry) 0 N/A 
10  29.5 p ilot ( in lamb) 1 L 
1 5  24 p ilot (dry) 0 N/A 
21  42 p ilot (dry) 0 N/A 
28 38 pi lot ( in lamb) 1 E 
29 39.5 pi lot ( in lamb) 1 E 
41 36.5 in lamb 1 E 
42 36 dry 0 N/A 
43 27 dry 0 N/A 
44 34 in lamb 1 E 
46 30.5 in lamb 2 L 
47 36 .5 in lam b  1 E 
48 47.5 d ry 0 N/A 
49 44 in lam b  1 E 
50 39.5 dry 0 N/A 
51 40 in lamb 1 E 
52 46 .5 dry 0 N/A 
53 38 dry 0 N/A 
54 36.5 in lamb 1 E 
55 40 in lamb 1 E 
56 34 in lamb 1 E 
57 33 in lamb 1 E 
59 30.5 dry 0 N/A 
60 35 in lamb 2 E 
61 31 in lamb 1 L 
62 43 d ry 0 N/A 
63 34 cul led (2/6/04) 0 N/A 
64 24.5 dry 0 N/A 
65 39.5 d ry 0 N/A 
66 31 culled (2/6/04) 0 N/A 
67 26.5 in lamb 1 L 
68 23.5 in lam b  1 E 
69 29.5 in lam b  1 E 
70 38.5 dry 0 N/A 
71 34 .5  i n  lam b  1 E 
72 32 in lam b  1 L 
73 39 dry 0 N/A 
74 35 .5 in lam b  2 E 
76 33 in lam b  1 L 
77 36 in lam b  1 E 
78 35 in lam b  1 L 
79 28 in lam b  1 L 
80 33.5 in lam b  1 E 
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82 39.5 in l amb 1 L 
84 30.5 in l amb 1 E 
85 33 cul led (2/6/04) 0 N/A 
86 26 d ry 0 N/A 
87 27 in l amb 1 E 
88 25 .5 in lam b  1 E 
89 31 in lam b  1 L 
90 42 .5 dry 0 N/A 
91 40 in l amb 2 E 
93 30 in l amb 1 L 
94 45 in l amb 1 E 
95 34.5 in  l amb 1 L 
96 33.5 in  lamb 1 E 
97 34.5 d ry 0 N/A 
98 4 1 .5 dry 0 N/A 
99 34.5 in l amb 1 L 
1 00 38.5 in l amb 1 E 
1 0 1  4 1 .5 in lam b  1 E 
1 02 33.5 cul led (2/6/04) 0 N/A 
1 03 30 in lam b  1 L 
1 04 33 in lamb 1 E 
105 35.5 in lamb 1 E 
1 06 33 in l amb 1 L 
107  32 in l amb 1 E 
1 08 40.5 in l amb 1 E 
1 09 37.5 in lamb 2 L 
1 1 0  32 in l amb 1 E 
1 1 1  3 1  in l amb 2 L 
1 1 2  35 in l amb 1 L 
1 1 3  37.5 dry 0 N/A 
1 1 4  34 dry 0 N/A 
1 1 6 40.5 in lam b  1 E 
1 1 7  35 in lam b  2 L 
1 1 8 34.5 in lam b  1 E 
1 1 9 37 dry 0 N/A 
1 20 36.5 dry 0 N/A 
1 2 1  24.5 d ry 0 N/A 
1 22 34 in lam b  1 E 
1 24 31 .5 in lam b  1 E 
1 26 37.5 in lam b  1 E 
1 2 7  36 .5 in lam b  1 E 
128  29 cul led (2/6/04) 0 N/A 
1 29 41 .5 in lam b  2 E 
1 30 41  dry 0 N/A 
1 3 1  40 in l amb 1 E 
1 32 43.5 in lamb 1 E 
1 33 37 in l amb 1 L 
135  30 dry 0 N/A 
1 36 34 in l amb 1 E 
137  32 in  l amb 1 E 
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1 38 30.5 dry 0 N/A 
1 39 26.5 cul led (2/6/04) 0 N/A 
1 4 1  28.5 in lamb 1 L 
142 41 in lamb 1 E 
144 38.5 in lamb 1 L 
145 25 cul led (2/6/04) 0 N/A 
147 39.5 in lamb 1 E 
148 29.5 dry 0 N/A 
1 50 33.5 in lamb 1 E 
1 5 1  36 i n  lamb 1 E 
1 52 38.5 in lamb 1 E 
1 53 36 dry 0 N/A 
1 54 31 dry 0 N/A 
1 55 41 in lamb 1 E 
1 56 28.5 dry 0 N/A 
1 57 33 cul led (2/6/04) 0 N/A 
1 58 36 in lamb 1 E 
1 59 36 in lamb 2 E 
1 6 1  37 dry 0 N/A 
163 30 d ry 0 N/A 
164 31 dry 0 N/A 
166 40.5 in  lamb 2 E 
167 31 dry 0 N/A 
168 31 dry 0 N/A 
169 39 in  lamb 1 L 
1 70 32.5 in lamb 1 E 
1 7 1  32 in lamb 1 E 
1 72 28.5 cul led (2/6/04) 0 N/A 
1 74 34 in lamb 1 L 
175  29.5 i n  lamb 1 L 

34.6 88 

Period refers to the cyc le that the ewe was expected to give birth in, based on the age and 

size of the foetus at scanning. E refers to lambs that expected to be born early, and were 

conceived in the first oestrous cycle. Whi le L refers to lambs expected to be born late, 

and were conceived in the second oestrous cycle. 
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Appendix E 
Hogget parturition data (backcross - year 2)  

Birth 
Born Lamb ID Sex Rank weight (kg) Status 

9/26/2004 
d 1 -04 M Single 3.7 Carrier 
d 3-04 F S ingle 3 .6 Affected 

9/27/2004 --
d 4-04 F S ingle 4 .0 Carrier 
d 5-04 F S ingle 3 .5 Affected 
d 6-04 F S ingle 4 . 1  Ca rrier 

9/28/2004 
7-04 F Twin to 8-04 3.2 
8-04 M Twin to 7-04 3 .3 --

9/29/2004 
d 1 1 -04 F Single 3.2 Carrier 
d 1 2-04 F Single 4.5 Carrier 
d 1 3-04 F Single 3.4 Carrier 
d 1 4-04 M Twin to 1 5-04 3.9 Carrier 
d 1 5-04 F Twin to 1 4-04 3.9 Affected 
d 1 6-04 M Twin to 1 7-04 4.0 Affected 
d 1 7-04 M Twin to 1 6-04 4.8 Carrier 
d 1 8-04 F S ingle 3.8 Affected 
d 2 1 -04 F S ingle 4 .6 Carrier 

9/30/2004 
d 25-04 M Twin to 25a-04 3 .5 Carrier 

25a-04 M Twin to 25-04 2.7 
d 26-04 M Single 4 Carrier 
d 27-04 F Single 3.8 Affected 

1 0/1 /2004 
d 28-04 M Twin to 29-04 3 . 1  Carrier 
d 29-04 M Twin to 28-04 3 .9 Carrier 
d 30-04 F Single 4.3 Affected 

30a-04 F Single 4.3 � -- - -· 
1 0/2/2004 - --

d 3 1 -04 M Single 5.0 Affected 
d 33-04 M Single 3.9 Carrier 

34-04 M S ingle 6.3 1 - - 1- - - -1- - -
1 0/3/2004 1 - - - - -1 -

d 37-04 M S ingle 3.1 Affected 
38-04 M S ingle 4.3 

38a-04 M S ingle 6.7 
38b-04 F S ingle 5.8 
38c-04 F S ingle 4.6 
38d-04 M S ingle 5 .3 
38e-04 F S ingle 4 .0 
38f-04 F S ingle 4.7 

1 0/4/2004 - - -
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38g-04 M S ingle 6 .6 
1 0/5/2004 

d 40-04 M Single 5 . 1  Affected - · -
1 0/6/2004 

40a-04 M Twin to 40b-04 2 .2 
40b-04 M Twin to 40a-04 1 .8 

d 4 1 -04 M Twin to 41 a-04 6.1  Affected 
41 a-04 M Twin to 41 -04 1 . 1  
42-04 F Single 3 .7  

1 0/8/2004 
43-04 F Single 3 .0 ·- ·- --· 

1 0/1 0/2004 --- -
d 44-04 F Single 3 .7 Carrier 
d 49-04 M Single 5 . 1  Affected -

1 0/1 1 /2004 -
d 5 1 -04 F S ingle 2 . 1  Ca rrier -

1 0/1 2/2004 
d 52-04 F Single 4 . 1  Affected 
d 53-04 M Single 3.0 Carrier 
d 54-04 F Single 4 .0 Carrier 

54a-04 F Single 5 .0 
55-04 F Single 3 . 1  
56-04 F Twin to 57-04 4.2 

d 57-04 M Twin to 58-04 3.5 Affected 
1 0/1 3/2004 

57a-04 M Single 4.7 
d 59-04 M Single 5.0 Affected 

1 0/14/2004 
d 64-04 F Single 4.2 Carrier 

66-04 M Single 4 .5 
1 0/1 5/2004 

d 65-04 M Single 3.8 Carrier 
67-04 M Single 3.7 
67a-04 F Single 4 .8 

1 0/1 6/2004 � --
68-04 F Twin to 69-04 3.7 
69-04 F Twin to 68-04 2 . 1  

d 70-04 M Single 4 .4 Affected 
7 1 -04 F Single 2 .3 

d 72-04 M Single 3 .8 Affected 
i - -1- - : - � I � 1 0/1 7/2004 -

1- - --I� � 
d 73-04 F Single 2 .7 Carrier 

74-04 F Single 2 .0 
75-04 M Twin to 75a-04 2 .0 
75a-04 M Twin to 75-04 2.3 

1 0/1 8/2004 
1- -I- - -

-1- - � 
d 76-04 F Twin to 77-04 3.7 Carrier 
d 77-04 F Twin to 76-04 3.7 Affected 

77a-04 M Single 5.0 
1 0/1 9/2004 I� - -
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77b-04 M S ingle 5 .0 
1 0/20/2004 -

d 78-04 M S ingle 4 .9 Affected 
78a-04 M S ingle 3 .9 - - ·- -· 

1 0/22/2004 ·-· I -
d 80-04 F S ingle 4 .6 Affected 

80a-04 M S ingle 5 .2 
1 0/24/2004 

d 81 -04 F S ingle 3 .2 Carrier 
d No tag S ingle Carrier --

1 0/25/2004 . 
81 a-04 F S ingle 4 .8 
81 b-04 M S ingle 3 .9 

1 0/26/2004 
--� 1 �-

d 82-04 F S ingle 4 . 1  Affected - - � 
1 0/27/2004 -

d 83-04 F S ingle 3 .7 Affected 

Those lambs which were unable to be diagnosed because they died at birth or too soon 

after to allow diagnosis based on c linical signs, of which there are 37,  are the individuals 

in the table above that lack the letter d in the "born" column 
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Appendix F 
Protein (BSA) quantification for standard curve 

Standard abs. 

(f.! g) tripl icates Absorbance 
0 0 .262 0 .272 0.266 0.267 

0.4 0.32 0 .3 1 1 0.335 0.322 
0.6 0 .345 0 .333 0.353 0.344 
0.8 0 .389 0 .396 0.384 0.390 
1 0 .406 0.41 0.4 1 8  0.41 1 

1 .5 0 .488 0 .487 0.503 0 .493 
2 0 .545 0 .556 0.558 0.553 

2 . 5  0 .607 0 .633 0.641  0 .627 

Protein (collagen) quantification 

Average cone. und i lute 
Sample abs Cone. abs Cone. abs Cone. (2-fold) (1Jg/5ul) (fJQ/fJL)  
C 1  0 .536 1 .858 0 .578 2 . 1 47 0 .573 2 . 1 1 3  2 . 039 4.079 0 .81 6 
C2 0 .581  2 . 1 68 0 .600 2 .298 0 . 578 2 . 147 2 . 204 4 .409 0 .882 
C3 0.647 2 . 622 0 .620 2 .436 0 .636 2 .546 2 .535 5 .069 1 .01 4 
C4 0 .598 2 . 285 0 .593 2 .250 0 . 591 2 .237 2 .257 4 .5 14  0 .903 
C5 0 .6 1 3  2 .388 0 .658 2 .697 0 .6 18  2 .422 2 .503 5 .005 1 .00 1 
A1 0 .571  2 . 099 0 .576 2 . 1 33 0 .582 2 . 1 75 2 . 1 36 4 .271 0 .854 
A2 0 .586 2 . 202 0 .580 2 . 1 61 0 .561 2 .030 2 . 1 31 4.262 0 .852 
A3 0 .61 9 2 .429 0.607 2 .347 0 .520 1 . 748 2 . 1 75 4.349 0.870 
A4 0 .570 2 .092 0.595 2 .264 0 . 501  1 .61 8 1 .991 3.983 0 .797 

The table above represents absorbance's obtained from a dilution ofthe collagen extract. 

In each case the fold dilution is converted back to a concentration per micro litre in the 

undiluted sample . Control animal samples are represented by C 1 ,  C2 . . .  .. While affected 

animal samples are represented by A I ,  A2 . . . . .  Absorbance (abs) was measured at 

595nm. Cone. = concentration 
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Protein (BSA) quantification for standard curve 

Standard abs. 
(�Jg ) trip! icates Absorbance 

0 0 .245 0.253 0 .25 0 .249 
0.4 0 .264 0.298 0 .31 6 0 .293 
0.6 0 .339 0 .307 0 .369 0 .338 
0.8 0 .349 0 .362 0 .392 0 .368 

1 0 .4 1 3  0 .432 0.427 0.424 
1 .5 0 .485 0 .506 0 .51 4 0 .502 
2 0 .508 0 .536 0 .542 0 .529 

2 .5 0 .602 0 .603 0.625 0.6 1 0  

Protein (proteoglycan) quantification 

Average cone. und i luted 
Sample abs Cone. abs Cone. abs Cone. (2-fold) (�Jg/51JL} (IJg/IJL) 
C1  0.489 1 .61 2 0 .323 0 .478 0 .424 1 . 1 68 1 .086 2 . 1 72 0 .434 
C2 0 .399 0 .997 0.378 0 .854 0 .388 0.922 0 .924 1 .849 0 .370 
C3 0 .479 1 .543 0.472 1 .496 0 .471 1 .489 1 .509 3 .01 8 0 .604 
C4 0 .4 1 9  1 . 1 34 0.395 0 .970 0 .395 0.970 1 .025 2 .049 0 .4 1 0  
A1 0 .401 1 .01 1 0 .386 0 .909 0 .386 0.909 0 .943 1 .885 0 .377 
A2 0 .385 0 .902 0. 397 0 .984 0 .392 0.949 0 .945 1 .890 0 .378 
A3 0 .398 0 .990 0 .406 1 .045 0 .358 0 .7 1 7  0 .9 1 8  1 .835 0 .367 

A4 0 .383 0 .888 0 .352 0 .676 0 .353 0 .683 0 .749 1 .499 0 .300 

Average cone . und i luted 
abs Cone. abs Cone. abs Cone. (5-fold) (�Jg/51JL} (�Jg/IJL) 

C 1  0 .297 0 .30 1  0 .298 0 .308 0 .304 0 .349 0 .3 1 9 1 .596 0 .3 1 9  
C2 0 .32 0 .458 0 .3 16  0 .431 0 .291 0 .260 0 .383 1 .91 5 0 .383 
C3 0 .369 0 .792 0 . 351 0 .670 0 .344 0.622 0 .695 3 .473 0 .695 
C4 0.327 0 .506 0 .31 3 0 .4 1 0  0 .3 1 4  0 .4 1 7  0 .444 2 .222 0.444 
A1 0 .3 1 9  0.451 0 .327 0 .506 0.325 0.492 0 .483 2 .4 1 5 0.483 
A2 0 .356 0.704 0 .343 0 .6 1 5  0.324 0.485 0.601 3 .007 0 .601 
A3 0 .3 1 8  0 .444 0 .285 0 .2 1 9  0 .307 0.369 0 .344 1 .72 1 0 .344 
A4 0 .3 1 2  0 .403 0.296 0 .294 0 .31  0.390 0 .362 1 .8 1 2  0.362 

Average cone. und iluted 
abs Cone. abs Cone. abs Cone. (1 0-fold) (1Jg/51JL) (IJg/IJL} 

C1  0.296 0 .294 0 .293 0 .274 0.278 0 . 1 71  0 .246 2 .464 0.493 
C2 0 .284 0.2 1 2  0 .276 0 . 1 58 0.281 0. 1 92 0 . 1 87 1 .873 0.375 
C3 0 .3 1 5  0.424 0 .3 1 1 0 .397 0.304 0.349 0 .390 3 .898 0 .780 
C4 0 .29 0.253 0 .292 0 .267 0 .285 0.2 1 9  0 .246 2 .464 0 .493 
A1  0 .304 0 .349 0 .30 1  0 .328 0 .287 0 .233 0 .303 3 .033 0 .607 
A2 0 .3  0 .322 0.299 0 .3 1 5  0 .286 0.226 0.287 2 .874 0.575 
A3 0 .289 0 .246 0.286 0 .226 0.287 0.233 0 .235 2 .350 0.470 
A4 0.289 0 .246 0 .292 0 .267 0.304 0.349 0 .287 2 .874 0.575 
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The table above represents absorbance 's  obtained from differing dilutions of the 

proteoglycan extracts . In each case the fold dilution is converted back to a concentration 

per microlitre in the undiluted sample, and then the average taken from the three 

calculated undiluted concentration, for each sample. Control animal samples are 

represented by C 1 ,  C2 . . . . . While affected animal samples are represented by A 1 , A2 . . . . . 

Absorbance (abs) was measured at 5 95nm. Cone . = concentration . 
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Appendix G 
PCR primers 

Primer name 

exon2-for 

exon2-rev 

exon3-for 

exon3 -rev 

Sequencing primers 

Primer name 

exon2-for 

exon2-rev 

exon3 -for 

exon3-rev 

exon3-forl  

exon3-for2 

exon3-rev l 

exon3-rev2 

Exon primed Sequence (5 ' - 3 ') 

2 CATCTGGGATCCATGTGGAGCATGA 

2 CTCCAGCCACAAAGGTTACAGTGCT 

3 AAGTGGGCTTTGTCTCAGTCTACCT 

3 GGACCATTGGGAACATATCTCTCTT 

Exon sequenced Sequence (5 ' - 3 ' ) 

1 04 

2 CATCTGGGATCCATGTGGAGCATGA 

2 CTCCAGCCACAAAGGTTACAGTGCT 

3 AAGTGGGCTTTGTCTCAGTCTACCT 

3 GGACCATTGGGAACATATCTCTCTT 

3 GCCTCCTTCACTATTCTT 

3 ATGTGGAGGATTAGCAGA 

3 TCATGGCTTCATATACACTA 

3 GAGGACAGCATAGTAACA 
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