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Introduction 
 

Osteochondrosis (OC) is a developmental disease that occurs in many different 

species and belongs to those diseases of the locomotory system frequently detected 

radiographically in young horses. Articulations mainly affected in horses are the 

fetlock, hock, and stifle joints. Disturbed differentiation and maturation of growing 

cartilage is believed to lead to alterations of the joints. This focal failure in the 

growing cartilage causes further damage and secondary lesions of the cartilage like 

osseous fragments, cartilage flaps, and synovial effusions. The presence of 

osteochondral fragments (joint mices, chips, corpora libera) characterizes the 

underlying osteochondrotic disease as osteochondrosis dissecans (OCD). The 

osteochondrotic lesions remain permanent in warmblood horses at an age of five to 

eight months.  

Reports on the prevalence indicate that OC is present in warmblood and trotter horse 

populations mostly at frequencies between 10 and 30% across a range of different 

breeds. The specific causes of OC are still unknown, but OC appears to be 

multifactorial in origin. Genetic components play an important role in the etiology of 

the osteochondrosis syndrome. Nutrition, mineral imbalance, growth rate, body size, 

trauma, and exercise are the main environmental factors on OC. Up to now no 

reports are available about the development of OC in coldblood horses and no 

responsible genes have as yet been identified. The objective of the present study is 

to investigate the risk factors on the prevalence of OC, to estimate genetic 

parameters for fetlock and hock OC, and to identify genomic regions harbouring gene 

loci responsible for OC in South German Coldblood horses. In order to achieve this 

goal, a whole genome scan was performed and then, genomic regions significantly 

linked to OC were refined using high-resolution comparative human-equine maps 

and single nucleotide polymorphisms (SNPs) developed for these QTL regions. 

Finally, genetic tests were developed on the basis of gene-associated markers. 
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Overview of chapter contents 

Chapter 2 reviews the literature for equine OC including pathogenesis, risk factors, 

prevalences and heritability estimates and for molecular genetic approaches to OC. 

In Chapter 3 the factors associated with the prevalence of OC and palmar/plantar 

osteochondral fragments (POFs) in fetlock joints were analyzed. 

In Chapter 4 the heritabilities and correlations were estimated for radiological signs 

of OC in fetlock and hock joints as well as POFs under a linear animal model. 
Chapter 5 contains a whole genome scan performed for OC and POFs in nine 

paternal half-sib families including 117 South German Coldblood horses, their 89 

dams, and nine sires. 

Chapter 6 describes the RH mapping of candidate genes for OC.  

Chapter 7 shows the development of SNP markers and the development of a 

genetic test for OCD in fetlock joints of South German Coldblood horses on ECA4. 

Chapter 8 presents a high resolution human-equine comparative map for a genomic 

region on horse chromosome 18 and human chromosome 2q.  

Chapter 9 provides a general discussion and conclusions referring to Chapters 1-8. 

Chapter 10 is a concise English summary of this thesis, while Chapter 11 is an 

expanded detailed German summary which takes into consideration the overall 

research context. 
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Equine osteochondrosis: pathogenesis, prevalence, 
risk factors, and molecular genetic approaches 
 

Abstract 

Osteochondrosis (OC) is a developmental disease in growing individuals due to 

disturbed differentiation and maturation of cartilage particularly at predilection sites of 

the fetlock, hock, and stifle joints. Recent studies have shown high prevalences of 

OC in the limb joints of young riding horses. Horses with radiographically visible 

osteochondrotic lesions are at a higher risk of developing orthopaedic problems later 

in life than unaffected horses. This paper provides a brief overview of the 

pathogenesis of OC, risk factors, prevalences, heritabilities, and genetic correlations 

of OC in fetlock and hock joints of different horse breeds. We also describe molecular 

genetic approaches to equine osteochondrosis. Whole genome scans for quantitative 

trait loci (QTL) and comparative genomics using candidate genes may lead to new 

insights into the molecular mechanisms of pathogenesis of osteochondrosis and to 

gene tests for OC in horses. 

 

Keywords: Horse; osteochondrosis; QTL; candidate gene approach; comparative 

genomics 

 

Introduction 

Osteochondrosis (OC) is a developmental disease that occurs in many different 

species and belongs to those diseases of the locomotory system frequently detected 

radiographically in young horses (Arnan and Hertsch, 2005; Carlsten et al., 1993; 

Hoppe, 1984a, b). Articulations mainly affected by this developmental disease are 

the fetlock, hock, and stifle joints (Jeffcott, 1991). Disturbed differentiation and 

maturation of growing cartilage leads to alterations of the joints like cartilage flaps, 

osseous fragments, and synovial effusions (Jeffcott and Henson, 1998; Trotter and 

McIlwraith, 1981). The presence of osteochondral fragments (joint mice, chips, 

corpora libera) characterizes the underlying osteochondrotic disease as 
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osteochondrosis dissecans (OCD) (Dämmrich, 1985; Nixon, 1990; Jeffcott, 1991). 

The specific causes are still unknown but OC appears to be multifactorial in origin 

(Jeffcott 1991; Van Weeren, 2005).  

In the present study, we give a short overview of the pathogenesis and risk factors of 

osteochondrosis, prevalences, heritabilities, genetic correlations of OC in fetlock and 

hock joints of different horse breeds, and new developments in horse genomics 

useful for identifying responsible genes for OC. 

 

Pathogenesis and age of onset 

OC is a disturbance of the endochondral ossification of growing cartilage of the 

growth plates and/or the articular/epiphyseal complex (Jeffcott, 1996; Rooney, 1979; 

Van De Lest et al., 1999). Cartilage cells appear to proliferate normally, but 

maturation and differentiation are abnormal in OC leading to retention and thickening 

of cartilage, resulting in the development of a cartilage core. (Trotter and McIlwraith, 

1981). The initial lesion occurs in the proliferative or hypertrophic zone in growth 

cartilage adjacent to the joint surface. The loss of normal differentiation of cartilage 

cells means that transitional calcification of the matrix does not occur and that 

capillary sprouts can not penetrate the distal region of the hypertrophic zone 

(Dämmrich, 1985; Shingleton et al., 1997).  

Articular lesions due to OC can develop very early in life. As growing cartilage is a 

tissue undergoing complex processes of proliferation and maturation especially 

during the first months of life, it is very important to distinguish between the time of 

the first detection of an osteochondrotic lesion and the time from which it is 

definitively permanent. Abnormal radiographic presentations and growth irregularities 

are commonly detected in warmblood horses at the age of one month (Dik et al., 

1999), but most of these abnormalities disappear during the first months of life. In the 

hock joints lesions at the intermediate ridge of the distal tibia and at the distal aspect 

of the lateral trochlear ridge of the talus were seen already within the first few months 

of life, but disappeared for the major part before age 5 months. The ages at which 

lesions originated, and until which they tended to disappear, were variable per joint 

(Barneveld and van Weeren, 1999; Dik et al., 1999). Osteochondrotic lesions may 

develop and regress spontaneously as long as the metabolic level of the extracellular 

matrix of the articular is still high enough to permit such repair (Van Weeren, 2005). 
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So the point of no return may be determined by the metabolic status of the 

chondrocytes. However, the time frame for this activity differs between different joints 

in young horses and thus the windows of susceptibility of horses for OC varies 

between the different types of joints (Barneveld and van Weeren, 1999). Hock OC 

was thus considered as permanent with the age of five months as no resolutions of 

abnormal radiographically findings were detected and shifts from normal to abnormal 

changes become rare (Dik et al., 1999). Stifle OC appeared as permanent with the 

age of eight months. In contrast to these findings, a distinct increase of 

osteochondrotic lesions and fragments in hock joints was observed in two-year-old 

horses compared with foals at an age between four and nine months (Arnan and 

Hertsch, 2005). Furthermore, a similar tendency was recorded for osteochondrotic 

fragments in fetlock joints of two-year-old horses. Osteochondrotic lesions in stifle 

joint that have been diagnosed at weaning age could not be demonstrated when the 

same horses were x-rayed two years later (Arnan and Hertsch, 2005). 

Osteochondrotic lesions like irregularities and low density of bone margins are the 

early signs of OC, which can develop at an age of about four months to joint bodys 

(Kroll et al., 2001). First signs of osteochondrotic lesions, such as irregularities and 

low density of bone margins are predictive for isolated radiopaque areas which 

develop from those early changes about an age of four to twelve months or even 

after twelve months. So genetic analyses in 624 foals and 396 two-year-olds could 

demonstrate genetic correlations among signs for osteochondrotic lesions in four to 

nine month old foals and OCD in the same horses at an age of two years close to 

one with estimates of rg = 0.84 for fetlock joints and rg = 0.99 for hock joints (Schober, 

2003). The corresponding phenotypic correlations were rp=0.66 (fetlock joints) and 

rp=0.68 (hock joints) indicating a significant consistency of the radiological findings for 

the two different age classes. 

In trotter and coldblood horses the point of no return seems to be later than in 

warmblood horses, at an age of about one year.  A higher prevalence of OC in hock 

joints was found among two years old Swedish trotters compared to one year old 

horses (Hoppe et al., 1984a), suggesting that OC manifests after the first year of life. 

Permanent hock and fetlock OC in Swedish trotters was found at the age of 12 

months, even if all permanent lesions had already been visible earlier (Carlsten et al., 

1993). In South German Coldblood horses (Wittwer et al., 2006a) the prevalence of 
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OC was sharply increasing at an age of about twelve months. The most frequently 

affected animals were at an age of between 10 and 17 months and half of the foals 

that were x-rayed twice, showed signs of OC only in the second examination at an 

age of about 25 months. 

 

Physiopathological findings 

The endocrinological procedures of skeletal development and growth are controlled 

by hormones that are most likely to participate in endochondral ossification, such as 

insulin, thyroxine, growth hormone, parathyroid hormone, and calcitonin (Glade, 

1986; Jeffcott, 1997). Of the regulating proteins involved in endochondral ossification, 

the transforming growth factor ß (TGF-ß) plays an important role in growth cartilage 

metabolism, particularly in the control of chondrocyte differentiation and hypertrophy 

(Glade, 1986; Henson et al., 1997; Jeffcott and Henson, 1998). The intralesional 

increase of the expression of TGF-ß1 mRNA has been suggested as a reparative 

response to the OC lesion (Semevolos et al., 2001). TGF-ß is also known to inhibit 

proteoglycan production, to regulate collagen synthesis, and to decrease alkaline 

phosphatase activity (Thorp et al., 1993). Cartilage differentiation is partially 

controlled trough parathyroid hormone related peptide and a significant increase of 

this protein and mRNA expression in chondrocytes from OC-affected cartilage has 

been shown (Semevolos et al., 2002). The expression of bone morphogenetic 

peptides was not changed (Semevolos et al., 2004). Differences in the blood 

concentrations of biochemical bone markers and parathyroid hormone (PTH) 

between OC affected and unaffected warmblood foals were not seen (Vervuert et al., 

2005b).  

Insulin like growth factors (IGFs) play an important role in cartilage metabolism and 

growth, including the introduction of increasing cellular proliferation and the synthesis 

of cartilage aggrecan and collagen (Semevolos et al., 2001). There has been 

ascertained an interdependency of OC in hock joints and plasma IGF-I levels (Sloet 

van Oldruitenborgh-Oosterbaan, 1999). Foals with osteochondrotic findings showed 

significantly lower IGF-I levels than unaffected foals. It is suggested that reduction in 

chondrocyte differentiation, as caused by lower plasma IGF-I concentrations, may 

contribute to the development of osteochondrosis. The significantly higher expression 

of IGF-I in cartilage obtained from osteochondrotic lesions (Semevolos et al., 2001) 



Equine osteochondrosis 

 

10 

in eight to twelve months old horses, reflects a healing response to injured tissue 

rather than a primary alteration. 

The composition of the extracellular matrix has been target as another molecular 

mechanism involved in the development of OC.  The cartilage matrix consists 

primarily of water, collagens, proteoglycans, and glycoproteins. The expression of 

various collagen types that are represented in the extracellular cartilage matrix 

(collagens type II, VI, and X) are known to play a role in the development and 

maturation of cartilage (Henson et al., 1997). It is well known that the extracellular 

matrix of the articular cartilage goes through a phase of rapid remodelling in the 

neonatal animal (Van Weeren, 2005). Additional evidence for the crucial role of 

collagen was provided by the demonstration of differences in post-translational 

modifications of collagen type II in samples from early osteochondrotic lesions (Van 

de Lest et al., 2004). 

These physiopathological findings reveal that in OC a clear discrimination should be 

made between the pathogenesis triggered by a number of aetiological factors on the 

one hand, and the repair process on the other hand (Van Weeren and Brama, 2003). 

 

Prevalence of OC 

Reports on the prevalence indicate that OC is present in warmblood and trotter horse 

populations at frequencies between 10 and 64% across a range of different breeds 

(Jeffcott, 1991; Philipsson et al., 1993; Stock et al., 2005a, 2006; Willms et al., 1999; 

Winter et al., 1996) (Table 1).  

The large differences may be attributed to the different definitions of the 

osteochondrotic findings. Osteochondrotic lesions have been often referred to 

traumatic origin or to the osteochondrosis syndrome, in dependence of the location of 

the radiographic signs (Jeffcott and Henson, 1998; Jeffcott, 1991). In the case of 

radiographic findings at the dorsoproximal aspect of the third phalanx or in the 

palmar/plantar region of the fetlock joint it is more difficult to distinguish between 

presumably traumatic and osteochondrotic origin. In trotters signs of OC in the fetlock 

joints are often characterised as POF (palmar/plantar fragments and/or bone defects 

at the site of attachment of the short sesamoidean ligaments to the proximal 

phalanx), UPE (ununited palmar/plantar eminence of the proximal phalanx, including 

intra- and extraarticular fragments) or DF (dorsal fragments at the dorsoproximal rim 
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of the proximal phalanx and/or fragments or defects at dorsal part of sagittal ridge of 

distal third metacarpal bone) (Carlsten et al., 1993). According to their findings 

Carlsten et al. (1993) regard fetlock POF and UPE as one entity. The affiliation of 

fetlock POF and UPE to the OC complex has been questioned by several authors 

(e.g. Dalin et al., 1993; Sandgren et al., 1993b; Nixon and Pool, 1995). After 

histological examination of osteochondral fragments from the proximoplantar/ 

proximopalmar region of the proximal phalanx of 30 horses Nixon and Pool (1995) 

suggested that these fragments may be a result of fracture rather than a 

manifestation of OC. Dalin et al. (1993) assumed that fetlock POF are the result of 

outwardly rotated hindlimb axes and subsequent point loading in the medial fetlock 

area, and concluded that the origin of these lesions was traumatic. Sandgren et al. 

(1993b) stated that the differences in body weights, body measurements, and clinical 

signs between horses affected by hock OC and horses affected with fetlock POF or 

UPE in their study are indications of the different pathogeneses of these lesions. In 

Swedish yearling trotters POFs in fetlock joints were associated with familiarity and a 

possible developmental failure of enchondral ossification and have not just 

developed by chance which is more likely for traumata (Philipsson et al., 1993). 

Similar to this study, Grøndahl and Dolvik (1993) distinguished between OC in hock 

joints as bony fragments at the intermediate ridge of the distal tibia and/or at the 

trochlea of the talus and POFs in fetlock joints at the attachment site of the short 

sesamoidean ligaments, excluding bony fragments at the dorsoproximal end of the 

proximal phalanx. Schougaard et al. (1990) investigated only osteochondral 

fragments with or without defects at different locations in hock joints, excluding 

defects without osteochondral fragments. Pieramati et al. (2003) regarded 

osteochondral fragments at different locations of fetlock and hock joints. Kroll et al. 

(2001) distinguished between osteochondral lesions, such as isolated radiopaque 

areas, irregularities and low density of bone margins at the dorsal aspect of the 

sagittal ridge of the 3rd metacarpal/metatarsal bone, and in the distal part of the tibia 

and the lateral trochlea tali. 

 

Risk factors and genetic associations with other traits 

Nutrition, mineral imbalance, growth rate, body size, trauma, and exercise are the 

main environmental factors considered to influence the formation of 
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dyschondroplastic alterations in the growing individual. Furthermore, it is generally 

accepted that genetic components play a role in the etiology of the OC syndrome 

(Grøndahl and Dolvik, 1993; Jeffcott, 1991; Philipsson et al., 1993; Pieramati et al., 

2003; Stock et al., 2005b; Willms et al., 1999; Winter et al., 1996).  

The influence of the sex of the horse on the development of osteochondrotic lesions 

has been described in several studies with more female horses affected by OC in 

fetlock joints than male horses (Pagan and Jackson, 1996; Winter et al., 1996) and 

additionally with a significant higher prevalence of OC in hock joints of male horses 

(Philipsson et al., 1993; Schober, 2003).  In respect of OC in fetlock joints of the 

forehand and the hindquarters, more female horses were affected by OC in fetlock 

joints of the forehand than male horses (Wittwer et al., 2006a). Other authors 

reported a higher prevalence of osteochondral lesions in male horses (KWPN, 1994; 

Mohammed, 1990; Sandgren et al., 1993a), which was explained by hormonal 

effects or sex-dependent growth rates (Jeffcott, 1991). Some investigators did not 

find significant sex differences in the prevalence of OC (Grøndahl, 1991; Hoppe, 

1984b; Stock et al., 2005b; Vervuert et al., 2005a; Yovich et al., 1986). 

Furthermore, the prevalence of OC findings seems to be related to body size. Taller 

horses have a predisposition for osseous fragments in fetlock and hock joints (Stock 

et al., 2005b), which agrees with findings in German and Dutch warmblood and 

Swedish trotters (KWPN, 1994; Pagan and Jackson, 1996; Sandgren et al., 1993b; 

Van Weeren et al., 1999; Winter et al., 1996). Taller warmblood foals with a big 

cannon bone circumference tended more frequently to signs of OC in hock joints 

(Wilke, 2003). Regarding hock and fetlock joints negative genetic correlations were 

found between height at withers and the incidence of hock OC (Philipsson et al., 

1993; Willms et al., 1999). Large carpal circumference was genetically associated 

with a high incidence of hock OC but a low incidence of POFs (Philipsson et al., 

1993). Foals affected with hock OC had a higher body weight at birth and continued 

to be heavier, with significantly higher average daily weight gains up to an age of 12 

months when compared to unaffected foals (Sandgren et al., 1993b). The affected 

foals also had a larger frame, including a greater height at the croup and at the 

withers, and had a markedly larger circumference of the cannon bone and the carpus 

(Pagan and Jackson, 1996; Van Weeren et al., 1999). In contrast to hock OC, foals 
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with lower body weight were found to have a significantly higher prevalence of OC in 

fetlock joints (Schober, 2003).  

The month of birth of the foals influences the development of osteochondrotic 

lesions. Foals born before April showed a higher frequency of OC in their fetlock 

joints (Pagan and Jackson, 1996; Wilke, 2003) as well as in fetlock and hock joints 

(Wilke, 2003). This may be attributed to the fact that these earlier born foals had 

lesser possibilities to move freely compared to later born foals, which could be kept 

outdoors. The distribution of the prevalence of OC over the different months of birth 

in South German Coldblood horses also revealed that the horses born early in the 

year tended to a higher prevalence of OC in fetlock joints than horses born between 

May and July (Wittwer et al., 2006a). Contrary to these studies a significant influence 

of the month of birth was reported for the development of OC in fetlock joints, with a 

higher prevalence of OC in foals born later in the year (Philipsson et al., 1993). In 

respect of hock joints, a higher incidence of osteochondrotic lesions was found in 

foals that were born late in the season (Sandgren et al., 1993a; Wittwer et al., 

2006a).  

Every kind of limb deformation results in irregular traction and pressure forces in the 

bone that cause local remodeling of existing bone structures. In joint areas, sclerotic 

zones up to bony bridging of the whole joint space might occur. The intensity of 

exercise in the first month of life of the foals influence the distribution of 

osteochondrotic lesions, with a tendency towards more severe lesions in box-rested 

foals at an age of five month. In stifle and hock joints, lesions were found mainly in 

the femoral condyles of box-rested foals and at the lateral trochlear ridge of the femur 

in trained foals (Barneveld and Van Weeren, 1999). The frequency of the exercise 

within the first month of life influences the development of OC in fetlock joints, but not 

in hock joints. OC in fetlock joints was associated with a deficit in locomotion during 

the first months of life in a study of 624 Hanoverian Warmblood foals. Regular free 

exercise is best for the development of healthy cartilage resistant to injury (Wilke, 

2003). 

Some authors described the particular predisposition of show jumping horses and 

horses used for competition because of the extreme strain put on the hock joint 

(Axelsson et al., 2001; Rooney, 1979). A positive genetic correlation was estimated 

between show jumping and the occurrence of OCD in sport horses (Winter et al., 

1996). There is only a study in 3,725 Hanoverian Warmblood horses analyzing 
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genetic correlations among performance in sports and osseous fragments in fetlock 

and hock joints (Stock and Distl, 2006b). Measures of performance were number of 

annual tournament entries (TE) and placings (TP) in basic build-up, dressage and 

show-jumping competitions. High prevalences of osseous fragments in hock joints 

were genetically negatively correlated with TP and TE in dressage competitions. A 

similar tendency was found for osseous fragments in hock and fetlock joints with TP 

in show-jumping competitions. All other genetic correlations were not significant due 

to large standard errors or slightly positive (Stock and Distl, 2006b). 

 

Heritability of OC 

The heritability estimates for OC in warmblood horses were between 0.10 and 0.34 

when threshold models were applied and the additive genetic effect of the animal 

was included in the model (Table 2). In some cases the estimates have high 

standard errors and these estimates are not significantly different from zero (KWPN, 

1994; Pieramati et al., 2003). The heritability estimates in studies in trotters vary 

between 0.17 and 0.52 (Grøndahl and Dolvik, 1993; Philipsson et al., 1993; 

Schougaard et al., 1990). The reasons for these large differences may be because of 

the type of method applied for estimation (sire model instead of an animal model), 

the horse breed investigated, differing data structures, and in some studies, the low 

numbers of animals included. Sire models have been commonly used for genetic 

analyses but imply random mating and unrelated sires. These assumptions do 

usually not hold with field data (Van Vleck and Hudson, 1982). Animal  models use 

all available pedigree informations, but because of sparse informations per animal 

effect convergence may critical. Concerning the analysis of categorical traits, some 

authors consider animal threshold models as improper (Hoeschele and Tier, 1995). 

Using a sire threshold model, a heritability of 0.26 was estimated, based on 325 

yearlings representing the majority of the progeny of nine trotter stallions 

(Schougaard et al., 1990). In Swedish trotters a heritability of h2=0.27 was estimated 

for radiographic findings of OC in hock joints and of h2=0.24 for POFs in fetlock 

joints, with 793 horses under examination (Philipsson et al., 1993). A heritability of 

0.52 for POFs in fetlock joints and of 0.21 for hock joints was estimated for 644 

trotters that were progeny from 39 sires (Grøndahl and Dolvik, 1993).  
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In several reports the considered locations of OC lesions in the joints are not 

specified and there are different definitions of OC for the examined locations. 

Heritability estimations mostly confine to hock OC (KWPN, 1994; Schougaard et al., 

1987; Willms et al., 1999; Winter et al., 1996) or to OCD in hock and fetlock joints 

(Carlsten et al., 1993; Grøndahl and Dolvik, 1993; Philipsson et al., 1993; Stock et 

al., 2005b). In some locations of the different joints it is difficult to distinguish if the 

osteochondral fragments are presumably of traumatic or osteochondrotic origin. 

Partly, no specification was made which joints are taken in consideration (KWPN, 

1994; Willms et al., 1999; Winter et al., 1996). The moderate heritabilities estimated 

for POFs in fetlock joints argue for an osteochondrotic origin of these osseous 

fragments (Philipsson et al., 1993; Wittwer et al., 2006b). Other authors do not 

include POFs in fetlock joints in the analyses, assuming that these fragments may be 

of traumatic origin in warmblood horses (Pieramati et al., 2003).  

Additive genetic variances and heritabilities may differ between sexes as well as 

between front and hind limbs. However, osseous fragments in front and hind fetlock 

joints represent genetically uniform traits as high additive genetic correlations 

between these traits were found (Stock et al., 2005b). In trotters there was no 

significant genetic correlation between hock joint OC and POFs in fetlock joints 

(Grøndahl and Dolvik, 1993), but the genetic correlations between osseous 

fragments in fetlock and hock joints were slightly to moderately negative in 

warmblood horses (Stock et al., 2005b).  Furthermore, for male horses a higher 

heritability of osseous fragments in front fetlock joints was obvious than in fetlock 

joints of the hindlimbs (Stock et al., 2005b).  

 

Quantitative trait loci for OC 

In recent years, there have been major advances in mapping the equine genome. A 

whole-genome radiation hybrid map (Chowdhary et al., 2003), comprehensive 

genetic linkage maps (Swinburne et al., 2000, 2006), and a medium-density horse 

gene map (Perrocheau et al., 2006) have been developed. About 1525 polymorphic 

microsatellites have been mapped on linkage maps (Guerin et al., 1999, 2003; 

Lindgren et al., 1998; Penedo et al., 2005; Shiue et al., 1999; Swinburne et al., 2000, 

2006) and radiation hybrid (RH) maps (Chowdhary et al., 2003; Wagner et al., 2006) 

and these data are made available through several databases such as the Horsemap 
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database at the INRA Biotechnology Laboratories Home Page 

(http://locus.jouy.inra.fr). The latest sex averaged genetic linkage map of the horse 

consists of 742 markers, which comprise a single linkage group for each of the 31 

autosomes and the X chromosome. The average interval between the markers is 3.7 

cM and the linkage groups collectively span 2772 cM (Swinburne et al., 2006). 

Whole-genome scans can be used to detect quantitative trait loci (QTL) significantly 

linked with phenotypic traits when a large number of highly polymorphic markers 

equidistantly distributed over the whole genome are available. According to 

Geldermann et al. (1985) a QTL is a single gene locus, or a marked DNA region that 

contains the gene with a measurable effect on the genetic variance of a trait. Such a 

QTL should determine more than 10% of the phenotypic variance of the targeted 

trait. 

Data from 14 half-sib families of Hanoverian Warmblood horses were analysed using 

microsatellite markers to detect QTL with significant influence on the development of 

OC (Böneker et al., 2006). QTL for OC in fetlock and hock joints were found on horse 

chromosomes 2, 3, 4, 5, 15, 16, 19, and 21. In a population of South German 

Coldblood horses a further whole genome scan for OC in fetlock and hock joints was 

carried out (Wittwer et al., 2006c). In total, 17 chromosome-wide significant QTL 

were found on different equine chromosomes with influence on the development of 

OC and OCD confirming most of the QTL in Hanoverian Warmblood horses. Whole 

genome scans are a first step towards the identification of genes responsible for a 

specific disease. Since all informative microsatellite markers available on linkage and 

RH maps are included, it is necessary to develop new markers in the identified QTL 

regions for fine mapping. 

Another strategy for identifying genes, responsible for OC, which avoids the 

necessity of complete genome scans, would be to select candidate genes or QTL 

that have already been shown to cause osteochondrosis in other species. It has 

become apparent that there are extensive genetic homologies between man and 

even distantly related species. Great progress has been made in comparative gene 

maps between different species and humans, so that syntenic genomic regions can 

be identified. In two previous studies whole genome scans for OC were performed in 

pigs. Andersson-Eklund et al. (2000) identified QTL for OC on Sus scrofa 

chromosomes (SSC) 5, 13, and 15. The QTL on SSC5 is located between the 
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interferon-γ (IFNG) and the insulin-like growth factor-1 (IGF-I) genes. This region is 

homologous to human chromosome (HSA) 12q14-q24 where a potential candidate 

gene, cartilage homeoprotein 1 (CART1), is located. Lee et al. (2003) detected QTL 

for OC on SSC7 and SSC16 at the 5% nominal error probability. The QTL containing 

region on SSC16 is syntenic to HSA5p13, where possible candidate genes, the 

growth hormone receptor gene and the fibroblast growth factor gene are located. 

Furthermore, a QTL for leg scores on SSC13 was in a similar region as the QTL for 

OC identified by Andersson-Eklund et al. (2000). 

In a recent study a QTL was found for OC in humans by using 378 families that 

contained one or more sibling pairs concordant for hip OC (Loughlin, 2002). In the 

region HSA2q23-q32, eight candidate genes were selected, based on their known 

roles in skeletal development or homeostasis (Loughlin et al., 2004). A microsatellite 

analysis revealed association to three of these genes, tumor necrosis factor α-

induced protein 6 (TNFAIP6), integrin α6 (ITGA6), and frizzled motif associated with 

bone development (FRZB). Single-nucleotide polymorphisms (SNPs) were identified 

for these three genes and tested for an association with hip OC, whereby only a SNP 

in the FRZB gene was associated with hip OC in females. 

 

Conclusions 

Osteochondrosis is one of the most common joint diseases in growing horses. The 

aetiology of OC in the horse is still not fully understood, but more research has 

focused on the molecular mechanisms involved. The substantial progress of 

comparative genomics provides a very effective approach towards unravelling the 

genetic basis of equine OC. The genomic regions of QTL for OC identified by whole 

genome scans can now be used for fine mapping using comparative genomics. Due 

to the lack of high-density equine linkage maps it is very cost-intensive to further 

refine these QTL positions. Enhancement of the generation of new genetic markers 

and resources for fine mapping are expected through the recently initiated horse 

genome project in Lower-Saxony (Distl and Blöcker, 2005; 

http://www.volkswagenstiftung.de/presse-news/presse05/108122005.pdf) and the 

horse whole genome sequencing project of the Broad Institute at MIT (USA).  
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Table 1 Reported prevalences of OCD in limb joints of horses by breed and age 

Horse 

population/Age 

Affected joint / Osteochondral findings Affected 

horses 

References 

Danish trotters  

(n = 325) 

18 - 24 months 

Hock: OF at intermediate ridge of distal tibia 12.0% Schougaard 

et al., 1990 

Draft horses 

(n = 51) 

1 - 43 months 

Fetlock: Fragmentation of the sagittal ridge of 

McIIIa 

Hock: OCD of the distal intermediate ridge 

Hock: OCD of the lateral trochlear ridge of the 

talus 

1.0% 

 

10.2% 

7.1% 

Riley et 

al.,1998 

Dutch warmblood 

horses 

(n = 590) 

3 years 

Hock: No specification 13.7% KWPN, 1994

Swedish 

Standardbred 

trotters  

(foals, n = 77) 

1-16 months 

Fetlock: POFb and UPEc 

Fetlock: DFd 

Fetlock: Abnormal enchondral ossification 

Hock: Bony fragment with or without defect in 

underlying bone or subchondral bone 

defect >5mm 

14.3% 

2.6% 

24.7% 

10.4% 

Carlsten 

et al., 1993 

Swedish 

Standardbred 

trotters  

(n = 674) 

11 to 24 months 

Fetlock: POFb 

Fetlock: UPEc 

Fetlock: DFd 

Hock: Bony fragment with or without defect in 

underlying bone or subchondral bone 

defect >5mm 

21.5% 

4.2% 

4.4% 

10.5% 

 

Philipsson 

et al., 1993 

Italian 

Maremmano 

horses  

(n = 350) 

2 to 3 years 

Fetlock: OFe 

Fetlock: OFe at sagittal ridge of McIIIa 

Fetlock: OFe at dorsal margin of foreleg 

proximal phalanx 

Hock: OFe 

Hock: OFe at distal intermediate ridge of tibia 

Hock: OFe at medial malleolus 

Hock: OFe at lateral malleolus 

2.8% 

0.8% 

2.0% 

 

9.2% 

8.3% 

0.3% 

0.6% 

Pieramati 

et al., 2003 
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Table 1 continued 

Horse 

population/Age 

Affected joint / Osteochondral findings Affected 

horses 

References

Holsteiner horses 

(mares, n = 456) 

6 – 24 months 

Hock: OCD tarsi (no specification) 34 - 64% Willms 

et al., 1999

Holsteiner horses 

(foals, n = 144) 

6 months 

Hock: OCD tarsi (no specification) 19 - 58% Willms 

et al., 1999

German 

warmblood horses 

(n = 130) 

suckling foals 

Fetlock: OF at the dorsal aspect of McIIIa 

Fetlock: POFb of the proximal phalanx 

Fetlock: Osteochondrotic findings at the dorsal 

aspect of McIIIa 

Hock: OF in talocrural joints 

Hock: Osteochondrotic findings in talocrural 

joints 

14.6% 

17.7% 

37.7% 

 

10.7% 

82.3% 

Kroll et al., 

2001 

German 

warmblood horses 

(n = 3566) 

3 to 8 years 

Fetlock, Hock: OCD  (no specification) 11.0% 

 

Winter 

et al., 1996

Hanoverian 

warmblood horses  

(n = 3749) 

3 to 7 years 

Fetlock: Isolated radiopaque area 

Fetlock, front limbs: Isolated radiopaque area 

Fetlock, hind limbs: Isolated radiopaque area 

Hock: Isolated radiopaque area in talocrural 

joints 

20.7% 

9.5% 

13.7% 

9.6% 

Stock et 

al., 2005a, 

b 

South German 

Coldblood horses 

(n = 167) 

Fetlock: Osteochondrotic findings at the dorsal 

aspect of McIIIa 

Fetlock: OF at the dorsal aspect of McIIIa 

Fetlock: POFb 

Hock: Osteochondrotic findings in talocrural 

joints 

53.9% 

 

26.4% 

16.2% 

40.1% 

 

Wittwer et 

al., 2006a 

athird metacarpal/metatarsal bone              bPalmar/plantar osseus fragment 

cununited palmar/plantar eminence of proximal phalanx (including intra- and extra-articular fragments) 
ddorsal fragment(s) at dorsoproximal rim of proximal phalanx and/or fragments(s) or defects >5mm  

at dorsal part of sagittal ridge of distal third metacarpal/metatarsal bone       eOsteochondral fragment 



Equine osteochondrosis 

 

28 

Table 2 Reported heritability estimates for equine OC in different limb joints by horse 

breeds 

Population and 

number of 

investigated horses 

Radiographic 

finding 

Heritability 

estimate 

Method of analysis References 

Danish trotters 

(n=325) 

OFa (hock) 0.26 ± 0.14 STMf   Schougaard 

et al., 1987 

Norwegian trotters 

(n=644) 

POFc (fetlock) 

OCb (hock) 

0.52 

0.21 

STMf (REMLg) Grøndahl 

and 

Dolvik,1993 

Swedish trotters 

(n=793) 

OCb (hock) 

POFc (fetlock) 

0.27 

0.24 

LSMh (DLi) Philipsson 

et al., 1993 

Maremmano horses 

(n=350) 

DOFd (fetlock) 

OFa (hock) 

0.13-0.14 ± 

0.22-0.23 

LAMj (REMLg, DLi) Pieramati et 

al., 2003 

Dutch warmblood  

(mares; n=590) 

OFa (hock) 0.14 ± 0.17 LAMj (REMLg, DL i) KWPN, 

1994 

Hanoverian 

warmblood (n=3725) 

OFa (fetlock) 

OFa (hock) 

0.19 ± 0.03 

0.37 ± 0.06 

LAMj (REMLg, DLi) Stock et al., 

2005b 

German riding 

horses 

(n=2407) 

OCDe (hock) 0.07 ± 0.03 LAMj (REMLg) Winter et 

al., 1996 

Holsteiner horses 

(mares; n=456) 

OCDe (hock) 0.34 ± 0.06 ATMk (GSl) Willms et 

al., 

 1999 

Holsteiner horses 

(foals; n=144) 

OCDe (hock) 0.19 ± 0.02 ATMk (GSl) Willms et 

al.,  

1999 
aOsteochondral fragments     bOsteochondrosis 
cPalmar/plantar osteochondral fragments   dDorsal osteochondral fragmentation 
eOsteochondrosis dissecans     fSire threshold model 
gResidual Maximum Likelihood     hLinear sire model 
iDempster Lerner transformation onto the liability model  jLinear animal model 
kAnimal threshold model     lGibbs sampling 
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Prevalence of osteochondrosis in the limb joints of 
South German Coldblood horses 
 

Summary 

This study aimed to quantify the factors associated with the prevalence of the 

radiological signs of osteochondrosis (OC) and osteochondrosis dissecans (OCD) in 

South German coldblood horses. The prevalence of OC and OCD in fetlock and hock 

joints was analysed in 167 young coldblood horses with a mean age of 14 months. 

The presence of at least one osteochondrotic lesion (OC) in fetlock or hock joints 

was documented for 61.7% of the horses and 26.9% of the horses had osseus 

fragments. Osteochondrotic findings at the dorsal aspect of the sagittal ridge of the 

3rd metacarpal/metatarsal bone were seen in 53.9% of the horses and 

palmar/plantar osseous fragments in fetlock joints in 16.2% of the horses. Hock joint 

OC was found in 40.1% of the horses and hock OCD in 0.6%. Osteochondrotic 

findings in the distal part of the tibia were prevalent in 28.1% and in the lateral 

trochlea tali in 17.4% of the horses. Sex of the investigated horses significantly 

influenced the prevalence of OC in fetlock and hock joints, as well the prevalence of 

findings in the distal part of the tibia and lateral trochlea tali. Age at radiological 

examination was significant for the prevalence of OC in hock joints, palmar/plantar 

osseous fragments in fetlock joints and osteochondrotic findings in the distal part of 

the tibia. Female horses showed a two fold higher risk for OC in fetlock and hock 

joints than male horses. The distribution of the affected horses by age classes 

showed that radiographic signs of OC in fetlock and hock joints significantly 

increased at an age of about one year. We can conclude from our study that fetlock 

and hock osteochondrosis is a prevalent radiographic finding in more than one-year-

old female and male South German coldblood horses. 

 

Keywords: Coldblood horse, osteochondrosis, prevalence, systematic influences, 

age of onset. 
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Introduction 

Osteochondrosis (OC) belongs to those diseases of the locomotory system 

frequently detected radiographically in very young horses. Reports on the prevalence 

indicate that OC is present in Warmblood and Trotter horse populations at 

frequencies between 10 and 26% across a range of different breeds (Jeffcott, 1991; 

Stock et al., 2005a; Winter et al., 1996; Willms et al., 1999). Modern equine medicine 

has revealed the impact of OC on the use of the horses in sports and at leisure and 

its large importance for premature culling of horses.  

Disturbed differentiation and maturation of growing cartilage leads to alterations of 

the joints, whereby cartilage flaps, osseous fragments and synovial effusions are the 

most common signs of OC. Subchondral bone cysts were considered as part of 

equine osteochondrosis (Jeffcott, 1991; McIlwraith, 1993), however, recent research 

showed subchondral bone cysts to be inflammatory in origin (von Rechenberg and 

Auer, 2006). The presence of osteochondral fragments (joint mice, chips, corpora 

libera) characterizes the underlying osteochondrotic disease as osteochondrosis 

dissecans (OCD). The osteochondrotic lesions remain permanent at an age of five to 

eight months (Grøndahl, 1991; Carlsten et al., 1993; Dik et al., 1999; Kroll et al., 

2001). 

OC is a disturbance in the process of endochondral ossification of growing cartilage 

of the growth plates and/or the articular/epiphyseal complex (Van De Lest et al., 

1999). The specific causes are still unknown but OC appears to be multifactorial in 

origin. Nutrition, mineral imbalance, growth rate, body size, trauma and exercise are 

the main environmental factors considered to influence the formation of 

dyschondroplastic alterations in the growing individual. Furthermore, it is generally 

accepted that genetic components play a role in the etiology of the OC syndrome 

(Jeffcott, 1991; Willms et al., 1999; Winter et al., 1996; Pieramati et al., 2003; Stock 

et al., 2005b). Up to now no reports are available about the development and 

prevalence of OC in coldblood horses even if OC was reported in coldblood horses 

(Nilsson, 1947; Riley et al., 1998). 

Therefore, standardized radiological examinations of young progeny of the most 

frequently used South German Coldblood stallions were performed to investigate the 

prevalence of OC. The prevalence of the radiographic findings was compared in 

joints of front and hind limbs, and in joints of right or left limbs. Analysis of variance 
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was performed to test the significance of age at examination, sex, birth month, and 

front versus hind limbs on the prevalence of OC and OCD. 

 

Material and methods 

Sampling of data  

The radiological examination included 167 randomly sampled young coldblood 

horses of the breed South German Coldblood. All horses were registered in the 

South German Coldblood studbook of Bavaria and descended from 30 South 

German Coldblood stallions. The radiographic examinations were performed 

between 2001 and 2004 in cooperation with the Breeding Association for Bavarian 

Horse Breeders. All horses radiographed were free from clinical signs of lameness. 

Most of the horses (70%) were kept on farms in horse boxes and the others in tied 

barns. From spring to autumn foals are kept on pastures with their mares. Female 

yearlings and two-year-old horses were reared in groups on pastures with exception 

of the cold season. In the winter months, feeding ration consisted mainly of hay, 

straw, silage and concentrates (oates, barley, corn, molasse, sugar beet pulp) 

including vitamins and minerals. The rations included concentrates in all farms. In the 

summer months, hay or hay in combination with concentrates was offered the horses 

in about 50% of the farms. Oates was most often used as concentrate all over the 

year. 

The average age at radiographic examination was 14.2 months. Three age classes 

were distinguished for the investigated horses, with 41% of the horses up to an age 

of ten months, 31 % up to an age of 17 months, and 28 % up to an age of 31 months 

(Fig. 1). Some foals at an age of about 7 months were x-rayed a second time at an 

age of about two years. As only a small fraction of the male foals are kept for 

breeding purposes later in life, most of them are slaughtered at an age of seven to 

twelve months or sold for fattening abroad. Thus, more female horses were included, 

particularly in the group of older horses. 

The size of the examined half-sib groups ranged from 1 to 28 horses and 65 % of the 

examined horses were female and 35 % were male. From each horse, eight digital 

radiographs were taken, one view from each fetlock and two views of each hock joint: 
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- fetlock joint laterolateral (90°) 

- hock joint plantarolateral-dorsomedial (70°) 

- hock joint dorsolateral-plantaromedial (110°) 

All radiographs were examined by two veterinary experts in horse orthopaedics. 

Radiographic findings were interpreted as signs for osteochondrosis (OC) only in the 

case when the predilection sites of the fetlock or hock joints showed changes. The 

predilection site in the fetlock joint for OC is the dorsal aspect of the sagittal ridge of 

the 3rd metacarpal/metatarsal bone. As there is no common opinion whether the 

dorsoproximal rim of the proximal phalanx should be classified as a predilection site 

for OC in horses, we did not classify radiographic findings at this location as OC. The 

predilection sites in the hock joints are the intermediate ridge of the distal tibia, the 

lateral trochlear ridge of the talus, and the lateral/medial malleolus of the tibia. 

Criteria for OC included the presence of isolated radiodense areas (osteochondral 

fragments), irregular texture of the bone with variable radiopacity (e.g. radioluceny of 

the subchondral bone) and changes of the regular bone contour such as smoothly 

flattened, irregularly flattened, smaller or larger concavity at the mentioned 

predilection sites. OCD was diagnosed when isolated radiodense areas 

(osteochondral fragments) in the joint space were visible at the predilections sites of 

the fetlock or hock joints. All predilection sites for OC and OCD for the different joints 

were regarded and the radiographic findings were documented for each joint of each 

limb. In this way it was possible to take into consideration both single and multiple 

affections of every limb joint.  

In addition to OC, we differentiated palmar/plantar osseous fragments at the 

attachment sites of the short sesamoidean ligaments to the proximal phalanx (POFs). 

We classified the radiographic findings in four groups: 

In group I there were osteochondrotic findings dorsal in fetlock joints (3rd 

metacarpal/metatarsal bone). In this location we distinguished radiolucency at the 

sagittal ridge with/without isolated radiopaque area, irregular bone margin in the 

sagittal ridge with/without isolated radiopaque area, proximal concavity at the sagittal 

ridge with/without isolated radiopaque area, and isolated radiopaque area without 

other changes at the sagittal ridge of the 3rd metacarpal/metatarsal bone.  

Radiographic changes classified in group II included isolated radiopaque areas 

palmarly/plantarly on the proximal phalanx in the fetlock joints, especially proximal of 
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the sesamoid bones, distal of the sesamoid bones, and in the plantar aspect of the 

fetlock joint.  

The predilection sites for OC in the hock joints were sorted in group III as irregular 

bone margin in the distal part of the tibia and the flat bone margin in the distal part of 

the tibia. 

Group IV included radiolucency in the lateral trochlea tali, irregular bone margin in 

the lateral trochlea tali and isolated radiopaque areas distal in the lateral trochlea tali.  

Some authors casted doubts if the isolated radiopaque areas of group II are part of 

the OC complex. They suggested that these isolated radiodense areas may have a 

traumatic origin such as fractures rather than a manifestation of osteochondrosis 

(Grøndahl and Dolvik, 1993; Nixon and Pool, 1995). Dalin et al. (1993) suggested 

that plantar osteochondral fragments are resulting from abnormal limb stance and 

subsequent biochemical conditions in the fetlock, and not a result of OC. Histological 

appearance of osteochondral fragments of the proximoplantar/proximopalmar region 

of the proximal phalanx in 30 horses was largely consistent with the diagnosis of 

chronic fracture. Signs typical for osteochondrosis were not present in these 

fragments and in addition, none of these horses was affected by osteochondrosis of 

the tarsus (Nixon and Pool, 1995). In the present study the palmar/plantar isolated 

radiopaque areas of the proximal fetlock joints were not added to the OC complex in 

the analysis of fetlock OC but analyzed as a separate trait. 

 

Statistical analysis 

The prevalence of OC or OCD and radiological changes classified in group I to IV 

were analysed as binary traits: 0 denoting no radiographic signs consistent with OC 

or OCD or radiological changes for the respective group, 1 denoting presence of at 

least a radiographic sign consistent with OC or OCD in the specified joint(s) or 

radiological changes in the respective group. Two categories of radiographic 

changes were then distinguished, for OC those showing radiographic signs of 

osteochondrosis including osseous fragments, and for OCD those showing 

radiographic signs of osteochondrosis dissecans (isolated radiodense bodies as 

signs for joint mice). Binary coding was used even if there was more than one 

radiographic finding per joint and limb.  

Generally, the radiographical findings in fetlock and hock joints were analyzed 
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separately. For more detailed analyses of radiological signs for OC or OCD, the 

following subdivisions were made: prevalence of OC or OCD in joints of the forelimbs 

or hindlimbs, and prevalence of OC or OCD in left or right joints.  

Generalized linear models were employed for the analysis of variance with a binomial 

function of distribution and the probit function used as link function. The analyses 

using the prevalence of OC in fetlock and hock joints as dependent variates were 

performed for the effect of front and hind limbs, left and right limb, month of birth, sex, 

age class at radiological examination as main factors and their two-way interactions. 

In addition, we differentiated locations of radiographical findings at the respective 

limbs. The Statistical Analysis System (SAS), version 9.1.3 (SAS Inc., Cary, NC, 

2005) was used for these analyses. The influence of the left and right limb as well as 

their interactions with other factors was so small and far from significance that a 

differentiation with respect to left and right limb was not necessary. The 

parameterizations of the models applied were as follows: 

 

(1) front and hind limbs:  
yijklm = µ + Limbi + Month of birthj + Sexk + Agel + Limb*Month of birthij + 

Limb*Sexik + Limb*Ageil + Month of birth*Sexjk + Month of birth*Agejl + 

Sex*Agekl + eijklm 

 

(2) front or hind limbs: 
yjklm = µ + Month of birthj + Sexk + Agel + Month of birth*Sexjk + Month of 

birth*Agejl + Sex*Agekl + ejklm, 

 

where yijklm, yjklm is the binary dependent variate for radiographic changes of OC, 

OCD or radiological findings classified in group I, II, III or IV of the front and/or 

hindlimb; Limbi is the fixed effect for front or hind limbs with two levels, the fixed 

effect of Month of birthj included three levels (j: january to march, april, may to july, 

with 67, 63, and 37 horses); the fixed effect of Sexk had two levels (k: male, with 58 

animals and female, with 109 animals); Agel is the fixed effect of age class with three 

levels (l: ≤ 10, 11 to 17, > 17 months, with 68, 52, and 47 animals). 
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Results 

In a SGC horse population, there were 64 (38.2%) with no signs of OC, 103 (61.7%) 

horses were affected with signs of OC, and 45 (26.9%) with OCD (Table 1). The 

fetlock joints were more often affected with OC and OCD than the hock joints. The 

front limbs were more often affected with OC than the hind limbs. In contrast to OC, 

16.2% horses were affected in the forelimbs by OCD and 16.8% in the hindlimbs. 

Signs for OCD were nearly equally distributed between the left and right limbs of the 

forehand. 

The distribution of the investigated horses over the three age classes showed that 

only 20.6% of the horses in the first age class (≤ ten months) were affected with OC 

and 14.7% with OCD. The prevalences for OC and OCD significantly increased to 

about 88 to 94% and 30 to 39% for horses in the second (> ten and < 17 months) 

and third age class (≥ 17 months). Female horses were 1.59 (OCD-f) to 2.29 (OC-f) 

times more often affected than male horses (Table 2). Of the 24 foals that were x-

rayed at an age of about seven months and a second time at an age of about 25 

months, ten horses were affected by OC in both radiological examinations and 13 

horses showed signs of OC only in the second examination. One horse had no signs 

of OC in both investigations.  

The distribution of radiographic findings at the different locations and separately for 

male and female horses is given in Table 3. Out of the 167 horses investigated, 

53.9% had osteochondrotic findings dorsally in fetlock joints (group I), whereof 81% 

of the affected horses were female. Most frequently observed signs were a proximal 

concavity and an irregular bone margin at the dorsal aspect of the sagittal ridge. On 

the proximopalmar/proximoplantar phalanx in the fetlock joints (group II), 16.2% of 

the investigated horses had an osseous fragment whereof 7.8% were located 

proximal of the sesamoid bones, 5.4% distal of the sesamoid bones, and 5.4% in the 

plantar aspect of the fetlock joint. Most of the horses affected by radiographic signs 

of group II also showed radiographic changes of the sagittal ridge of the 3rd 

metacarpal/metatarsal bone (n=20), and/or findings in the distal part of tibia (n=11) 

and/or lateral trochlea tali (n=6). Only four horses showed plantar/palmar osseous 

fragments of fetlock joints and no radiographic signs of OC. On the predilection sites 

for OC in hock joints in the distal part of the tibia (group III), 28.1% had 

osteochondrotic lesions, whereof 24.6% showed a flat bone margin. In the lateral 
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trochlea tali (group IV), 17.4% of the horses had osteochondrotic findings with 15.6% 

of the horses showing an irregular bone margin.  

The differentiation between male and female horses revealed that just 29.3% male 

horses were affected by findings at the dorsal aspect of the sagittal ridge of the 3rd 

metacarpal/metatarsal bones. Female horses were most frequently affected in this 

location with 67.0% (p<0.001). On the predilection sites for OC in hock joints in the 

distal part of the tibia (group III) female horses were most frequently affected with 

33% female and only 19% male horses. 

The distribution of the investigated osteochondrotic findings by the four groups 

defined above revealed that in all age classes most of the osteochondrotic findings 

were located dorsal in the sagittal ridge of the fetlock joints followed by findings in the 

distal part of the tibia in the second and third age class (Table 4). 

About 46% (n=77) of the investigated horses had more than one affected joint. 

Twenty three per cent of the horses showed signs of OC in more than two different 

joints (Table 5). In hock joints, 12% of the horses had OC in both limbs. The following 

frequencies of co-affected ipsilateral fetlock joints were found: each 8% of the horses 

had a coincidence of OC of the left and right side and each 1-2% of the horses were 

ipsilaterally affected by fetlock OCD.  

The results of the analyses of variance are summarized in Tables 6-8. The analysis 

of variance revealed that age and sex significantly influenced the prevalence of OC in 

fetlock joints of all limbs as well as of forelimbs and with exception of sex also fetlock 

OC of hindlimbs (Table 6). The interaction between age and sex was not significant 

indicating that the age effect was very similar in both genders. No significant effects 

could be found for the other tested factors and their interactions in respect of OC in 

the investigated limb joints. 

The prevalence of palmar/plantar osseous fragments in the fetlock joints was 

significantly influenced by age at radiological examination and its interaction with 

month of birth was close to the threshold of significance for these radiological 

changes at front limbs (Table 7). Age at radiological examination significantly 

influenced the prevalence of hock osteochondrosis, findings in the distal part of the 

tibia and lateral trochlea tali in hock joints (Table 8).  
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Discussion 

In the present study 61.7% of the examined horses showed radiographic findings in 

terms of irregular bone texture with variable radiopacity, osseous fragments and 

changes of the regular bone contour defined as osteochondrosis (OC). Osseous 

fragments in different fetlock joints visible as intraarticular radiodensities as 

osteochondrosis dissecans (OCD) were found in 26.9% of the investigated horses. 

The prevalence for fetlock and hock OC in SGC horses of the present study are thus 

higher than the previous findings reported for trotters (Carlsten et al., 1993; Grøndahl 

and Dolvik, 1993; Philipsson et al., 1993). Particularly, the prevalence of OCD in 

fetlock joints in the investigated SGC horses was exceptionally high in comparison to 

German or Dutch Warmblood horses investigated previously (Kroll et al., 2001; 

KWPN, 1994; Willms et al., 1999; Winter et al., 1996), whereas for hock OCD only 

one case was ascertained here. In some warmblood breeds high prevalences of OC 

have been determined in the limb joints of clinically healthy young Warmblood horses 

(Table 10), even if the prevalences varied between 8% and 64% in the different 

studies (KWPN, 1994; Winter et al., 1996). The reason for the high prevalence in 

SGC horses could be seen in growth rates of about 1000 g per day with an adult 

body weight between 700 and 900 kg of the SGC horses in comparison to 

warmblood horses. The aim of SGC horse breeding is to get a tall and muscular 

economy-horse with a high body weight. Increasing prevalences of OC are believed 

to be associated with rapid growth rate and large body size. Stock et al. (2005a) 

reported a predisposition of taller warmblood horses to osseous fragments in fetlock 

and hock joints agreeing with literature on metacarpo-/metatarsophalangeal and 

tarsocrural OCD (KWPN, 1994; Winter et al., 1996). Wilke (2003) found that taller 

warmblood foals and yearlings with a big cannon bone circumference more 

frequently tended to signs of OC in hock joints. In the study of Sandgren et al. 

(1993b), foals affected with hock OC (n = 8) had a higher body weight at birth and 

continued to be heavier, with significantly higher average daily weight gains up to an 

age of 12 months when compared with unaffected foals. The affected foals also had 

a larger frame, including a greater height at the croup and at the withers, and had a 

markedly larger circumference of the cannon bone and the carpus. Another reason 

for the high OC prevalence in the SGC horse population could be a mean coefficient 

of inbreeding of 2.3% (Aberle et al., 2004). In the sixties the SGC population 
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experienced a bottleneck, because of the increase of motorisation in agriculture the 

population size decreased dramatically. In the consequence, only low numbers of 

breeding animals were available and thus, an increasing number of alleles 

responsible for OC could have been accumulated in sire lines due to inbreeding. 

Some further reasons for these large differences may be because of the different 

definition of the osteochondrotic findings. Philipsson et al. (1993) and Grøndahl and 

Dolvik (1993) defined OC in hock joints as bony fragments at intermediate ridge of 

distal tibia and/or at trochlea of talus. For fetlock joints, they only reported 

prevalences of palmar/plantar osteochondral fragments at attachment site of short 

sesamoidean ligaments, excluding bony fragments at dorsoproximal end of proximal 

phalanx. Schougaard et al. (1990) investigated only osteochondral fragments with or 

without defects at different locations in hock joints, excluding defects without 

osteochondral fragments. Pieramati et al. (2003) investigated only osteochondral 

fragments at the different locations of fetlock and hock joints. 

The fetlock joints were more often affected by OC and OCD than the hock joints. Of 

the investigated horses, 53.9% showed OC in fetlock joints and 40.1% in hock joints. 

OCD was found in 26.4% of the fetlock joints and only one horse had an osseous 

fragment in the hock joint. This correlates with the fact that the equine forehand 

bears a larger part of the body weight while standing and, even more marked, while 

moving. Furthermore the fetlock joints in the frontlimbs seem to be predisposed to 

develop OC compared to the respective joints in the hindlimbs (Haakenstad, 1968). 

At an age of about twelve months the prevalence of OC in the examined SGC horses 

was sharply increasing. As the most frequently affected animals were between 10 

and 17 months old and half of the foals that were x-rayed twice, showed signs of OC 

only in the second examination at an age of about 25 months, the age for 

development of radiographically visible signs may be in the second year of life. Age 

of onset may be earlier in life when enchondral ossification is still active and this may 

be assumed as in warmblood and thoroughbred horses at an age under twelve 

months. As growing cartilage is a tissue undergoing complex processes of 

proliferation and maturation especially during the first months of life, it is very 

important to distinguish between the time of the first detection of an osteochondrotic 

lesion and the time from which it is definitively permanent. In agreement with 

literature abnormal radiographic presentations can be detected in SGC foals at an 
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early age (Hoppe et al., 1984a, b; Yovich et al., 1985; Carlsten et al., 1993; Dik et al., 

1999; Kroll et al., 2001). In order to define the point of no return in SGC horses more 

precisely by the time at which no resolution of abnormal findings can be detected and 

when shifts from normal to abnormal findings become rare, a longitudinal study with 

the same panel of horses for birth to the age of 3-4 years seems necessary. Several 

authors have reported on the age of onset of permanent osteochondrotic lesions in 

different joints of young horses. Hoppe et al. (1984a, b) found a higher prevalence of 

OCD among two years old trotters compared to one year old trotters, and suggested 

that OCD manifests after the first year of life. In a longitudinal study performed for 77 

Standardbred foals which were six times from birth to the age of 16 months 

radiographically examined, Carlsten et al. (1993) could demonstrate permanent hock 

and fetlock OC at the age of 12 months, even if all permanent lesions had already 

been visible earlier. However, Dik et al. (1999) concluded from their results in Dutch 

Warmblood foals that hock OC is permanent at the age of five months.  

The distribution of the prevalence of OC over the different months of birth of the 

investigated horses revealed that the horses born early in the year tended to a higher 

prevalence of OC in fetlock joints than horses born between May and July. 

Prevalence for hock OC significantly decreased in horses born after April in the year. 

Pagan and Jackson (1996) also found that foals born before April showed a higher 

frequency of diagnostic findings in their fetlock joints. This may be attributed to the 

fact that these earlier born foals had lesser possibilities to move freely compared to 

later born foals, which could be kept outdoors. 

In this study a significant effect of the factor sex was found on the prevalence of OC 

in fetlock joints, particularly for forelimbs. In this location more female horses were 

affected by OC than male horses. Similar to the present study, Pagan and Jackson 

(1996) and Winter et al. (1996) found more female horses affected by OC in fetlock 

joints than male horses. Kroll et al. (2001) found out that the location of the 

osteochondrotic findings is significantly influenced by sex. Female horses with a 

small cannon bone circumference were significantly more frequently affected in 

fetlock joints and male foals with a big cannon bone circumference showed 

significantly more often positive findings in hock joints. An explanation for the 

influence of the sex on the development of OC could be an underdevelopment or 

slower development of the ossification of limb bones.  
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The levels of insulin-like growth factor 1 (IGF-1) served as a parameter for growth in 

previous studies. Ozawa et al. (1995) investigated the relationship between plasma 

IGF-1 level and body weight in young horses of different breeds (coldblood, fullblood, 

and ponies). In male horses significantly higher levels of IGF-1 were found in all 

different breeds under investigation. Sloet van Oldruitenborgh-Oosterbaan et al. 

(1999) ascertained an interdependency of OC in hock joints and plasma IGF-1 levels. 

Foals with osteochondrotic findings showed significantly lower IGF-1 levels than foals 

unaffected by OC. Possibly the plasma IGF-1 level controls physiological processes 

responsible for the development of OC. Other authors reported a higher prevalence 

of developmental diseases in male horses than in females (KWPN, 1994; 

Mohammed, 1990; Philipsson et al., 1993; Sandgren et al., 1993a), which was 

explained by hormonal effects or sex-dependent growth rates (Jeffcott, 1991). Some 

investigators did not find any sex differences in the prevalences of osteochondrosis 

(Grøndahl, 1991; Hoppe, 1984b; Yovich et al., 1985). The study of Van Weeren et al. 

(1999) also established no influence of sex or parameters of growth on the 

prevalence of OC in hock joints in a population of genetically predisposed 

Warmblood foals. 

Depending on the type of joint, 46% of the SGC horses showed signs of OC in two or 

more different joints. In many cases osteochondrotic findings are encountered 

bilaterally in corresponding joints (Grøndahl, 1991; Hoppe, 1984a, b; McIlwraith, 

1993; Schougaard et al., 1990). In the present study, about 11 to 12% of the horses 

had a coincidence of OC in both fetlock joints of the forelimbs or the hindlimbs. A 

coincidence of OC in the ipsilateral fetlock joints on the left or right side was seen in 

8% of the horses. In hock joints, 12% of the investigated horses had OC in both 

limbs, whereof most of the horses were affected in the distal part of the tibia on the 

right hindlimbs. The distribution of OC between the different limb joints of left and 

right hand was not a significant factor in the present study. In other studies the 

severity of radiographic alterations differed between left and right (Böhm and Nagel, 

1980). Corresponding joints of front and hind limbs seem to be less often affected 

simultaneously (Böhm and Nagel, 1980; Haakenstad, 1968). A possible explanation 

for these findings may be that factors, considered to predispose horses to OC in 

fetlock or hock joints are unlikely to affect just one single limb. Limb deformations 

such as axial deviation will also impair the contralateral limb. Rapid growth and poor 



Prevalence of osteochondrosis 

 

42 

rearing conditions represent effects with systemic implications (Böhm and Nagel, 

1980; Clausen et al., 1990; Haakenstad, 1968; Winter et al., 1996). 

In the present study isolated radiopaque areas in fetlock joints were more often 

located on the dorsal part of the joint (18.0%) than on the palmar/plantar part 

(16.2%). Osteochondrotic lesions have been often referred to traumatic origin or to 

the osteochondrosis syndrome, in dependence of the location of the radiographic 

signs (Jeffcott, 1991; Jeffcott and Henson, 1998). The classification of an osseous 

fragment as of presumably traumatic origin or as osteochondrosis-related has not 

been investigated so far in SGC or other coldblood horses. Osseous fragments 

located dorsally at the sagittal ridge of the 3rd metacarpal- or metatarsal bones in 

fetlock joints may be considered to be of osteochondrotic origin in SGC horses, as for 

these locations this is generally accepted. In the case of radiographic findings at the 

dorsoproximal aspect of the third phalanx or in the palmar/plantar region of the 

fetlock joint it is more difficult to distinguish between presumably traumatic and 

osteochondric origin. However, Philippson et al. (1993) could show moderate 

heritabilities of radiographic findings of OC in the tarsocrural joint and of 

palmar/plantar osteochondral fragments (POFs) in fetlock joints in Swedish 

Standardbred yearling trotters. Thus, POFs may have not just developed by chance 

which is more likely for traumata, but are associated with familiarity as well as 

genetically correlated with hock OC and thus a possible developmental failure of 

enchondral ossification. In the present study the high frequency of plantar/palmar 

osseous fragments of the fetlock joints in combination with signs of osteochondrosis 

of fetlock and hock joints may be a further indication that these lesions belong to the 

OC complex and are not caused by traumata. This result here is in contrast to the 

study of Nixon and Pool (1995) where plantar/palmar osteochondral fragments of the 

fetlock joints were not correlated with osteochondrosis. 
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Figure 1. Distribution of the investigated horses (n=167) by age. 
 
 
 
 
Table 1. Prevalence of OC and OCD by fetlock and hock joints in the South German 

Coldblood horses (n = 167) included in this study 

 Prevalence of OC Prevalence of OCD 

 n % n % 

Total 103 61.7 45 26.9 

Fetlock 90 53.9 44 26.4 

- Forelimbs 68 40.7 24 16.2 

     Left limb 49 29.3 16 9.6 

     Right limb 39 23.4 10 6.0 

- Hindlimbs 49 29.3 28 16.8 

     Left limb 32 19.2 12 7.2 

     Right limb 36 21.6 20 12.0 

Hock 67 40.1 1 0.6 

Age in months 



 

 

 
 
Table 2. Prevalence (%) of OC and OCD by sex and age class of the horses examined (n=167) 

≤ 10 months < 17 months ≥ 17 months Total over age 

classes 

Trait 

Male 

(n=38) 

Female 

(n=30) 

Total 

(n=68) 

Male 

(n=7) 

Female 

(n=45) 

Total 

(n=52) 

Male 

(n=13) 

Female 

(n=34) 

Total 

(n=47) 

Male 

(n=58) 

Female 

(n=109) 

OC (%) 18.4 23.3 20.6 71.4 97.8 94.2 76.9 88.2 85.1 37.9 74.3 

OC_f (%) 18.4 20.0 19.1 42.9 88.9 82.7 53.9 79.4 72.3 29.3 67.0 

OC_h (%) 2.6 6.7 4.4 57.1 62.2 61.5 76.9 64.7 68.1 25.9 47.7 

OCD_f (%) 15.8 13.3 14.7 14.3 42.2 38.5 30.8 29.4 29.8 19.0 30.3 

OC_f Osteochondrosis in fetlock joints 

OC_h Osteochondrosis in hock joints 

OCD_f Osteochondrosis dissecans in fetlock joints
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Table 3. Distribution of the osteochondrotic lesions among the different locations 

(group I-IV) of the limb joints of all horses (n = 167) and separately for males (n=58) 

and females (n=109) 

All horses Males Females Osteochondrotic findings 

n % n % n % 

Group I Findings at the dorsal aspect of the 

sagittal ridge of the 3rd 

metacarpal/metatarsal bone 

90 53.9 17 29.3 73 67.0 

 - radiolucency   6 3.6 0 0 6 5.5 

 - radiolucency  with isolated radiopaque 

area 

9 5.4 2 3.5 7 6.4 

 - irregular bone margin 30 18.0 7 12.1 23 21.1 

 - irregular bone margin with isolated 

radiopaque area 

6 3.6 1 1.7 5 4.6 

 - proximal concavity 41 24.6 4 6.9 37 33.9 

 - proximal concavity with isolated 

radiopaque area 

23 13.8 7 12.1 16 14.7 

 - isolated radiopaque area without other 

changes 

15 9.0 3 5.2 12 11.0 

Group II Palmar/plantar osseous fragments in 

fetlock joints 

27 16.2 7 12.1 20 18.4 

 - proximal of the sesamoid bones 13 7.8 3 5.2 10 9.2 

 - distal of the sesamoid bones 9 5.4 1 1.7 8 7.3 

 - in the plantar aspect of the fetlock joint 9 5.4 4 6.9 5 4.6 

Group III Findings in the distal part of the tibia 47 28.1 11 19.0 36 33.0 

 - irregular bone margin 6 3.6 1 1.7 5 4.6 

 - flat bone margin 41 24.6 10 17.2 31 28.4 

Group IV Findings in the lateral trochlea tali 29 17.4 9 15.5 20 18.4 

 - irregular bone margin 26 15.6 8 13.8 18 16.5 

 - isolated radiopaque area 1 0.6 1 1.7 0 0 
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Table 4. Distribution of the osteochondrotic lesions among the limb joints separately 

for the three age classes (I-III) 

Osteochondrotic findings I 

(n=68) 

II 

(n=52) 

III 

(n=47)

Group I Findings dorsal at the dorsal aspect of the 

sagittal ridge of 3rd metacarpal/metatarsal 

bone 

13 43 34 

 - radiolucency 0 6 0 

 - radiolucency  with isolated radiopaque area 3 5 1 

 - irregular bone margin 2 17 11 

 - irregular bone margin with isolated 

radiopaque area 

2 2 2 

 - proximal concavity 7 19 15 

 - proximal concavity with isolated radiopaque 

area 

7 8 8 

 - isolated radiopaque area without other 

changes 

2 8 5 

Group II Osseous fragments palmar/plantar in fetlock 

joints  

3 6 18 

 - proximal of the sesamoid bones 1 3 9 

 - distal of the sesamoid bones 0 0 9 

 - in the plantar aspect of the fetlock joint 2 4 3 

Group III Findings in the distal part of the tibia 2 17 28 

 - irregular bone margin 2 3 1 

 - flat bone margin 0 14 27 

Group IV Findings in the lateral trochlea tali 1 18 10 

 - radiolucency 0 2 0 

 - irregular bone margin 1 15 10 

 - isolated radiopaque area 0 1 0 
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Table 5. Number of affected joints per horse (n=167) 

Number of affected joints 1 n  

(%) 

2 n  

(%) 

3 n 

(%) 

4 n 

(%) 

5 n 

(%) 

6 n 

(%) 

Horses with affected joints 26 

(15.6)

38 

(22.8)

23 

(13.8)

10 

(6.0)

4 

(2.4) 

2 

(1.2) 

Horses with affected fetlock joints 49 

(29.3)

22 

(13.2)

13 

(7.8) 

6 

(3.6)

  

- forelimbs 48 

(28.7)

20 

(12.0)

    

- hindlimbs 30 

(18.0)

19 

(11.4)

    

Horses with affected hock joints 47 

(28.1)

20 

(12.0)

    

 
 
 
Table 6. Analyses of variance for the prevalence of osteochondrosis in the fetlock 

joints (radiological findings classified into group I) 

All limbs Front limbs Hind limbs Source of variation DF 

χ² P χ² P χ² P 

Limb 1 1.26 0.261     

Month of birth 2 3.03 0.220 1.56 0.458 4.45 0.108 

Sex 1 7.78 0.005 5.54 0.019 3.23 0.072 

Age class  2 20.09 <0.001 14.45 <0.001 6.87 0.032 
DF:   degrees of freedom 

Limb:   front versus hind limbs 

Age class:  age at radiological examination 

Two-way interactions (limb*month of birth, limb*age class, limb*sex, month of birth*sex, month of 

birth*age class, sex*age class) not significantly different from zero are not shown. 
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Table 7. Analyses of variance for the prevalence of radiological findings in the fetlock 

joints classified into group II (palmar/plantar osseous fragments) 

All limbs Front limbs Hind limbs Source of variation DF 

χ² P χ² P χ² P 

Limb 1 0.13 0.714     

Month of birth 2 2.38 0.304 4.20 0.123 0.49 0.784 

Sex 1 0.71 0.400 1.73 0.189 0.01 0.907 

Age class  2 10.90 0.004 1.18 0.555 15.44 <0.001

Month of birth * age class 4 2.52 0.641 5.29 0.071 2.77 0.250 
DF:   degrees of freedom 

Limb:   front versus hind limbs 

Age class:  age at radiological examination 

Two-way interactions (limb*month of birth, limb*age class, limb*sex, month of birth*sex, sex*age 

class) not significantly different from zero are not shown. 

 

 

 

 

Table 8. Analyses of variance for the prevalence of osteochondrosis in hock joints 

and radiological findings classified into group III and IV in hock joints 

Group III Group IV Hock joints Source of variation DF 

χ² P χ² P χ² P 

Month of birth 2 4.54 0.103 4.23 0.120 6.70 0.035 

Sex 1 2.51 0.113 1.46 0.227 2.64 0.104 

Age class  2 29.89 <0.001 24.49 <0.001 44.11 <0.001 

Sex * age class 2 2.93 0.231 5.15 0.076 4.24 0.120 
DF:   degrees of freedom 

Age class:  age at radiological examination 

Two-way interactions of month of birth*sex and month of birth*age class not significantly different from 

zero are not shown. 



Prevalence of osteochondrosis 

53 

Table 9. Reported prevalences of OC in limb joints of horses by breed and age  

Horse 

population/Age 

Affected joint / Osteochondral findings Affected 

horses 

References 

Danish trotters  

(n = 325) 

18 to 24 months 

Hock: OF at intermediate ridge of distal tibia 12.0% Schougaard 

et al., 1990 

Draft horses 

(n = 51) 

1 to 43 months 

Fetlock: Fragmentation of the sagittal ridge of 

McIIIa 

Hock: OCD of the distal intermediate ridge 

Hock: OCD of the lateral trochlear ridge of the 

talus 

1.0% 

 

10.2% 

7.1% 

Riley et 

al.,1998 

Dutch warmblood 

horses 

(n = 590) 

3 years 

Hock: No specification 13.7% KWPN, 1994

Swedish 

Standardbred 

trotters  

(foals, n = 77) 

1 to 16 months 

Fetlock: POFb and UPEc 

Fetlock: DFd 

Fetlock: Abnormal enchondral ossification 

Hock: Bony fragment with or without defect in 

underlying bone or subchondral bone 

defect >5mm 

14.3% 

2.6% 

24.7% 

10.4% 

Carlsten 

et al., 1993 

Swedish 

Standardbred 

trotters  

(n = 674) 

11 to 24 months 

Fetlock: POFb 

Fetlock: UPEc 

Fetlock: DFd 

Hock: Bony fragment with or without defect in 

underlying bone or subchondral bone 

defect >5mm 

21.5% 

4.2% 

4.4% 

10.5% 

 

Philipsson 

et al., 1993 

Italian 

Maremmano 

horses  

(n = 350) 

2 to 3 years 

Fetlock: OFe 

Fetlock: OFe at sagittal ridge of McIIIa 

Fetlock: OFe at dorsal margin of foreleg 

proximal phalanx 

Hock: OFe 

Hock: OFe at distal intermediate ridge of tibia 

Hock: OFe at medial malleolus 

Hock: OFe at lateral malleolus 

2.8% 

0.8% 

2.0% 

 

9.2% 

8.3% 

0.3% 

0.6% 

Pieramati 

et al., 2003 
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Table 1 continued 

Horse 

population/Age 

Affected joint / Osteochondral findings Affected 

horses 

References

Holsteiner horses 

(mares, n = 456) 

6 to 24 months 

Hock: OCD tarsi (no specification) 34 - 64% Willms 

et al., 1999

Holsteiner horses 

(foals, n = 144) 

6 months 

Hock: OCD tarsi (no specification) 19 - 58% Willms 

et al., 1999

German 

warmblood horses 

(n = 130) 

suckling foals 

Fetlock: OF at the dorsal aspect of McIIIa 

Fetlock: POFb of the proximal phalanx 

Fetlock: Osteochondrotic findings at the dorsal 

aspect of McIIIa 

Hock: OF in talocrural joints 

Hock: Osteochondrotic findings in talocrural 

joints 

14.6% 

17.7% 

37.7% 

 

10.7% 

82.3% 

Kroll et al., 

2001 

German 

warmblood horses 

(n = 3566) 

3 to 8 years 

Fetlock, Hock: OCD  (no specification) 11.0% 

 

Winter 

et al., 1996

Hanoverian 

warmblood horses  

(n = 3749) 

3 to 7 years 

Fetlock: Isolated radiopaque area 

Fetlock, front limbs: Isolated radiopaque area 

Fetlock, hind limbs: Isolated radiopaque area 

Hock: Isolated radiopaque area in talocrural 

joints 

20.7% 

9.5% 

13.7% 

9.6% 

Stock et 

al., 2005a, 

b 

South German 

Coldblood horses 

(n = 167) 

Fetlock: Osteochondrotic findings at the dorsal 

aspect of McIIIa 

Fetlock: OF at the dorsal aspect of McIIIa 

Fetlock: POFb 

Hock: Osteochondrotic findings in talocrural 

joints 

53.9% 

 

26.4% 

16.2% 

40.1% 

 

Wittwer et 

al., 2006a 

athird metacarpal/metatarsal bone    bPalmar/plantar osseus fragment 

cununited palmar/plantar eminence of proximal phalanx (including intra- and extra-articular fragments) 
ddorsal fragment(s) at dorsoproximal rim of proximal phalanx and/or fragments(s) or defects >5mm  

at dorsal part of sagittal ridge of distal third metacarpal/metatarsal bone 
eOsteochondral fragment 
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Estimation of genetic parameters for the prevalence 
of osteochondrosis in the limb joints of South 
German Coldblood horses 

Summary 

Heritabilities were estimated for radiological signs of osteochondrosis (OC) in fetlock 

and hock joints and palmar/plantar osseous fragments in fetlock joints of South 

German Coldblood (SGC) horses using Residual Maximum Likelihood (REML) under 

a linear animal model. The analyses were based on the results of a standardized 

radiographic examination of 167 SGC horses with a mean age of 14 months. The 

heritabilities linearly estimated and transformed onto the liability scale were for OC in 

fetlock joints h² = 0.16 and for OC in hock joints h² = 0.04. Considering fetlock and 

hock OC jointly, lead to a heritability of h² = 0.17. Palmar/plantar osseus fragments of 

the fetlock joints showed a heritability of h² = 0.48. We concluded from our results 

that there is a likely genetic influence on the development of osteochondrosis in 

fetlock and hock joints as well as for palmar/plantar osseus fragments of fetlock joints 

of the investigated population of SGC horses. 

 

Introduction 

Osteochondrosis (OC) is a developmental disease that occurs in many different 

species and belongs to those diseases of the locomotory system frequently detected 

radiographically in very young horses (Hoppe 1984a, b, Carlsten et al. 1993). 

Reports on the prevalence indicate that OC is present in warmblood and trotter horse 

populations at frequencies between 10 and 64% across a range of different breeds 

(Jeffcott 1991, Philipsson et al. 1993, Winter et al. 1996, Willms et al. 1999, Stock et 

al. 2005).  

Dependent on the affected joint, lesions remain stable at an age of between 8 and 12 

months, the point of no return (Dik et al. 1999, Kroll et al. 2001). Disturbed 

differentiation and maturation of growing cartilage leads to alterations of the joints, 

whereby subchondral bone cysts, cartilage flaps, osseous fragments, wear lines and 

synovitis are the most common signs of OC. The presence of osteochondral 
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fragments (joint mice, chips, corpora libera) characterizes the underlying 

osteochondrotic disease as osteochondrosis dissecans (OCD). Though the etiology 

is not completely understood so far there is no doubt that genetic components play 

some role in this syndrome (Jeffcott 1991). In order to make use of this finding, 

detailed understanding of genetic influences and correlations between the different 

forms of manifestation is needed. Despite the considerable number of genetic studies 

that have been performed, there are no heritability estimates for this condition in 

coldblood horses. The range of published heritability estimates in the Warmblood 

horse varies largely (0.02-0.64), and in many cases the estimates of similar studies 

had high standard errors (KWPN 1994, Winter et al. 1996, Willms et al. 1999, 

Pieramati et al. 2003). The heritability estimates in similar studies in trotters 

(Schougaard et al. 1990, Grøndahl & Dolvik 1993, Philipsson et al. 1993) are varying 

between 0.09 and 0.52. The reasons for these large differences in heritability 

estimates may be caused by the type of method applied for estimation, the sampling 

scheme of the data and in some studies, the low numbers of animals included. 

The aim of the present study was to estimate genetic parameters for the prevalence 

of OC and OCD in fetlock and hock joints of young SGC horses.  

 

Material and methods 

Sampling and pedigree structure  

The analysis was based on the results of a standardized radiographic examination, 

including 167 young SGC horses, the descendants from 30 stallions for which 

pedigree information was available. The horses were free from clinical signs of 

lameness and randomly sampled from the whole breeding district of SGC in Bavaria. 

Pedigree data were provided by the breeding organization for Bavarian Horse 

Breeders, Munich, and included the ancestors of eight generations. The 

completeness of this pedigree was nearly 75%. The radiographic examinations were 

performed between 2001 and 2004 in cooperation with the Breeding Association for 

Bavarian Horse Breeders.  

The size of the examined half-sib groups ranged from 1 to 28 horses with a mean 

age of 14 months and 65 % of the examined horses were female and 35 % were 

male. Digital radiographs were taken of the metacarpo- and metatarsophalangeal 

(fetlock) joint and tibiotarsal (hock) joint in eight views: 
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-  fetlock joint laterolateral (90°) 

- hock joint plantarolateral-dorsomedial (70°) 

- hock joint dorsolateral-plantaromedial (110°) 

All radiographs were examined by two veterinary experts in horse orthopaedics. 

Radiographic findings were interpreted as signs for osteochondrosis (OC) only in the 

case when the predilection sites of the fetlock or hock joints showed changes. The 

predilection site in the fetlock joint for OC is the dorsal aspect of the sagittal ridge of 

the 3rd metacarpal/metatarsal bone. As there is no common opinion whether the 

dorsoproximal rim of the proximal phalanx should be classified as a predilection site 

for OC in horses, we did not classify radiographic findings at this location as OC. The 

predilection sites in the hock joints are the intermediate ridge of the distal tibia, the 

lateral trochlear ridge of the talus, and the lateral/medial malleolus of the tibia. 

Criteria for OC included the presence of isolated radiodense areas (osteochondral 

fragments), irregular texture of the bone with variable radiopacity (e.g. radioluceny of 

the subchondral bone) and changes of the regular bone contour such as smoothly 

flattened, irregularly flattened, smaller or larger concavity at the mentioned 

predilection sites. OCD was diagnosed when isolated radiodense areas 

(osteochondral fragments) in the joint space were visible at the predilection sites of 

the fetlock or hock joints. All predilection sites for OC and OCD for the different joints 

were regarded and the radiographic findings were documented for each joint of each 

limb. In this way it was possible to take into consideration both single and multiple 

affections of every limb joint.  

In addition to OC, we differentiated palmar/plantar osseous fragments at the 

attachment sites of the short sesamoidean ligaments to the proximal phalanx (POFs). 

We classified the radiographic findings as follows: 

Osteochondrotic findings at the dorsal aspect of the sagittal ridge of the 3rd 

metacarpal/metatarsal bone: here we distinguished radiolucency at the sagittal ridge 

with/without isolated radiopaque area, irregular bone margin in the sagittal ridge 

with/without isolated radiopaque area, proximal concavity at the sagittal ridge 

with/without isolated radiopaque area, and isolated radiopaque area without other 

changes at the sagittal ridge of the 3rd metacarpal/metatarsal bone.  

Radiographic changes classified as POFs included isolated radiopaque areas 

palmarly/plantarly on the proximal phalanx in the fetlock joints, especially proximal of 
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the sesamoid bones, distal of the sesamoid bones, and in the plantar aspect of the 

fetlock joint.  

Radiographic changes at the predilection sites for OC in the hock joints including the 

distal part of the tibia and the lateral trochlea tali were irregular bone margin and flat 

bone margin in the distal part of the tibia and radiolucency, irregular bone margin and 

isolated radiopaque areas on the lateral trochlea tali.  

Some authors casted doubts if POFs are part of the OC complex. They suggested 

that these isolated radiodense areas may have a traumatic origin such as fractures 

rather than a manifestation of osteochondrosis (Grøndahl & Dolvik 1993, Nixon & 

Pool 1995). Dalin et al. (1993) suggested that plantar osteochondral fragments are 

resulting from abnormal limb stance and subsequent biochemical conditions in the 

fetlock, and not a result of OC. Histological appearance of osteochondral fragments 

of the proximoplantar/proximopalmar region of the proximal phalanx in 30 horses was 

largely consistent with the diagnosis of chronic fracture. Signs typical for 

osteochondrosis were not present in these fragments and in addition, none of these 

horses was affected by osteochondrosis of the tarsus (Nixon & Pool 1995). In the 

present study the palmar/plantar isolated radiopaque areas of the fetlock joints were 

not added to the OC complex in the analysis of fetlock OC but analyzed as a 

separate trait. 

From all horses under investigation (n = 167), there were 61.7% horses affected with 

OC, and 26.9% with OCD (Table 1). The fetlock joints were more often affected with 

OC (53.9%) and OCD (26.4%) than the hock joints with OC (40.1%) and OCD 

(0.6%). Palmar/plantar osseus fragments in the fetlock joints (POFs) were found in 

16.2% of the horses investigated. On the predilection sites for OC in hock joints in 

the distal part of the tibia, 28.1% had osteochondrotic lesions and in the lateral 

trochlea tali, 17.4% of the horses had osteochondrotic findings.  

 

Statistical analyses 

The prevalence of osteochondrosis was analysed as a binary trait: 0 = no indication 

of osteochondrosis, 1 = presence of osteochondrosis in at least one of the specified 

joint(s). Two categories of radiographic changes were distinguished, for OC those 

showing radiographic signs of osteochondrosis including osseous fragments, and for 

OCD those showing radiographic signs of isolated radiodense bodies as signs for 
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joint mice. Binary coding was used even if there was more than one radiographic 

finding per joint and limb. 

The Statistical Analysis System (SAS), version 9.1.3 (SAS Inc., Cary, NC, 2005) was 

used for preliminary analyses in order to determine the significance of fixed effects 

on the prevalence of traits investigated. Analysis of variance was performed for the 

influence of front and hind limbs, left and right limb, month of birth, sex, age class at 

radiological examination, and their two-way interactions on the prevalence of OC in 

fetlock and hock joints. Generalized linear models were employed for the analysis of 

variance with a binomial distribution function and the probit function was used as link 

function. The effect of the left and right limb as well as their interactions with other 

factors was so small and far from significance that a differentiation between the 

different limbs of each horse was not necessary. 

The estimation of genetic parameters was performed using Residual Maximum 

Likelihood (REML) with VCE5 Version 5.1.2. (Variance Component Estimation, 

Kovač et al. 2003). A multivariate analysis for all traits was performed. 

The multivariate model used for the genetic analysis of the 167 investigated horses 

included only the fixed effects and interactions which were statistically significant in 

the analyses of variance. These were the fixed effects of sex, age at the radiological 

examination (Age), and month of birth as well as the interactions between month of 

birth and sex and between age at the radiological examination and sex. 

yijklm = µ + Month of birthi + Sexj + Month of birth*Sexij + Agek + Age*Sexjk + al + 

eijklm 

where yjklm is the binary dependent variate for OC or OCD in fetlock and/or hock joints 

and POFs; the fixed effect of month of birthi included three levels (j: january to march, 

april, may to july, with 67, 63, and 37 horses); the fixed effect of sexj had two levels 

(k: male, with 58 animals and female, with 109 animals); agek is the fixed effect of 

age class at radiological examination with three levels (l: ≤ 10, 11 to 17, > 17 months, 

with 68, 52, and 47 animals); al is the additive genetic effect of the animal including 

167 horses examined and 966 horses of the pedigree; eijklm is the residual error. 

In all statistical models used for the heritability estimations, the effect of the horse 

farm did not influence estimated values and for that reason it was not included in the 

estimation.  

The heritability estimates of the analyses were transformed according to Dempster & 
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Lerner (1950) and Gianola (1982). Let pi be the frequency of outcome 1 for trait i, zi  

be the ordinate of a standard normal distribution at the threshold point corresponding 

to a fraction pi, of the population having the character,  h2
obs be the heritability of trait i 

on the observed (binary) scale, and h2
liab  be the heritability of trait i on the underlying 

continuous scale. Then 

                    h2
liab

 =  h2
obs [ pi (1-pi) ] / zi

2. 

Stock et al. (2005) used a Monte Carlo simulation for a data set including 3725 

warmblood horses with four ancestral generations to test the reliability of the linear 

model heritability estimates. In agreement with Mäntysaari et al. (1991) and Gates et 

al. (1999), they found that application of transformation factors derived by Dempster 

& Lerner (1950) and Gianola (1982) resulted in estimates with only small differences 

to the true values obtained by the simulation analyses. Consequently, application of a 

linear animal model and subsequent transformation of heritabilities to the liability 

scale appears to be justified.   

 

Results 

For the prevalence of OC in all investigated fetlock and hock joints an estimate of h2 

= 0.10 and after Dempster & Lerner transformation an estimate of h2
DL = 0.17 was 

found (Table 2). The linear animal model analysis for the prevalence of OC in fetlock 

joints revealed a heritability estimate of h2 = 0.10 and of h2
DL = 0.16 (liability scale), 

whereas for OC in hock joints and OCD in fetlock joints the heritability estimates 

were lower with values of h2
DL = 0.04 (h2 = 0.02) and h2

DL = 0.08 (h2 = 0.04).  

The heritability for palmar/plantar osseous fragments in fetlock joints showed a value 

of h2
DL = 0.48 (h2 = 0.21). With exception of the genetic correlation between 

palmar/plantar osseous fragments in fetlock joints and OC in hock joints, all genetic 

correlations were positive (Table 3). The standard errors of the genetic correlations 

were between 0.14 and 0.93. 

 

Discussion 

The objective of this study was to quantify the role of genetics in the pathogenesis of 

prevalent osteochondral findings in the limb joints of SGC horses. Prevalences for 

OC of 62% and for OCD of 27% in the examined coldblood horses show the 



Estimation of genetic parameters 

 

62 

importance of these findings. The potential of radiographically detectable alterations 

compromising the performance of horses at least in the long term justifies the search 

for alternatives to currently used therapeutic methods. The estimation of heritabilities 

for osteochondral lesions will provide the required basis for selection decisions of 

animals in horse breeding. Accordingly, we chose the results of a standardized 

radiographic examination of osteochondrotic lesions among the different locations of 

the limbs in fetlock and hock joints to estimate genetic parameters.  

Heritability estimations mostly confine to tarsal osteochondrosis (KWPN 1994, 

Schougaard et al. 1990) or osteochondral fragments in hock and fetlock joints 

(Grøndahl & Dolvik 1993, Philipsson et al. 1993). In several publications the 

considered joints are not even specified when statements are made about 

osteochondrosis in general (Willms et al. 1999, Winter et al. 1996). In comparison 

with studies in warmblood horses the heritabilities estimated for the different signs of 

osteochondrosis in fetlock joints of our study were in the range like those reported by 

other authors from linear animal model analyses and subsequent transformation to 

the liability scale. These heritabilities were between 0.13 and 0.37 for OCD and 

osteochondral fragments in fetlock and/or hock joints (Table 3). The diverging 

definitions of investigated traits and locations in the different joints, the differing data 

structures of age, breed, and use of the investigated horse populations might cause 

the major differences of estimates. Heritabilities estimated in the present study were 

associated with large standard errors. Similar to this result, other studies comprising 

larger data sets reported standard errors that were larger than the heritabilities 

estimated as well (KWPN 1994, Pieramati et al. 2003). For more precise estimations 

the results of the present study need to be confirmed by using more progeny groups 

of X-rayed horses from subsequent generations. 

Considering the affected joints, Philipsson et al. (1993) and Stock et al. (2005) found 

higher heritabilities for osteochondral fragments in hock joints (h2 = 0.27, h2 = 0.37) 

than in fetlock joints (h2 = 0.24, h2 = 0.19). The results of Grøndahl & Dolvik (1993) 

with a heritability of h2 = 0.52 for OCD in fetlock joints and of h2 = 0.21 for hock joints 

are so far in accordance with our results as heritabilities for fetlock joints were higher 

than for hock joints. 

In the present study isolated radiopaque areas in fetlock joints were more often 

located on the dorsal aspect of the joint (26.4%) than on the palmar/plantar aspect 
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(16.2%). It is still uncertain whether palmar/plantar osteochondral fragments in the 

fetlock joints are a part of the OC complex or not. In the case of radiographic findings 

at the palmar/plantar region of the fetlock joint, it is difficult to distinguish between 

presumably traumatic and osteochondrotic origin.  The radiopaque areas in fetlock 

joints have been often described as avulsion fractures or attributed to the 

osteochondrosis syndrome, in dependence of the location of the radiographic signs 

(Jeffcott 1991, Jeffcott & Henson 1998). In the present study a moderate heritability 

was estimated for palmar/plantar osseous fragments in fetlock joints, whereas 

findings at the dorsal aspect of the sagittal ridge of the 3rd metacarpal/metatarsal 

bone showed lower heritability estimates. Furthermore, moderate genetic correlations 

for POFs with signs for OC in fetlock joints were found. On the basis of these results, 

POFs can not be attributed to traumas. In accordance with our results several studies 

(Philipsson et al. 1993, Grøndahl & Dolvik 1993) showed moderate heritabilities, 

investigating radiographic findings of palmar/plantar osteochondral fragments (POFs) 

in fetlock joints of Swedish Standardbred yearlings and Norwegian trotters.  

To overcome the problem of analyzing categorical traits linearly, we made use of the 

transformation according to Dempster & Lerner (1950) and Gianola (1982), which 

takes into account the trend of linear model analyses to underestimate the heritability 

of binary traits. Stock et al. (2005) could derive transformation factors differing little 

from the Dempster-Lerner factors using simulated data and for the prevalence 

chosen exemplarily. Consequently, they could justify the use of the latter for the 

linear analyses of their collected data. 

In general it is more difficult to estimate additive genetic correlations and they have 

considerably higher standard errors than the heritability estimates. For this reason, 

most of the genetic correlations were estimated with large standard errors. For a 

more precise estimation of heritabilities and additive genetic correlations the results 

of the present study need to be confirmed by using more progeny groups of X-rayed 

horses from consecutive generations. 

This is the first report on heritability estimates of osteochondral lesions in a coldblood 

horse breed. The heritability estimates found in the present investigation confirm the 

genetic background of osteochondral lesions at the different locations of fetlock and 

hock joints investigated here and indicate that selection against OC could also be 

effective in South German coldblood horses.  
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Table 1 Number of affected coldblood horses and prevalence (%) of signs of 

osteochondrotic lesions in fetlock and hock joints (n = 167) 

Horses 

affected Radiological findings 

n % 

Horses with signs of osteochondrosis in at least one fetlock and/or 

hock joint 

103 61.7 

Horses with signs of osteochondrosis in at least one fetlock joint 90 53.9 

- of the forelimbs 68 40.7 

- of the hindlimbs 49 29.3 

Horses with signs of osteochondrosis dissecans in at least one 

fetlock joint 

44 26.4 

Horses with palmar/plantar osseous fragments in fetlock joints 27 16.2 

Horses with signs of osteochondrosis in at least one hock joint 67 40.1 

Horses with radiological findings in the distal part of the tibia 47 28.1 

Horses with radiological findings in the lateral trochlea tali  29 17.4 
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Table 2 Heritability estimates (h²) with their standard errors (SE) and after Dempster-

Lerner transformation (h²DL) for the prevalence of signs of osteochondrotic lesions in 

fetlock and hock joints and palmar/plantar osseous fragments in fetlock joints using a 

multivariate linear animal model 

Trait h² SE h²DL SEDL 

OC in fetlock and hock joints 0.104 0.119 0.169 0.192

OC in fetlock joints (findings at the dorsal aspect of 

the sagittal ridge of the 3rd metacarpal/metatarsal 

bone) 

0.099 0.101 0.156 0.160

OCD in fetlock 0.044 0.051 0.081 0.092

OC in hock joints 0.022 0.042 0.035 0.067

Palmar/plantar osseous fragments in fetlock joints  0.213 0.125 0.481 0.281

 
 
 
 
Table 3 Additive genetic (above the diagonal) and residual correlations (after 

transformation into the liability model (re-DL), below the diagonal) with their standard 

errors (SE) among prevalences of osteochondrosis in fetlock joints (OC_f), 

osteochondrosis in hock joints (OC_h), osteochondrosis dissecans in fetlock joints 

(OCD_f) and palmar/plantar osseous fragments in fetlock joints (POFs) using a 

multivariate linear animal model 

Trait OC_f OC_h OCD_f POFs 

OC_f - 0.572 ± 0.927 0.992 ± 0.135 0.428 ± 0.560 

OC_h 0.218 ± 0.111 - 0.670 ± 0.855 -0.496 ± 0.668 

OCD_f 0.835 ± 0.079 0.125 ± 0.089 - 0.312 ± 0.833 

POFs -0.072 ± 0.167 0.055 ± 0.143 -0.123 ± 0138 - 
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Table 4 Reported heritability estimates for OCD of horses in different limb joints 

Population and 

number of horses 

investigated 

Radiographic 

finding 

Heritability 

estimate 

Method of 

analysis 

Reference 

Danish trotters 

(n=325) 

OF (hock) 0.26 ± 

0.14 

STM (χ2) Schougaard et 

al. 1987 

Norwegian trotters 

(n=644) 

OC/POFs 

(fetlock) 

OC (hock) 

0.52 

0.21 

STM (REML) Grøndahl & 

Dolvik 1993 

0.24 LSM (H III, DL) Swedish 

Standardbred 

trotters (n=793) 

POFs (fetlock) 

OC (hock) 0.27 LSM (H III, DL) 

Philipsson et 

al. 1993 

Maremmano 

horses 

(n=350) 

DOF (fetlock) 

OF (hock) 

0.13-0.14 

±  

0.22-0.23 

LAM (REML, 

DL) 

Pieramati et al. 

2003 

Dutch warmblood 

horses (mares; 

n=590) 

OF (hock) 0.14 ± 

0.17 

LAM (REML, 

DL) 

KWPN 1994 

0.19 ± 

0.03 

LAM (REML, 

DL) 

Hanoverian  

warmblood horses 

(n=3725) 

OF (fetlock) 

OF (hock) 

0.37 ± 

0.06 

LAM (REML, 

DL) 

Stock et al. 

2005 

German riding 

horses  

(n=3566) 

OCD (hock) 0.07 ± 

0.03 

LAM (REML) Winter et al. 

1996 

Holsteiner horses 

(mares; n=456) 

0.34 ± 

0.06 

ATM (GS) 

Holsteiner horses 

(foals; n=144) 

OCD (hock) 

 

OCD (hock) 0.19 ± 

0.02 

ATM (GS) 

Willms et al. 

1999 

ATM, animal threshold model; STM, sire threshold model; LAM, linear animal model; LSM, linear sire 

model; H III, Henderson’s method 3; REML, Residual Maximum Likelihood; GS, Gibbs Sampling; DL, 

Dempster Lerner transformation; χ2, χ2-heterogeneity test and Dempster Lerner transformation; OCD, 

Osteochondrosis dissecans; OF, Osteochondral fragments; DOF, dorsal osteochondral fragmentation; 

POFs, palmar/plantar osteochondral fragments; 
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Mapping quantitative trait loci for osteochondrosis 
in South German Coldblood horses 
 

Summary 

The aim of this study was to identify quantitative trait loci (QTL) for osteochondrosis 

(OC) and osteochondrosis dissecans (OCD) in a whole genome scan of South 

German Coldblood horses. Signs for OC were radiographically recorded in 117 

South German Coldblood horses at a mean age of 17 months. The radiographic 

examination comprised the fetlock and hock joints of all limbs. The genome scan 

included 157 polymorphic microsatellite markers in the first step. All microsatellite 

markers were equally spaced over the 31 autosomes and the X chromosome with an 

average distance of 17.7 cM and a mean polymorphism information content of 63 %. 

Putative QTL regions were confirmed in a second step by extending the marker set 

with 93 additional markers. Chromosome-wide QTL for the different traits were found 

on 17 equine chromosomes. There were eleven QTL linked with fetlock OC or OCD 

and three QTL associated with hock OC. QTL jointly linked with fetlock OC/OCD and 

hock OC were located on equine chromosomes 15 and 18 and six QTL significant for 

palmar/plantar osseous fragments (POFs) in fetlock joints were located on equine 

chromosomes 1, 4, 8, 12, 18, and 26. This genome scan is an important step 

towards the identification of genes responsible for OC in horses. 

 

Keywords horse, osteochondrosis, quantitative trait loci, microsatellite markers. 

 

Introduction 

Osteochondrosis (OC) belongs to those diseases of the locomotory system 

frequently detected radiographically in very young horses (Jeffcott 1991; Willms et al. 

1999; Stock et al. 2005a). Disturbed differentiation and maturation of growing 

cartilage leads to alterations of the joints, whereby cartilage flaps, osseous fragments 

and synovial effusions are the most common signs of OC (Trotter & McIlwraith 1981; 

Jeffcott & Henson 1998). Osteochondral fragments (joint mice, chips, corpora libera) 
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are specific signs of OC and develop mostly after the first osteochondrotic lesions are 

radiologically visible. This condition is usually called osteochondrosis dissecans 

(OCD). Genetic correlations close to one were demonstrated among signs for 

osteochondrosis in four to nine months old Hanoverian warmblood foals and 

osteochondrosis dissecans in the same horses at an age of two years (Schober, 

2003). The osteochondrotic lesions remain permanent at an age of five to eight 

months (Hoppe 1984a, b; Grøndahl 1991; Carlsten et al. 1993; Dik et al. 1999; Kroll 

et al. 2001). Reports on the prevalence indicate that OC is present in warmblood and 

trotter horse populations at frequencies between 10 and 26% across a range of 

different breeds (Grøndahl 1991; Jeffcott 1991; Philipsson et al. 1993; Winter et al. 

1996; Willms et al. 1999; Stock et al. 2005a). The increasing use of radiography in 

equine medicine has revealed the impact of OC on the use of the horses in sports 

and at leisure and its large importance for premature culling of horses (Stock et al. 

2005a).  

The specific causes of OC are still unknown but so far there is no doubt that OC is 

multifactorial in origin and genetic components play a central role in the pathogenesis 

(Jeffcott 1991). Among the environmental factors discussed, mineral imbalance, 

supply with protein and energy, growth rate, body size, trauma and exercise are the 

main factors considered to influence the development of OC in the growing horse 

(Jeffcott 1991). Heritability estimates for the prevalence of OC have been shown in 

trotters and warmblood horses (Schougaard et al. 1990; Grøndahl & Dolvik 1993; 

Philipsson et al. 1993; Winter et al. 1996; Willms et al. 1999; Stock et al. 2005b). The 

previously reported estimates for warmblood horses using animal models and an 

underlying liability varied from h² = 0.10 to h² = 0.34 and in trotters using sire models 

from h² = 0.17 to h² = 0.52. A genetic influence on the development of 

osteochondrosis in fetlock and hock joints as well as for palmar/plantar osseus 

fragments of fetlock joints in South German Coldblood horses was likely as 

heritabilities were at  h² = 0.16 to h² = 0.48 (Wittwer et al. 2006a). Despite a 

considerable number of studies on heritability estimates to date neither the mode of 

inheritance has been determined by complex segregation analysis nor quantitative 

trait loci (QTL) nor candidate gene loci associated with OC have been detected in 

horses.  
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In two previous studies whole genome scans for OC were performed in pigs. 

Andersson-Eklund et al. (2000) identified QTL on Sus scrofa chromosomes (SSC) 5, 

13, and 15 for OC. The QTL on SSC5 is located between the interferon-γ (IFNG) and 

the insulin-like growth factor-1 (IGF-I) genes. This region is homologous to human 

chromosome 12q14-q24 where a potential candidate gene, cartilage homeoprotein 1 

(CART1), is located. Lee et al. (2003) detected QTL for OC on SSC7 and SSC16 at 

the 5% nominal error probability. The QTL containing region on SSC16 is syntenic to 

HSA5p13, where possible candidate genes, the growth hormone receptor and the 

fibroblast growth factor gene are located. Furthermore, a QTL for leg scores on 

SSC13 was in a similar region as the QTL for OC identified by Andersson-Eklund et 

al. (2000). 

The aim of this study was to carry out a whole genome scan in order to identify 

quantitative trait loci (QTL) with significant influence on the development of OC in 

South German Coldblood horses. 

 

Material and methods 

Sampling of animals and pedigree structure 

The analysis included 117 randomly sampled young coldblood horses of the breed 

South German Coldblood (SGC). All horses were registered in the South German 

Coldblood studbook of Bavaria and descended from 9 South German Coldblood 

stallions. The size of the examined half-sib groups ranged from 5 to 28. Of the 117 

horses 90 (76.9%) were female and 27 (23.1%) were male. The average age at 

radiographic examination was 17 months with 15% of the horses at an age about half 

a year, 45 % at an age up to one year, and 40 % at an age up to 2.5 years.  

The first sampling of radiographic data in SGC horses was performed in 2001/2003 

and included the progeny of nine stallions with 89 horses. In 2004 radiographic 

examinations from a further batch of 28 horses were performed. All the 28 horses 

examined were progeny of the same nine stallions already included in the sample 

and collected in 2001/2003. All horses radiographed were free from clinical signs of 

lameness. Most of the horses (70%) were kept on farms in horse boxes and the 

others in tied barns during the winter months. From spring to autumn foals were kept 

on pastures with their mares. Female yearlings and two-year-old horses were reared 
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in groups on pastures with exception of the cold season. These young horses had no 

undergone physical exercise.  

 

Phenotypic traits 

Digital radiographs were taken from the metacarpo- and metatarsophalangeal 

(fetlock) joints and tibiotarsal (hock) joints of the forelimbs and hindlimbs, 

respectively. The radiological examinations comprised eight views to regard fetlock 

and hock OC. Laterolateral views were used for the fetlock joints (90°) and 

plantarolateral-dorsomedial views (70°/110°) were used to examine the hock joints.  

All radiographs were examined by two veterinary experts in horse orthopaedics. 

Radiographic findings were interpreted as signs consistent with OC/OCD only in the 

case when the predilection sites of the fetlock or hock joints showed changes. The 

predilection site in the fetlock joints for OC is the dorsal aspect of the sagittal ridge of 

the 3rd metacarpal/metatarsal bone (Kroll et al. 2001). The predilection sites in the 

hock joints are the intermediate ridge of the distal tibia, the lateral/medial trochlear 

ridge of the talus, and the lateral malleolus of the tibia (Carlsten et al. 1993; Kroll et 

al. 2001).  

Signs consistent with OC were irregular texture of the bone with variable radiopacity 

(e.g. radioluceny of the subchondral bone) and changes of the regular bone contour 

such as smoothly flattened, irregularly flattened and smaller or larger concavity at the 

afore mentioned predilection sites. OCD was diagnosed when isolated radiodense 

areas in the joint space were visible at the predilections sites of the fetlock or hock 

joints irrespective of other signs for OC.   

Two categories of radiographic changes were then distinguished, (1) those showing 

radiographic signs of osteochondrosis with or without osseous fragments (OC), and 

(2) those showing radiographic signs of osteochondrosis dissecans (isolated 

radiodense bodies as signs for joint mice, OCD). In addition to osteochondrotic 

lesions, we distinguished osteochondral fragments in the fetlock joints at the sites of 

attachment of the short sesamoidean ligaments to the proximal phalanx 

(palmar/plantar osseous fragments and/or bone defects, POFs). POFs were 

associated with familiarity in SGC horses and genetically correlated with hock OC 
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and thus a possible developmental failure of enchondral ossification (Wittwer et al. 

2006a). 

From all SGC horses X-rayed, there were 18 (17.9%) with no signs of OC, and 96 

(82.1%) horses were affected with OC and 39 (33.3%) with OCD in fetlock joints 

(Table 1). In the present study, separate analyses were performed for the presence 

of signs of OC (fetlock and hock joints), fetlock OC (OC_f), hock OC (OC_h), fetlock 

OCD (OCD_f), and POFs (palmar/plantar osseous fragments). 

Blood samples of the 117 SGC horses used for radiographic examination and their 

nine sires and 93 dams were available for genotyping. Genomic DNA from EDTA 

blood samples was extracted by using the QIAamp 96 DNA Blood Kit (Qiagen, 

Hilden, Germany). 

 

Markers used and genotyping 

For the whole genome scan a total of 157 highly polymorphic microsatellite markers 

were chosen from the linkage map published by Swinburne et al. (2000, 2006), the 

RH-map of Chowdhary et al. (2003) and from the HORSEMAP database at the INRA 

Biotechnology Laboratories Home Page (http://locus.jouy.inra.fr). The location of all 

markers used referred to the sex-averaged linkage map of Swinburne et al. (2006) 

and the medium-density horse gene map of Perrocheau et al. (2006). Markers were 

selected according to their location on the equine linkage map to provide an even 

and equidistant coverage of the entire equine genome, and were then selected 

according to their possible information content for linkage analysis. The threshold 

was set at five alleles and an observed heterozygosity (HET) and polymorphism 

information content (PIC) greater than 50%. The majority of the selected markers 

were dinucleotide repeats. All the 157 markers chosen in the first step were equally 

spread on all 31 equine autosomes and the X-chromosome, and the average 

distance between the markers did not exceed 20 cM. This marker set was used to 

genotype the 89 horses, examined in the first radiological survey and their parents. 

In the next step, all chromosomes containing putative quantitative trait loci (QTL) with 

multipoint chromosome-wide error probabilities less than p = 0.05 for the linkage test 

statistics found in the whole-genome scan and chromosomes with a low marker 

density, were re-analysed with additional 93 microsatellite markers distributed over 
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13 autosomes. These markers were selected from the first-generation whole-genome 

radiation hybrid map in the horse published by Chowdhary et al. (2003), Penedo et 

al. (2005), and Swinburne et al. (2006). For this second genome scan all 117 

radiologically examined horses with their parents were genotyped. 

PCR amplification of all markers used was performed using PTC 100™ or PTC 

200™ thermocyclers (MJ Research, Watertown, MA, USA) and a general PCR 

program with a variable annealing temperature (Ta) between 55° C and 62° C. The 

reaction started at 94 °C for 4 min, followed by 34 cycles at 94 °C for 30 s, optimum 

annealing temperature for 1 min, 72 °C for 30 s, and at 4 °C for 10 min. 

The PCRs were performed in 12 µl volumes using 10 ng DNA, 1.2 µl 10x incubation 

buffer containing 15 mM MgCl2, 0.5 µl DMSO, 0.3 µl dNTP (100µM each) and 0.5 U 

Taq Polymerase (Qbiogene, Heidelberg, Germany). The amount of primers was 

between 1.0 to 18.0 pmol and adjusted empirically in order to equalise the signal for 

each marker in the multiplex groups. All forward primers were flourescently labelled 

at the 5’ end with IRD700 or IRD800. 

Most of the primer pairs were pooled into PCR multiplex groups between two and five 

pairs to increase efficiency, and the remaining primer pairs were separately 

amplified. The multiplex groups and the separately amplified PCR products were 

pooled according to their size and labelling prior to electrophoresis. 

Examination of the marker genotypes was done using an automated sequencer 

(LICOR 4200/S-2, Lincoln, NE, USA) using 6% polyacrylamide denaturing gels 

(RotiphoreseGel 40, Carl Roth, Karlsruhe, Germany). Prior to loading, dilution of 

PCR products with formamide loading buffer was determined empirically and carried 

out accordingly. Allele sizes were scored against IRD700- and IRD800-labeled DNA 

ladders. The genotyping data were analyzed by visual examination. 

 

Linkage analysis 

The statistical evaluation of the data was done using the Merlin software package 

version 1.0.1. (Abecasis et al. 2002). The algorithm is based on a multipoint 

chromosome-wide non-parametric analysis of the affected family members. The 

linkage between the different OC phenotypes and markers was estimated by the 

proportion of alleles identical by descent (IBD) (Kong & Cox 1997). Test statistics 
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used were the Zmean and a LOD score derived from the Zmean according to Kong & 

Cox (1997). We determined empirical chromosome-wide significance levels using 

simulated marker genotypes under the null hypothesis. The empirical distribution for 

the 5% error probability was obtained after 1000 replicates. Empirical significance 

levels for the multipoint chromosome-wise tests at p < 0.05 are reported to indicate a 

significant cosegregation of marker alleles with the phenotypic presence of signs of 

OC in the examined horses.  

For the genome-wide type-I error probability (pg), a Bonferroni correction was applied 

for the chromosome-wide error probability (p) with pg = 1 - (1 - p)1/r, where r is the 

ratio of the length of the chromosome harbouring the QTL to the total length of the 

equine genome with 2772 cM. In addition, we compared the non-parametric test 

statistic Zmean with the asymptotic threshold of 4.1 corresponding to a genome-wide 

significance level of 5% as proposed by Lander & Schork (1994) for human half-sib 

pairs. 

Quality of the marker set used 

The marker set of 157 microsatellites used for the whole genome scan in the first 

step had a mean number of 4.6 alleles in the present material. The markers covered 

the whole equine genome with an average distance of 17.7 cM (Table 2). The 

average PIC was 0.63 and the mean observed heterozygosity 0.68. Therefore our 

marker set was highly informative and appropriate for linkage studies. For equine 

chromosome 7 (ECA7) there were only two microsatellite markers available with the 

highest average distance observed in this marker set of 51.1 cM, whereas ECA24 

was well covered with 5 microsatellite markers with an average distance of 9.4 cM. 

The marker set used in the second step with 250 microsatellite markers, including 93 

additional markers, had a mean number of 3.8 alleles with an average distance of 

11.1 cM (Table 4). The average polymorphism information content of this set was 

0.53 and the mean observed heterozygosity 0.65. On ECA18 there was the best 

coverage with 19 markers with an average distance of 4.6 cM (Table 4). The mean 

observed heterozygosity per chromosome ranged from 0.52 (ECA21) to 0.80 

(ECA30) and the mean PIC value per chromosome ranged from 0.44 (ECA21) to 

0.76 (ECA30). 

The number of markers on the chromosomes ranged from two on ECA26, ECA28, 
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and ECA31 to 28 markers on ECA1. The marker set including the 31 autosomes and 

the X chromosome covered a total distance of 2772 cM. 

 

Results 

We detected 17 different putative genomic regions linked with the phenotypes for OC 

or OCD with error probabilities for Zmeans or LOD scores below 0.05 (Tables 5-6). 

The putative OC or OCD loci were located on equine chromosomes 1, 4, 5, 8, 12, 13, 

15, 16, 17, 18, 22, 23, 25, 26, 27, 28, and 31. QTL on equine chromosomes 5, 15, 

16, 17, 22, 23, 27, 28 and 31 showed significant effects only for signs of OC in fetlock 

and hock joints, whereas QTL on ECA1, ECA13, and ECA18 were significant for 

signs of OCD in fetlock joints (Table 5). Significant linkage with fetlock OC was 

evident for equine chromosomes 1, 5, 15, 16, 17, 23, 25, 27 and 28 (Table 6). There 

were three QTL which were significant for hock OC (Table 6). Their locations were on 

ECA15 at 24.0-37.0 cM, on ECA18 at 78.2-87.6 cM, and on ECA31 at 41.1 cM. QTL 

for hock OCD could not be identified as there were not enough horses with this 

radiographic finding in the present study. QTL on chromosomes 1, 4, 8, 12, 18, and 

26 were evident when only those horses were treated as affected in the linkage 

analysis which showed palmar/plantar osseous fragments (POFs) in fetlock joints 

(Table 7). 

One significant genome-wide QTL could be found on ECA4 at the markers COR089 

and TKY830 (70.0-70.5 cM) for POFs in fetlock joints after the Bonferroni correction 

was applied for the Lod scores. The Zmeans for the markers AHT084 and HMS06 on 

ECA4 for POFs in fetlock joints exceeded the genome-wide threshold value of 4.1 as 

proposed by Lander & Schork (1994). 

 

Chromosome 1 

The QTL analyses on this chromosome discovered significant effects for OC and 

OCD in fetlock joints in a region between 150.0 and 194.2 cM between the markers 

COR006 and COR063 (Fig. 1). Another QTL significant for POFs in fetlock joints was 

found on this chromosome between the markers 1CA20 and HMS15 (110.0-138.0 

cM). 

 



Mapping quantitative trait loci for osteochondrosis 

 

78 

Chromosome 4 

QTL analyses on ECA4 detected a significant QTL for POFs in fetlock joints between 

the markers AHT084 and UMNe063 in a region between 7.8 and 38.0 cM and 

between the markers COR089 and HTG09 in a region between 70.0 and 73.3 cM 

(Fig. 2).  

 

Chromosome 15 

Chromosome-wide QTL analyses revealed a significant effect for OC in hock joints in 

a region between 24.0 and 35.2 cM (COR076-LEX051) and at 37.0 cM (LEX046) 

(Fig. 3).  

 

Chromosome 18 

On this chromosome a significant QTL was found at 45.9-54.0 cM (COR096-

TKY741) influencing the trait fetlock OCD, and between 78.2 and 87.6 cM (TKY016-

UCD387), whereof the marker TKY016 and UCD387 (78.2-87.6 cM) were linked with 

OC in hock joints and the marker TKY016 (78.2 cM) with POFs in fetlock joints as 

well (Fig. 4).  

 

Discussion 

The aim of this work was to map QTL for osteochondrosis in South German 

Coldblood (SGC) horses using a genome-wide microsatellite marker set. The SGC 

horses seem to be very well suited for such a study, as the population is purebred 

and thus an admixture of different populations cannot disturb segregation ratios and 

linkage phases between markers and QTL. A further argument to choose SGC 

horses for a genome scan may be seen in the high growth rate with a higher adult 

body weight (700-900 kg) in comparison to warmblood horses.  

The definition of the different traits of OC and their predilection sites was in 

agreement with the study of Kroll et al. (2001) and Arnan & Hertsch (2005). POFs 

were often diagnosed in trotter populations (Carlsten et al. 1993; Philipsson et al. 

1993) and we used the same criteria for diagnosis as previous studies. 
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The putative positions of the QTL identified in the first genome scan were refined by 

increasing the density of the markers using the RH map of Chowdhary et al. (2003), 

and the linkage maps of Penedo et al. (2005) and Swinburne et al. (2006).  

The QTL for fetlock-OC and fetlock-OCD were varying in the size of their values of 

Zmean and LOD score and for a few QTL of these two conditions the same locations 

were identified. The reasons why for these phenotypic overlapping conditions not the 

same QTL were found may be seen in the higher number of half sibs affected by OC 

than by OCD and due to the lower number of affected half-sibs the significance 

threshold could not be reached for OCD. QTL being significant for fetlock OCD but 

not for fetlock OC may be caused by differences in joint distributions among marker 

alleles and affected half-sibs caused by different pathogenesis between OC and 

OCD in fetlock joints. Particularly, when strong co-segregation among marker alleles 

and OCD was present only in some families including all family members affected by 

OC decreased test statistics because missing linkage in the other families became 

more evident. 

QTL found in the linkage analysis were differentially distributed between fetlock OC 

and hock OC suggesting that several genes are possibly involved in the development 

of OC and OCD.  

The QTL on ECA15 did account for OC in fetlock and hock joints, whereas the other 

QTL influencing fetlock OC did not account for hock OC. These QTL seem to 

influence the development of OC in fetlock joints, whereas others may be only 

responsible for the development of OC in hock joints. This is consistent with 

population genetic analyses, which supported that the genetic correlations between 

fetlock OC/OCD and hock OC/OCD were close to zero or even negative. So Stock et 

al. (2005b) estimated moderately negative genetic correlations between osseous 

fragments in hock and fetlock joints in Hanoverian Warmblood horses and Grøndahl 

& Dolvik (1993) a genetic correlation between fetlock OC and hock OC in Norwegian 

trotters close to zero. A further point of this analysis needs attention, as there were 

some QTL only significant for signs of OCD and POFs. This may be an indication 

that different genes on various equine chromosomes may be responsible for the 

development of the different radiographic signs in the different limbs. So the QTL on 

ECA4, 8, 12, and 26 were only significant for osseous fragments palmar/plantar in 

fetlock joints. However, these results have to be scrutinized as not yet causal 
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mutations for equine osteochondrosis are known. The QTL detected for POFs 

confirmed previously reported heritability estimates for these radiological findings in 

fetlock joints. Philipsson et al. (1993) associated POFs in fetlock joints with familiarity 

and a possible developmental failure of enchondral ossification, estimating a 

heritability of h2=0.24. The heritabilities estimated for POFs in fetlock joints (h2=0.48) 

and for findings dorsal in the sagittal ridge of fetlock joints (h2=0.16) in South German 

Coldblood horses support the genetic background of these osseous fragments and 

argue not for traumatic origin just by chance (Wittwer et al. 2006a). 

Since all sufficiently informative microsatellite markers available on equine maps 

were already included into this study, it is necessary to develop new markers in the 

identified regions to confirm and refine the QTL positions found in the present 

analyses. Very helpful tools in this respect are highly resolved comparative human-

equine maps, equine expressed sequence tags (ESTs), equine whole genome 

shotgun sequences (WGS), and equine bacterial artificial chromosome 

endsequences (BESs). With the aid of comparative human-equine maps, equine 

ESTs, WGS, and BESs the sequences of orthologous human genes can be 

characterized. The most abundant and useful markers for fine mapping are single 

nucleotide polymorphisms (SNPs). Development of SNPs requires sequencing of 

equine genomic DNA for the respective genomic regions in order to identify 

mutations within these DNA sequences. Then, the newly developed SNPs can be 

used for linkage and association analyses with OC. 

An alternative approach may be to choose candidate genes in the genomic regions 

where QTL for OC have been identified. The equine QTL positions can be compared 

with the syntenic chromosomal region(s) between horses and humans in order to 

identify possible candidate genes. Potential candidate genes may code for 

hormones, enzymes, metabolic factors and/or their receptors involved in the complex 

of cartilage maturation during endochondral ossification. Trotter & McIlwraith (1981) 

stated that endochondral ossification is an ordered process, including cartilage 

proliferation, maturation and calcification followed by osseous replacement, and is 

responsible for longitudinal bone growth and enlargement of the epiphysis. In 

osteochondrosis, cartilage cells appear to proliferate normally, but maturation and 

differentiation are abnormal. Candidate genes could also be those involved in 

epiphyseal dysplasia such as collagen genes, cartilage oligomeric matrix protein 
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genes, or diastrophic dysplasia sulfate transporter genes. Very helpful tools in this 

respect are the 13.964 ESTs from a normalized equine articular cartilage cDNA 

library, containing parts of the mRNA of different equine cartilage clones. These 

sequences can be found in the NCBI nucleotide database 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=nucleotide). 

Alternatively, the large number of equine WGS can be used for BLAST searches. 

The localisation of the causal mutation requires the development of informative SNPs 

for many positional candidate genes. 

Using the human-equine comparative maps (Chowdhary et al. 2003, Perrocheau et 

al. 2006) the positions of the QTL for OC can be compared with QTL or locations of 

genes implicated in osteoarthritis or growth in humans (Table 7). A genome scan for 

loci predisposing to distal interphalangeal joint osteoarthritis in humans was 

performed in siblings with a severe radiologically defined phenotype from the 

nationwide registers of Finland using 302 markers (Leppävuori et al. 1999). The 

chromosomal regions on HSA2q12-q13, 4q26-q27, 7p15.p21, and Xcen provided 

some evidence for linkage. 

On ECA1, there is a QTL for OCD between the markers COR006 and COR063. In 

the syntenic human region HSA14q21-q22 (Raimond et al. 1997), the candidate 

gene LGALS3 (lectin, galactoside-binding, soluble, 3) is located. The galectin-3 

protein is expressed in synovial tissue in rheumatoid arthritis and both galectin-3 and 

its binding protein were found at sites of joint destruction (Ohshima et al. 2003).  

The QTL for osseous fragments on the palmar/plantar aspect of fetlock joints 

between the markers AHT085 and UMNe063 on ECA4 is syntenic to HSA7q11 and 

there are two candidate genes. RCP9 (calcitonin gene-related peptide-receptor 

component protein) is located on HSA7 at 65 Mb and CALN1 (calneuron 1) on HSA7 

at 71 Mb. A further putative equine QTL on ECA4 for osseous fragments on the 

palmar/plantar aspect of fetlock joints is located around the marker COR089 and in 

the syntenic region on HSA7p21 the candidate gene IL6 (interleukin 6) is located. 

The gene product of IL6 stimulates osteoclasts through binding to its cell surface 

receptor (Roodman et al. 1992).  

In the QTL region between the markers COR096 and TKY17 on ECA18 there are 

three candidate genes in the syntenic human region HSA2q32. The FRZB (frizzled-

related protein) gene is involved in osteoarthritis and has a role in several 
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generalized osteoarthritis phenotypes. Functional polymorphisms within FRZB confer 

susceptibility for hip osteoarthritis in females and implicate a signaling pathway in the 

pathogenesis of this disease (Loughlin et al. 2004). At 189.6 Mb and 189.7 Mb there 

are the COL3A1 (collagen, type III, alpha 1) and COL5A2 (collagen, type V, alpha 2) 

genes located. Mutations in these genes are associated with Ehlers-Danlos 

syndrome (Michalickova et al. 1998). 

Close to the QTL on ECA25 there are two candidate genes on the syntenic 

HSA9q32-q34 region, namely collagen genes that are involved in epiphyseal 

dysplasia. The COL5A1 (collagen, type V, alpha 1) gene is located at 9q34.2-q34.3 

and the COL27A1 (collagen, type XXVII, alpha 1) gene at 9q32. 

The whole genome scan was a first step towards the identification of genes 

responsible for OC in SGC horses. Since all informative microsatellite markers 

available on linkage and RH maps were already included in this study, it is necessary 

to develop new markers in the identified QTL regions. Fine mapping using SNPs in 

distances of 1 to 2 cM covering the identified OC genomic regions should enable us 

to refine the responsible QTL for OC.  
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Table 1 Survey of the half-sib families and their prevalences of osteochondrosis (OC) 

in fetlock (OC_f) and hock joints (OC_h) and osteochondrosis dissecans in fetlock 

joints (OCD_f) and palmar/plantar osseous fragments (POFs) in fetlock joints. 

 Half-sib families Total

Family number 1  2  3  4  5  6  7  8  9  9 

Number of animals 17 7 28 8 23 8 9 5 12 117 

Prevalence of  

OC (%) 

 

88.2 

 

71.4

 

78.6

 

87.5

 

87.0

 

75.0

 

88.9

 

40.0 

 

91.7 

 

82.1 

OC_f (%) 82.4 71.4 67.9 62.5 74.0 62.5 88.9 40.0 75.0 71.8 

OC_h (%) 52.9 71.4 50.0 62.5 56.5 50.0 55.6 20.0 66.7 54.7 

OCD_f (%) 35.3 42.9 28.6 25.0 26.1 37.5 44.4 40.0 41.7 33.3 

POFs (%) 29.4 0.0 35.7 12.5 21.7 37.5 11.1 0.0 8.3 22.2 
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Table 2 Number of markers and their average distance on the equine linkage map of 

those equine chromosomes, on which markers were added in the two step analysis 

of the genome scan. 

Marker set in the first step Markers added in the second step  

ECA Number of 

markers 

Average 

distance (cM) 

Number of 

markers 

Average 

distance (cM) 

ECA1 12 16.1 28 6.9 

ECA2 7 18.4 11 11.7 

ECA4 8 15.3 14 8.8 

ECA5 3 33.4 7 14.3 

ECA6 4 31.7 11 11.5 

ECA7 2 51.1 5 20.4 

ECA8 6 18.1 7 15.5 

ECA10 8 13.2 11 9.6 

ECA15 6 16.1 13 7.4 

ECA16 8 13.9 20 5.6 

ECA18 7 12.5 19 4.6 

ECA19 5 11.1 7 8.0 

ECA21 6 12.6 10 7.6 

ECA23 5 11.2 7 8.0 

ECA24 5 9.4 6 7.9 

ECA29 3 25.0 9 8.3 

Total 157 17.7 250 11.1 

 
Table 3 Average polymorphism information content (PIC) and heterozygosity (HET) 

with their standard deviation (SD) for all 250 markers of the whole genome scan for 

each family and in total. 

Family ID 1 2 3 4 5 6 7 8 9 Total

PIC (%) 

SD (%) 

52.5 

16.5 

52.7 

16.4 

53.8

16.1

52.8

17.0

56.0

16.9

52.2

18.1

52.9

16.7

47.7 

18.0 

52.9 

16.0 

52.6 

17.0 

HET (%) 

SD (%) 

63.6 

20.1 

65.7 

20.7 

64.8

19.0

65.8

21.3

66.1

20.3

66.2

22.7

63.3

20.8

65.4 

25.6 

65.1 

20.0 

65.1 

21.3 
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Table 4 Marker features per chromosome for the equine marker set. 

Equine 

chromosome 

HET 

(%)1 

 

PIC 

(%)2 

 

Average 

distance 

(cM)3 

Average 

number 

of alleles 

Chromosome 

Size 

(cM) 

Number 

of 

markers

ECA1 63.0 58.0 6.9 5.0 193.5 28 
ECA2 70.5 66.1 11.7 7.4 128.8 11 
ECA3 62.4 56.7 15.0 6.6 120.2 8 
ECA4 71.6 67.5 8.8 7.8 122.5 14 
ECA5 64.9 53.9 14.3 4.9 100.1 7 
ECA6 72.0 67.5 11.5 7.5 126.8 11 
ECA7 62.7 57.8 20.4 4.4 102.1 5 
ECA8 72.4 67.8 15.5 7.0 108.8 7 
ECA9 65.8 62.2 17.5 6.0 104.9 6 
ECA10 71.0 63.2 9.6 6.3 105.8 11 
ECA11 72.4 65.6 16.2 6.8 64.9 4 
ECA12 67.1 65.5 14.5 7.0 58.0 4 
EAC13 77.0 68.1 14.5 6.3 58.0 4 
ECA14 62.5 56.2 38.2 5.3 152.8 4 
ECA15 61.7 57.3 7.4 5.5 96.7 13 
ECA16 55.3 49.9 5.6 4.6 111.2 20 
ECA17 60.3 53.5 17.8 5.0 71.3 4 
ECA18 61.8 54.6 4.6 5.4 87.6 19 
ECA19 66.9 62.1 8.0 6.4 55.7 7 
ECA20 69.8 60.7 16.2 6.4 80.9 5 
ECA21 51.7 44.2 7.6 4.9 75.8 10 
ECA22 70.2 64.0 15.9 6.2 79.7 5 
ECA23 70.7 64.6 8.0 7.0 56.2 7 
ECA24 64.8 61.4 7.9 6.5 47.2 6 
ECA25 70.1 59.9 16.2 7.3 48.7 3 
ECA26 66.0 60.9 12.2 6.5 24.4 2 
ECA27 68.0 66.1 23.3 6.8 93.0 4 
ECA28 68.0 67.2 31.6 5.5 63.1 2 
ECA29 63.1 57.3 8.3 5.7 75.0 9 
ECA30 79.9 75.8 16.6 8.3 49.7 3 
ECA31 74.8 70.0 20.6 7.0 41.1 2 
ECAX 71.4 74.1 13.0 9.4 65.2 5 
Total 65.1 52.6 11.1 3.8 2772 250 
1 observed heterozygosity 

2 polymorphism information content 

3 centi Morgan 



Mapping quantitative trait loci for osteochondrosis 

 

90 

Table 5 Multipoint chromosome-wide test statistics with their error probabilities below 

0.05 and map positions for the microsatellite markers used in the whole genome 

scan with 250 markers separately for the traits osteochondrosis in fetlock and hock 

joints (OC) and fetlock osteochondrosis dissecans (OCD) in South German 

Coldblood horses. 

OC (fetlock and hock joints) OCD_fetlock ECA cM Marker 
Zmean pz LOD pl Zmean pz LOD pl 

1 150.0 COR006     1.24 0.11 0.59 0.05 
 156.5 HMS07     1.87 0.03 1.20 0.009
 156.7 1CA16     1.88 0.03 1.21 0.009
 193.5 COR053     1.30 0.10 1.04 0.014
 194.0 1CA40     1.28 0.10 1.03 0.015
 194.2 COR063     1.26 0.10 1.03 0.015
5 44.31 UCD304 0.60 0.3 0.57 0.05     
13 0.0 COR069     1.59 0.06 0.57 0.05 
15 37 LEX046 1.53 0.06 0.81 0.03     
17 46.6 COR032 2.48 0.007 1.10 0.012     
18 45.9 COR096     3.47 <0.001 1.45 0.005
 54.0 TKY741     2.09 0.02 0.57 0.05 
22 0.0 HTG14     1.57 0.06 0.91 0.02 
 57.1 COR016 0.71 0.2 0.59 0.05     
 65.3 HMS47 0.98 0.2 0.83 0.03     
 79.7 SG19 1.17 0.12 0.58 0.05     
23 44.4 LEX053 3.03 0.001 0.60 0.05     
25 0.0 NV043 1.28 0.10 0.65 0.04 1.70 0.04 0.76 0.03 
 30.1 COR018     1.55 0.06 0.65 0.04 
28 7.0 UM003 1.03 0.2 0.57 0.05     
pz  error probability for Zmean 

ECA equus caballus autosome 
pL  error probability for LOD score
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Table 6 Multipoint chromosome-wide test statistics with their error probabilities below 

0.05 and map positions for the microsatellite markers used in the whole genome 

scan separately for the traits osteochondrosis in fetlock joints (OC_fetlock) and hock 

joints (OC_hock) in South German Coldblood horses. 

OC_fetlock OC_hock ECA cM Marker 
Zmean pz LOD pl Zmean pz LOD pl 

1 150.0 COR006 1.43 0.08 0.89 0.02     
 156.5 HMS07 1.93 0.03 1.35 0.006     
 156.7 1CA16 1.93 0.03 1.35 0.006     
 193.5 COR053 1.72 0.04 1.00 0.02     
 194.0 1CA40 1.69 0.05 1.00 0.02     
 194.2 COR063 1.68 0.05 1.00 0.02     
5 40.0 COR023 0.60 0.3 0.61 0.05     
15 24.0 COR076     1.26 0.10 0.58 0.05
 26.8 B-8     1.42 0.08 0.59 0.05
 37.0 LEX046 1.82 0.03 0.81 0.03 1.32 0.09 0.62 0.05
16 33.0 COR011 1.84 0.03 0.76 0.03     
 39.0 HMS20 1.61 0.05 0.59 0.05     
17 46.6 COR032 1.56 0.06 1.00 0.02     
18 78.2 TKY016     1.83 0.03 0.57 0.05
23 44.4 LEX053 2.85 0.002 0.61 0.05     
25 0.0 NV043 1.65 0.05 0.76 0.03     
27 0.0 COR031 1.29 0.10 0.56 0.05     
28 7.0 UM003 1.30 0.10 0.66 0.04     
31 41.1 AHT034     1.30 0.10 0.61 0.05
pZ  error probability for Zmean 

ECA  equus caballus autosome 

pL    error probability for LOD score 
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Table 7 Multipoint chromosome-wide test statistics with their error probabilities below 

0.05 and map positions for the microsatellite markers used in the whole genome 

scan for palmar/plantar osseous fragments of the fetlock joints (POFs).  

POFs ECA cM Marker 
Zmean pz LOD pl 

1 110.0 1CA20 2.33 0.010 0.72 0.03 
 115.5 LEX058 2.79 0.003 0.84 0.02 
 117.0 1CA28 2.93 0.002 0.87 0.02 
 119.0 TKY002 3.14 <0.001 0.91 0.02 
 119.2 1CA43 3.14 <0.001 0.90 0.02 
 122.9 1CA25 3.16 <0.001 0.92 0.02 
 125.0 TKY106 3.17 <0.001 0.92 0.02 
 126.0 UCD493 3.17 <0.001 0.92 0.02 
 132.0 UM043 3.16 <0.001 0.88 0.02 
 134.6 AHT058 3.18 <0.001 0.86 0.02 
 134.8 UM004 3.18 <0.001 0.86 0.02 
 136.0 UCD440 3.18 <0.001 0.85 0.02 
 137.0 HTG12 3.19 <0.001 0.85 0.02 
 138.0 HMS15 3.15 <0.001 0.86 0.02 
4 7.8 AHT084 7.72 <0.001 1.04 0.014 
 10.1 HMS06 9.64 <0.001 1.14 0.011 
 38.0 UMNe063 1.31 0.09 1.17 0.010 
 57.83 LEX050 1.94 0.03 0.66 0.04 
 70.0 COR089 3.12 <0.001 1.96 0.001 
 70.5 TKY830 3.12 <0.001 1.96 0.001 
 71.1 ASB22 2.80 0.003 1.62 0.003 
 71.2 LEX033 2.80 0.003 1.62 0.003 
 71.3 HTG07 2.42 0.008 0.81 0.03 
 73.3 HTG09 2.68 0.004 1.06 0.014 
8 79.3 COR003 3.15 <0.001 0.80 0.03 
 108.8 COR056 3.49 <0.001 0.81 0.03 
12 0.0 SG10 1.87 0.03 0.85 0.02 
18 78.2 TKY016 3.14 <0.001 0.87 0.02 
26 7.0 UM005 1.20 0.11 0.68 0.04 

pZ: error probability for Zmean; ECA: equus caballus autosome; pL: error probability for LOD score 
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Table 8 Significant QTL effects for equine osteochondrosis with their flanking 

markers, their syntenic human regions, and their putative candidate genes on equus 

caballus chromosomes (ECA) 1, 4, 18, and 25. 

Equine 

chromosome 

Position of 

QTL (cM) 

Cosegregating 

markers 

Syntenic human 

region1 

Candidate 

genes 

ECA1 150.0-194.2 COR006-

COR063 

HSA14q21-q22 

(43.5-54.4 Mb) 

LGALS3 

7.8-38.0 AHT084-

UMNe063 

HSA7q11 

(65-71 Mb) 

RCP9 

CALN1 

ECA4 

70.0 COR089 HSA7p21 

(23 Mb) 

IL6 

ECA18 45.9-87.6 COR096 HSA2q14-q32 

(189.7 Mb) 

COL3A1 

COL5A2 

FRZB 

ECA25 30.1 COR018 HSA9q32-q34 

(114-135 Mb) 

COL5A1 

COL27A1 

1 Syntenic regions according to comparative maps of Chowdhary et al. (2003) and Perrocheau et al. 

(2005) 

LGALS3  lectin, galactoside-binding, soluble 3 

RCP9 calcitonin gene-related peptide-receptor component protein  

CALN calneuron 1  

IL6  interleukin 6  

COL3A1 collagen, type III, alpha 1  

COL5A2 collagen, type V, alpha  

FRZB  frizzled-related protein 

COL5A1 collagen, typeV, alpha1 

COL27A1 collagen, type XXVII, alpha1. 



Mapping quantitative trait loci for osteochondrosis 

 

94 

ECA1

-1.0

0.0

1.0

2.0

3.0

4.0

0 20 40 60 80 100 120 140 160 180 200 Position (cM)

Zm
ea

n

OC_f
OCD_f
POF

 
Figure 1 Zmeans of the genomic region on ECA1 harbouring QTL for equine 

osteochondrosis. 
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Figure 2 Zmeans of the genomic region on ECA4 harbouring QTL for equine 

osteochondrosis. 
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Figure 3 Zmeans of the genomic region on ECA15 harbouring QTL for equine 

osteochondrosis. 
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Figure 4 Zmeans of the genomic region on ECA18 harbouring QTL for equine 

osteochondrosis. 
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Radiation hybrid mapping of equine CDK2, DGKA, 
DNAJC14, MMP19, CTSL, and GAS1 
 

Source/description 

The human cyclin-dependent kinase 2 gene (CDK2) consists of seven exons and 

spans 6,009 bp. The protein encoded by this gene is a member of the Ser/Thr protein 

kinase family. It is a catalytic subunit of the cyclin-dependent protein kinase complex, 

whose activity is restricted to the G1-S phase, and essential for cell cycle G1/S phase 

transition1. CDK2 associates with and is regulated by different regulatory subunits of 

the complex including cyclin A or E, CDK inhibitor p21Cip1 (CDKN1A) and p27Kip1 

(CDKN1B)2. At low ATP levels, the inhibitory functions of CDKN1B are enhanced, 

thereby arresting cell proliferation. Apoptosis of human endothelial cells after growth 

factor deprivation is associated with rapid and dramatic upregulation of cyclin A-

associated CDK2 activity. In apoptotic cells the carboxyl-termini of the CDK inhibitors 

CDKN1A and CDKN1B are truncated by specific cleavage3. 

The human diacylglycerol kinase, alpha 80kDa gene (DGKA) consists of 24 exons 

and spans 22,861 bp. DAG kinases (DGKs or DAGKs) phosphorylate diacylglycerol 

(DAG) to phosphatidic acid, thus removing it. DAG functions as an allosteric activator 

of protein kinase C (PKC) in intracellular signaling pathways. It occupies a central 

position in the synthesis of major phospholipids and triacylglycerols. Thus, to 

maintain cellular homeostasis, intracellular DAG levels must be tightly regulated4. In 

intracellular signaling pathways, DAGK plays the role of a modulator that competes 

with PKC for the second messenger DAG.  

The human DnaJ (Hsp40) homolog, subfamily C, member 14 gene (DNAJC14) 

consists of six exons and spans 8,592 bp. Dopamine receptor D1 (DRD1) is a G 

protein-coupled receptor (GPCR) expressed on the cell surface. Coexpression of rat 

dopamine receptor D1 (Drd1) and dopamine receptor-interacting protein, 78-kd 

(DNAJC14) resulted in inhibition of Drd1 surface expression and intracellular 

trapping5. Overexpression of Drip78 also caused retention of another G protein-

coupled receptor (GPCR), the acetylcholine M2 muscarinic receptor (CHRM2). 

Drip78, like calnexin (CANX) and GRP78 (HSPA5), is an endoplasmic reticulum (ER) 

-resident protein that prevents premature transport of protein cargo to the Golgi by 
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masking the FxxxFxxxF motif of Drd1. 

The human matrix metalloproteinase19 gene (MMP19) consists of nine exons and 

spans 7,518 bp. Proteins of the MMP family are involved in the breakdown of 

extracellular matrix in normal physiological processes, such as embryonic 

development, reproduction, and tissue remodeling, as well as in disease processes, 

such as arthritis and metastasis. A previous study found out that the 508-amino acid 

MMP19 protein contains the major structural domains characteristic of MMPs but has 

a unique insertion and lacks the distinctive structural features of the established MMP 

subclasses. It was therefore proposed that MMP19 represents the first member of a 

novel MMP subfamily6. 

The human cell cycle related kinase gene (CCRK) consists of seven exons and 

spans 8,256 bp. The protein encoded by this gene contains a kinase domain most 

closely related to the cyclin-dependent protein kinases. The cyclin-dependent kinase 

(CDK)-activating kinase (CAK) phosphorylates a conserved threonine residue on 

CDKs and activates them7.  

The growth arrest-specific 1 gene (GAS1) consists of one exon and spans 2,826 bp. 

The GAS1 protein plays a role in growth suppression. Overexpression of the human 

GAS1 gene is able to block cell proliferation in lung and bladder carcinoma cell lines, 

but not in an osteosarcoma cell line or in an adenovirus-type-5 transformed cell line8. 

Simian virus 40-transformed NIH 3T3 cells are also refractory to murine GAS1 

overexpression, suggesting that the retinoblastoma and/or p53 gene products play 

an active role in mediating the growth-suppressing effect of GAS19. 

Human reference mRNA sequences for CDK2, DGKA, DNAJC14, SILV, CTSL, and 

GAS1 were used as query within human BLASTN searches against mammalian 

expressed sequence tagged (EST) sequences. For all respective mRNA sequences, 

we detected significant hits in equine ESTs (Table 1). These ESTs and the human 

exon-intron gene structure were used to design PCR primers for radiation hybrid 

(RH) mapping of CDK2, DGKA, DNAJC14, SILV, CTSL, and GAS1 (Table2). All 

primer pairs for RH mapping were designed using the Primer3 program 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). 
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BAC library screening/sequence analysis 

For the MMP19 gene no EST sequences were available yet. For this reason the 

equine CHORI-241 BAC library was screened for BAC clones containing this gene. 

High density BAC colony filters were probed according to CHORI protocols 

(http://bacpac.chori.org) with a heterologous 32P-labelled insert of the respective 

human cDNA IMAGE clone provided by the Resource Center/Primary Database of 

the German Human Genome Project (http://www.rzpd.de/). BAC DNA was prepared 

from positive BAC clones using the Qiagen plasmid midi kit (Qiagen, Hilden, 

Germany). BAC DNA end and internal sequences were obtained using the 

ThermoSequenase kit (AmershamBiosciences, Freiburg, Germany) and a LI-COR 

4300 automated sequencer (LI-COR Inc., Lincoln, NE, USA). BLASTN sequence 

comparisons of the equine BAC end sequences were performed against Build 35.1 of 

the human genome sequence. In order to verify the MMP19 gene on the equine BAC 

clones, heterologous sequence primers were derived from highly conserved regions 

of MMP19 determined from an alignment of the human and murine MMP19 gene 

sequences.  
MMP19_Seq1 in exon3: 5’-GTGGCCTAGAGGATCCCTTC-3’ 

MMP19_Seq2 in exon4: 5’-TGGAACAGTACGAGCTTTGG-3’ 

The results of the BLASTN sequence comparisons of the equine BAC sequences 

with the Build 35.1 of the human genome sequences are shown in Table 1. 

 

Radiation hybrid mapping  

The 5000-rad TAMU equine radiation hybrid (RH) panel10 was genotyped to map the 

ESTs of CDK2, DGKA, DNAJC14, SILV, CTSL, and GAS1 and internal BAC 

sequences for MMP19. PCR was carried out in a 20 µl reaction containing 25 ng RH 

cell line DNA, 15 pmol of each primer and 0.75 U Taq polymerase (Qbiogene, 

Heidelberg, Germany). The reaction conditions started with a denaturing step at 94°C 

for 5 min followed by 34 cycles using the following protocol: denaturation for 45 s at 

94°C, annealing for 45 s at 60°C and extension for 45 s at 72°C. The PCR was 

completed with a final cooling at 4 °C for 5 min. PCR products were separated on a 

1.5% agarose gel. After scoring positive signals, a two-point analysis11 was 

performed using RHMAPPER-1.22 (http://equine.cvm.tamu.edu/cgi-bin/ 

ecarhmapper.cgi) against 861 equine markers mapped previously on the first 
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generation whole genome equine RH map. The RH mapping results and the 

conserved synteny to human chromosomes are given in Table 2. The LOD scores of 

all closest linked markers were > 3.0. 

 

Comment 

The physical assignments of these seven equine genes are in agreement with the 

equine-human comparative map10,12,13,14,15.  
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Table 1 Selected genes, their human location and equine EST identity or cDNA 

clone, BLASTN sequence comparisons of equine BAC sequences with human 

genome, and their locations on human genome (Build 35.1). 

Gene HSA Human 

location 

(Mb) 

equine EST 

or human 

cDNA clone 

BLAST 

E-

value 

Length 

of 

match 

(bp) 

Identity 

(%) 

Start 

on 

HSA 

(Mb) 

Match to 

human 

gene 

CDK2 12q13 54.64-

54.65 

BM781081 6e-39 385 78 54,65 Exon 5  

(3`-UTR) 

DGKA 12q13.1-

13.2 

54.61-

54.63 

CD536607 2e-51 162 89 54,63 Exon 14 

DNAJC14 12q13.2 54.50-

54.50 

CX605552 1e-70 184 92 54,50 Exon 4  

(3`-UTR) 

1e-08 

(Sp6)1 

2e-06 

(Sp6)1 

477 85 

84 

54,52 6.5 kb 

downstream 

to MMP19 

MMP19 12q14 54.51-

54.52 

IRAK 

p961I2049Q 

8e-90 

(IN)2 

461 80 54,52 Exon 3, 

intron3, 

exon 4  

CTSL 9q21-

q22 

87.57-

87.57 

CX595997 1e-110 486 81 87,57 Exon 2, 

intron 2, 

exon 3 

GAS1 9q21.3-

q22 

86.78-

86.79 

CX602539 2e-123 380 87 86,78 Exon 1  

(3`-UTR) 

HSA Homo sapiens autosome.  
1Sp6 BAC end sequence generated with sequence primer Sp6.  
2IN internal sequence. 



 

 

 

Table 2 Selected genes and PCR primer sequences used for radiation hybrid (RH) mapping on the 5,000-rad TAMU 

equine RH panel15, equine genome location by RH mapping, and conserved synteny to human genome (Build 35.1). 

Gene Primer forward (5’->3’) 

Primer reverse (5’->3’) 

Primer location in 

corresponding 

human gene 

PCR 

(bp)1 

Conserved 

synteny to HSA 

Closest 

marker  

Distance 

(cR)2 

RET 

(%) 

CDK2 TCTCCCCTCCTCTTCCTTGT 

CAGTGAAGCACAATGCCTGT 

Exon 5  

(3`-UTR) 

385 12q13 TKY284 0.0 11.96 

DGKA TCGCTCCTCCAATTTCTTTG 

ATGTGTTTGTGGGGTGTGTG 

Exon 14 162 12q13.3 MAN1 15.67 11.96 

DNAJC

14 

CTTCTTTGCAGCTCCTCAGC 

TGCTGTACACAGCCCTTTTG 

Exon 4  

(3`-UTR) 

184 12q13.2 TKY284 10.31 15.22 

MMP19 CTCAGGTCAGCTGGATGATG 

GCACCTCTTGGAAGGTCAAG 

Exon 3 

Exon 4 

461 12q14 MAN1 15.67 9.78 

CTSL ACTCTTTCTGGCTGCCCTTT 

TGCTTCCCTTGGCTGTATTC 

Exon 2 

Exon 3 

486 9q21-q22 COR055 0.0 32.61 

GAS1 CCAGTGGTGTTGAACAATGC 

GGATGGAGCACATGTCACAG 

Exon 1  

(3`-UTR) 

380 9q21.3-q22 UM019 2.94 23.91 

HSA Homo sapiens autosome 

RET retention frequency 
1Size of PCR product 
2Distance to the closest linked marker on the 5,000-rad TAMU equine RH panel10. 
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Refinement of a quantitative trait locus on equine 
chromosome 4 responsible for osteochondrosis 
dissecans in fetlock joints of South German 
Coldblood horses 
 

Abstract 

A previously accomplished whole genome scan for osteochondrosis (OC) and 

osteochondrosis dissecans (OCD) in South German Coldblood (SGC) horses using 

250 microsatellite markers identified putative quantitative trait loci (QTL). A 

chromosome-wide significant QTL for fetlock OCD was found on Equus caballus 

chromosome (ECA) 4q at a relative position of 70.0-73.3 cM. The aim of this study 

was to analyse associations of single nucleotide polymorphisms (SNPs) in candidate 

genes for osteochondrosis in this region. The association analysis included 32 

affected and 64 unaffected horses. Three SNPs located in intron 8, intron 9, and 3’-

UTR of the acyloxyacyl hydrolase (AOAH) gene on ECA4q were significantly 

associated with OCD in fetlock joints. In order to control for systematic environmental 

and quantitative genetic effects, we employed a linear animal model. The association 

of the SNP (AJ543065:g.703A>G) in the 3’-UTR of exon 21 was confirmed in the 

animal model analysis and a significant additive genetic effect for fetlock OCD of 0.42 

(p = 0.02) and a dominance effect of -0.32 (p = 0.03) was estimated. This is the first 

report on a marker in population-wide linkage disequilibrium with equine 

osteochondrosis. 

 

Introduction 

Osteochondrosis (OC) belongs to those diseases of the locomotory system 

frequently detected radiographically in young horses (Jeffcott 1991; Stock et al. 2005; 

Wittwer et al. 2006b). Disturbed differentiation and maturation of growing cartilage 

leads to alterations of the joints, where cartilage flaps, osseous fragments and 

synovial effusions are the most common signs of OC (Jeffcott and Henson 1998; 
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Trotter and McIlwraith 1981). The presence of osteochondral fragments (joint mice, 

chips, corpora libera) characterizes the underlying osteochondrotic disease as 

osteochondrosis dissecans (OCD). In addition to OC and OCD which manifests at 

specific predilection sites of the fetlock, hock, and stifle joints, plantar/palmar 

osteochondral fragments (POFs) are frequently observed in fetlock joints of trotters 

and coldblood horses (Philipsson et al. 1993, Wittwer et al. 2006a). In South German 

Coldblood (SGC) horses POFs were associated with OC and maybe a part of the OC 

complex (Wittwer et al. 2006a). 

A whole genome scan for OC in 216 SGC horses using 250 polymorphic 

microsatellite markers was performed by Wittwer et al. (2006b). In total, 17 putative 

QTL located on 17 equine chromosomes were found for OC in fetlock and/or hock 

joints. On ECA4q, a QTL for POFs in fetlock joints was identified at a relative position 

of 70.0–73.3 cM between the markers COR089 and HTG009. Using a subset of four 

half-sib families, a QTL for fetlock OCD was detected in the same chromosomal 

region. The aim of this study was to refine this QTL using single nucleotide 

polymorphisms (SNPs) of candidate genes in this putative QTL region for linkage and 

association analyses.  

The recently improved human-equine comparative map for horse chromosome 4q12-

q22 allows the comparisons of locations of genes implicated in osteoarthritis in 

humans for the identified QTL region on ECA4q (Dierks et al. 2006). Further helpful 

tools in this respect are the 13,964 expressed sequence tags (ESTs) from a 

normalized equine articular cartilage cDNA library containing parts of the mRNA of 

different equine cartilage clones, the equine genomic BAC end sequences, and the 

large number of equine whole genome shotgun (WGS) sequences in the NCBI 

nucleotide database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search& 

DB=nucleotide).  

 

Material and Methods 

Pedigree structure and sampling 

For refinement of the QTL region on ECA4q, four paternal half-sib families were 

included in the linkage analysis. Each of these families showed significant LOD 

scores for the QTL for fetlock POFs and OCD on ECA4q. These four families 

consisted of 45 progeny, their 35 dams, and four sires.  
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Informative SNPs were identified using sequence information from the sires of these 

four half-sib families and further four unrelated sires. All SNPs developed for the QTL 

region on ECA4q were further evaluated in an association analysis. Here we included 

32 affected and 64 unaffected horses with an age at radiological examination 

between twelve and 32 months. These horses are progeny of eight sires and belong 

to the four half-sib families in which significant linkage to fetlock OCD was detected 

and to further four paternal half-sib families showing no linkage to POFs or signs of 

OC and whose sires were used to identify informative SNPs in the candidate genes 

investigated here. Osseous fragments located at the dorsal aspect of the sagittal 

ridge of the 3rd metacarpal/metatarsal bones were considered as signs of 

osteochondrosis dissecans and these horses were treated as affected by fetlock 

OCD. Animals without any signs of radiographic changes of OC at this site were 

classified as free from OC. Radiographic findings classified as isolated radiopaque 

areas palmarly/plantarly at the attachment sites of the short sesamoidean ligaments 

to the proximal phalanx were defined as POFs. 

The horses included in this study were randomly sampled and radiographed at a 

mean age of 14 months. Of each horse digital radiographs were taken from each 

fetlock and hock joint. 

 

Identification of single nucleotide polymorphisms (SNPs) 

The human-equine comparative map was used to choose seven functional and 

positional candidate genes for osteochondrosis in the identified QTL region on 

ECA4q. Equine PCR primers for SNP identification were selected using sequences 

of ESTs comparatively mapped on equine chromosome 4q12-q22 (Dierks et al. 

2006). The primer pairs in the carboxypeptidase, vitellogenic-like (CPVL), in the 

BMP-binding endothelial regulator (BMPER), in the anillin, actin binding protein 

(ANLN), in the engulfment and cell motility 1 (ELMO1), and in the acyloxyacyl 

hydrolase gene (AOAH) with exception of the 3’-UTR were designed using equine 

WGS and the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/ 

primer3_www.cgi) after masking repetitive elements with the RepeatMasker 

(http://www.repeatmasker.org/). For ANLN and ELMO1 three primer pairs, 

respectively were developed and the amplicons sequenced for eight sires, but it was 

not possible to detect any DNA polymorphisms. The PCR reactions were performed 
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in a total volume of 30 µl containing 10 ng of genomic DNA as template, 10 pmol of 

each primer and 1 U Taq polymerase (MP Biomedicals, Eschwege, Germany). After 

a 4 min initial denaturation at 94°C, 37 cycles of 45 sec at 94 °C, 60 sec at 60°C, and 

80 sec at 72 °C were performed in MJ Research thermocyclers (Biozym, Hessisch 

Oldendorf, Germany). All these PCR products were sequenced on a MegaBACE 

1000 (GE, Healthcare, Freiburg, Germany) automated capillary sequencer and the 

resulting sequences were searched for SNPs by visual inspection using the 

Sequencher 4.7 program (GeneCodes, Ann Arbor, USA). The sequencing reactions 

were carried out using the DYEnamic ET Terminator Cycle Sequencing Kit 

(AmershamBiosciences). Amplification started with an initial denaturation at 94°C for 

1.5 min, followed by 34 cycles of 20 sec denaturing at 94°C, 15 sec annealing at 

50°C and 2 min elongation at 60°C. Finally, the reaction was cooled down to 4°C for 

10 min. The reaction product was cleaned up using the Sephadex G50 filtration kit 

(GE, Healthcare, Freiburg, Germany). 

 

Data analysis 

Multipoint non-parametric linkage analysis was performed using Merlin, version 1.0.1 

(multipoint engine for rapid likelihood inference, Center for Statistical Genetics, 

University of Michigan, MI, USA, Abecasis et al. 2002). The Zmean and LOD score 

test statistics were used to test for the proportion of alleles shared by affected 

individuals identical by descent (IBD) for the considered marker loci. Linkage analysis 

was performed for four half-sib families including 84 horses.  

The ALLELE procedure of the software package SAS/Genetics (Statistical Analysis 

System, Version 9.1.3, SAS Institute Inc., Cary, NC, USA, 2006) was used to 

estimate the observed heterozygosity (HO), the polymorphism information content 

(PIC) and to test for Hardy-Weinberg equilibrium of SNPs genotyped in the 96 

horses. Preliminary association analyses were performed using the CASECONTROL 

procedure of SAS version 9.1.3, in order to test for disequilibrium between the 

phenotypes for OC or POFs and marker genotypes as well as marker alleles and 

number of alleles (trend in alleles). In order to control for systematic environmental 

and quantitative genetic effects in addition to the genotypic effects of the SNP 

markers showing significant effects in the χ2-tests of the CASECONTROL procedure, 

we employed an animal model for the association analysis between the genotypes of 
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the six AOAH SNPs and fetlock OCD. As all other association tests between the SNP 

markers and the different phenotypes for OC and POFs were not significant, animal 

model analyses were confined to fetlock OCD and SNPs within the AOAH gene. The 

linear animal model included the fixed effects of AOAH SNP genotype, sex, month of 

birth, age at radiological examination, interaction between age at radiological 

examination and sex, interaction between month of birth and sex, and random 

additive genetic effects of the animal (al).  

yijklm = µ + Genotype_AOAHi + Sexj + Month of birthk + Agel + Age*Sexjl + Month of 

birth*Sexjk + al + eijklm 

The additive genetic effects of the AOAH-associated SNP markers were estimated 

by pairwise comparison of the least square means of the two homozygous genotypes 

and the dominance effects were calculated as the deviation of the least square 

means of the heterozygotes from the average of the two homozygous genotypes. 

Significance was tested using F-tests. The analyses were performed using PEST 

(Groeneveld 1990). Multiple testing was regarded using Bonferroni correction. 

 

Results and discussion 

A total of 22 SNPs and one microsatellite marker were found in six candidate genes 

in the region from 70.0 to 73.3 cM on ECA4q14-q21.3 using eight unrelated SGC 

stallions (Supplemental Table 1). The progeny of four stallions being heterozygous 

for the respective SNP was genotyped and used for linkage analysis to refine the 

putative QTL in SGC horses. After including 22 SNPs in the linkage study, located in 

five genes around the putative QTL, the SNP in the 3’-UTR of the AOAH gene 

(AJ543065:g.703A>G) affirmed the linkage for fetlock OCD at 72.2 cM with a Zmean 

of 2.04 (p=0.03) (Figure 1). 

The SNP AM072940:g.230T>C in the PTHB1 gene was not in Hardy-Weinberg 

equilibrium and therefore, could not be used for association tests. Analyses for 

associations with POFs revealed no significant results (data not shown). Three SNPs 

in the AOAH gene at a relative position of 72.2 cM on ECA4q 

(ti|1248907742:g.288G>A, ti|1248907742:g.578C>T, AJ543065:g.703A>G) that were 

located in intron 8, intron 9, and the 3’-UTR in exon 21 were significantly associated 

(p = 0.022-0.033) with fetlock OCD (Table 1). All SNPs in the AOAH gene were 

therefore tested in a more refined statistical model (Table 3). Here, the SNP in the 3’-
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UTR (AJ543065:g.703A>G) showed an additive genetic effect for fetlock OCD of 

0.42 ± 0.13 (p = 0.002) and a significant dominance effect of -0.32 ± 0.15 (p = 0.034). 

All homozygous G>G horses were affected and unaffected horses were 

predominantly homozygous A>A or heterozygous A>G (Table 3). 

Our study presents an association between a SNP (AJ543065:g.703A>G) in the 

AOAH gene and fetlock OCD which could serve as a suitable marker for fetlock OCD 

in SGC horses. The acyloxyacyl hydrolase (AOAH) is a 2-subunit lipase which 

selectively hydrolyzes the secondary fatty acyl chains from the lipid A region of 

bacterial endotoxins. Further functions of this gene have not yet been determined. 

Therefore, the role of AOAH in the development of osteochondrosis or bone 

morphogenesis is not clear. The human PTHB1 gene which is located very closely to 

the microsatellite marker HTG007 might be a functional candidate gene for OC. 

However, the intragenic SNPs developed for PTHB1 were not in linkage 

disequilibrium with signs of OC or POFs in our study. PTHB1 is downregulated by 

parathyroid hormone (PTH) in osteoblastic cells, and therefore, is thought to be 

involved in parathyroid hormone action in bones (Adams et al. 1999). Another 

functional candidate gene BMP binding endothelial regulator (BMPER) gene was 

shown to be involved in BMP2- and BMP4-dependent osteoblast differentiation and 

BMP-dependent differentiation of the chondrogenic cells (Binnerts et al. 2004). At 

present we could not identify SNPs in this gene, which were associated with OCD or 

POFs in SGC horses. Mutation analysis of AOAH and expression analyses will be 

helpful to clarify whether AOAH plays a role in the aetiopathogenesis of the 

osteochondrosis syndrome in horses. 
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Supplemental Table 1. Primer sequences, product size (bp), annealing temperature (Ta), polymorphism information 

content (PIC), observed heterozygosity (HO), and the corresponding location in the human gene for 22 equine SNPs and 

one microsatellite marker. 

Gene Gene 

location in 

humans 

(Mb) 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

Product 

size 

(bp) 

Taa Corresponding 

location in the 

human gene 

PIC HO SNP 

Sorting nexin 13  

(SNX13) 

17.80- 

17.95 

ATTACCCTTCAAGGATTGGTG 

TGCCCTCCTTGAAAATGG 

500 58 intron 1 0,35 0,46 AM072955:g.544T>A 

0.23 0.32 ti|1245493906:g.125G>T Carboxypeptid

ase, 

vitellogenic-

like (CPVL) 

29.00- 

29.15 

GCCATTTGTTGGTTTTCCT 

CCCAGTGGCATAAAAGTCATT 

629 60 intron 6 

0.22 0.30 ti|1245493906:g.372T>G 

TCTAGGTGGAAGGCCACTC 

GTGACTGAACGGACAAGGTC 

523 58 intron 11 0.32 0,50 AM072940:g.230T>C 

0,25 0,30 AM072942:g.86A>G 

Parathyroid  

hormone-responsive 

 B1 

 (PTHB1) 

33.14- 

33.61 

ATATATCGCCTCCCTTGTGG 

TATGATGCTGCAATCAACTGG 

490 58 intron 12 

0,36 0,54 AM072942:g.210C>T 

GGATTACCTGCTGCGTCTTG 

TCCTTCAGAATAGCAGTTGAGG 

599 60 intron 2 0,09 0,11 ti|1226756041:g.418G>A 

AGTTGCCTCTGGTCTTGCAG 

GCTGGCAGAATGTCTGTTTTC 

192-

212 

60 intron 9 0.66 0.68 ti|1258479779:g.343 

(CA)20 

intron 11 0.13 0.15 ti|1236768681:g.188T>C 

exon 12 0.08 0.08 ti|1236768681:g.319C>T 

BMP binding  

endothelial regulator 

(BMPER) 

33.91- 

34.16 

TGCCAGGATATTACCAGGAG 

TCCACAGATGAGTGACAGGTCT 

562 60 

exon 12 0.08 0.09 ti|1236768681:g.409G>A 
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Supplemental Table 1. continued 
Gene Gene 

location in 

humans 

(Mb) 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

Product 

size 

(bp) 

Taa Corresponding 

location in the 

human gene 

PIC HO SNP 

0.28 0.37 AJ543064:g.146A>C 

0.30 0.39 AJ543064:g.241A>G 

0.30 0.39 AJ543064:g.263T>C 

0.08 0.09 AJ543064:g.271C>G 

exon 6, 

3’-UTR 

0.30 0.41 AJ543064:g.281C>T 

KIAA0895 protein 

(KIAA0895) 

36.33- 

36.37 

TTGGAGTAACTTTCCCTTGC 

TTTGAAAAACAGTCTGCGTTC 

504 57 

exon 6b 0,11 0,12 AJ543064:g.439A>G 

intron 8 0,25 0,28 ti|1248907742:g.288G>A 

intron 9 0,27 0,35 ti|1248907742:g.578C>T 

exon 11 0,27 0,40 ti|1248915422:g.559A>T 

0,19 0,18 ti|1248915422:g.420G>A intron 11 

0,20 0,20 ti|1248915422:g.270G>A 

Acyloxyacyl 

hydrolase  

(AOAH) 

36.52- 

36.73 

CTCCTCTGGGTCCTCTCTTG 

GTATCAGTTCCCCAGCTCAC 

504 58 

exon 21, 

3’UTR 

0,29 0,40 AJ543065:g.703A>G 

a annealing temperature 
b This SNP causes an amino acid substitution: Met>Thr. 
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Table 1. Association analyses using χ2-tests for 22 SNPs on ECA4q14-21.3 and 

fetlock OCD in South German Coldblood horses. 

Χ2 Error probability Gene SNP Un- 

affected 

horses 

Affected  

horses Geno-

type 

Allele Trend Geno- 

type 

Allele Trend

SNX13 AM072955:g.544T>A 43 22 0.263 0.124 0.114 0.877 0.725 0.736 

ti|1245493906:g.125G>T 34 19 0.478 0.367 0.478 0.489 0.545 0.489 CPVL 

ti|1245493906:g.125G>T 53 29 1.595 1.322 1.595 0.207 0.250 0.207 

AM072940:g.230T>C
1

 52 22 0.442 0.173 0.213 0.802 0.678 0.645 

AM072942:g.86A>G 59 32 0.301 0.173 0.175 0.860 0.678 0.676 

PTHB1 

AM072942:g.210C>T 59 31 0.657 0.107 0.129 0.720 0.743 0.720 

ti|1226756041:g.418G>A 55 29 0.006 0.006 0.006 0.937 0.939 0.937 

ti|1236768681:g.188T>C 17 6 0.094 0.087 0.094 0.759 0.768 0.759 

ti|1236768681:g.188T>C 28 12 0.401 0.391 0.401 0.527 0.532 0.527 

BMPER 

ti|1236768681:g.188T>C 40 21 0.460 0.444 0.460 0.498 0.505 0.498 

AJ543064:g.146A>C 43 26 0.613 0.160 0.176 0.736 0.689 0.675 

AJ543064:g.241A>G 60 31 1.234 1.158 1.233 0.540 0.282 0.267 

AJ543064:g.263T>C 60 31 1.234 1.158 1.233 0.540 0.282 0.267 

AJ543064:g.271C>G 60 31 0.046 0.044 0.046 0.830 0.834 0.830 

AJ543064:g.281C>T 61 31 1.228 1.029 1.163 0.541 0.310 0.281 

KIAA 

0895 

AJ543064:g.439A>G 47 28 0.070 0.066 0.070 0.791 0.798 0.791 

ti|1248907742:g.288G>A 53 23 4.005 4.152 4.004 0.135 0.042 0.045 

ti|1248907742:g.578C>T 56 21 5.443 4.845 5.246 0.066 0.028 0.022 

ti|1248915422:g.559A>T 34 16 0.330 0.253 0.330 0.566 0.615 0.566 

ti|1248915422:g.420G>A 38 20 1.266 1.201 1.011 0.531 0.273 0.315 

ti|1248915422:g.270G>A 38 19 0.443 0.000 0.000 0.801 1.000 1.000 

AOAH 

AJ543065:g.703A>G 60 31 7.020 4.119 4.524 0.030 0.042 0.033 
1 no Hardy-Weinberg equilibrium. 
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Table 2. Additive genetic and dominance effects, their standard errors and 

corresponding error probabilities for six intragenic SNPs in the AOAH gene estimated 

in a linear animal model for fetlock OCD. 

SNP Additive genetic 

effect ± SE 

P Dominance 

effect ± SE 

P 

ti|1248907742:g.288G>A 0.200 ± 0.133 0.136 0.024 ± 0.164 0.883 

ti|1248907742:g.578C>T 0.156 ± 0.156 0.321 0.052 ± 0.178 0.770 

ti|1248915422:g.559A>T 0.071 ± 0.107 0.507 - - 

ti|1248915422:g.420G>A -0.182 ± 0.165 0.271 0.121 ± 0.219 0.583 

ti|1248915422:g.270G>A 0.042 ± 0.164 0.797 -0.136 ± 0.210 0.519 

AJ543065:g.703A>G 
0.415 ± 0.131 0.002 

(0.012)* 

-0.32 ± 0.151 0.034 

(0.187)* 
* Error probability after Bonferroni correction. 

 

 

 

Table 3. Mixed model solutions (MMS) and their standard errors (SE) for genotypes 

of the intragenic AOAH SNP (AJ543065:g.703A>G) in 96 South German Coldblood 

horses. 

Genotype Number 
of horses 
(n = 96) 

Number 
of 
affected 
horses 
(n = 32) 

Risk to be 
affected by 
fetlock 
OCD 
(MMS ± 
SE) 

Contrast ∆±SE t-
value 

p 

*A/A 55 15 0.000 ± 
0.000 

A/A – 
A/G 

-0.093± 
0.092 

1.005 0.316 

A/G 38 14 0.092 ± 
0.094 

A/A – 
G/G 

-0.830± 
0.262 

3.162 0.002 

G/G 3 3 0.830 ± 
0.268 

A/G – 
G/G 

-0.737± 
0.267 

2.762 0.007 

* Reference value. 
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Figure 1. Test statistics Zmean and LOD score for ECA4 using 15 microsatellite 

markers and additionally 22 SNPs for linkage analysis with fetlock OCD in four 

paternal half-sib families of South German Coldblood horses. 

 

 

 
Figure 2. Genomic structure and identified sequence variations of AOAH 

(ti|1248907742:g.288G>A, ti|1248907742:g.578C>T, ti|1248915422:g.559A>T, 

ti|1248915422:g.420G>A, ti|1248915422:g.270G>A, AJ543065:g.703A>G) on 

ECA4q. Equine map positions of SNX13, PTHB1, BMPER, KIAA0895, ANLN, AOAH, 

and ELMO1 according to Dierks et al. (2006) and NCBI human genome view, Build 

36.2.

COR089 

AOAH (AJ543065:g.703A>G) 
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Comparative linkage mapping of a QTL for 
osteochondrosis on equine chromosome 18 
 

Summary 

A previously accomplished whole genome scan in 117 South German Coldblood 

(SGC) horses identified a chromosome-wide significant QTL for osteochondrosis 

(OC) in fetlock and hock joints, osteochondrosis dissecans (OCD) and palmar/plantar 

osseous fragments (POFs) on equus caballus chromosome (ECA) 18 at a relative 

position of 45.9-78.2 cM. In this study we present a comprehensive 5,000-rad 

radiation hybrid (RH) map of ECA 18 to map candidate genes for OC in order to 

refine the QTL. In total, 60 sequence tagged sites (STS) including 42 equine genes, 

an open reading frame, a BAC end sequence, and 16 microsatellite loci regularly 

spaced along HSA2q from 136.0 to 201.4 Mb were typed on the panel. Mutation 

analysis of the mapped genes revealed 67 single nucleotide polymorphisms (SNPs) 

in 18 of the genes covering 1215.9 cR of ECA18 and affirmed the QTL in linkage 

analysis. Association analysis with the phenotypic traits of OC revealed that two 

SNPs in the GALNT13 gene, the ACVR1 gene, and the CMYA3 gene, respectively, 

were significantly associated with OC in fetlock joints after genotyping 74 affected 

and 22 unaffected horses. Regarding osseous fragments in fetlock joints, four SNPs 

in the CMYA3 gene were associated, after genotyping 32 affected and 64 unaffected 

horses. In the present study the QTL for osteochondrosis could be confirmed and 

narrowed to an interval of 13 Mb between GALNT13 and CMYA3. Mutation analyses 

of the associated genes and expression analyses will be helpful to clarify whether 

these genes play a role in the aetiopathogenesis of the osteochondrosis syndrome in 

horses. 

 
Keywords: osteochondrosis, horse, ECA 18, radiation hybrid map, single nucleotide 

polymorphisms, association analysis 
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Introduction 

Osteochondrosis (OC) belongs to those diseases of the locomotory system 

frequently detected radiographically in young horses (Jeffcott 1991; Stock et al. 

2005). Disturbed differentiation and maturation of growing cartilage leads to 

alterations of the joints, whereby cartilage flaps, osseous fragments and synovial 

effusions are the most common signs of OC (Trotter & McIlwraith 1981; Jeffcott & 

Henson 1998). Osteochondrosis dissecans (OCD) is characterized by the presence 

of osteochondral fragments (joint mice, chips, corpora libera).  
A major goal of genome mapping efforts in horses is to identify genes with impact on 

equine diseases. A whole genome scan in South German Coldblood horses 

identified quantitative trait loci (QTL) for OC and a putative QTL was mapped on 

ECA18 (Wittwer et al. 2006a). Homology between ECA18 and HSA2q has been 

shown previously (Chowdhary et al. 2003, Penedo et al., 2005, Swinburne et al. 

2006, Wagner et al. 2006). These comparative maps can then be used to develop 

high density maps of single nucleotide polymorphisms (SNPs) for fine mapping and 

association analyses.  

Our objective in this study was to refine the human-equine comparative map of 

ECA18 in order to map candidate genes for osteochondrosis within the putative QTL 

region on ECA18. Single nucleotide polymorphisms (SNPs) were developed for a 

non-parametric linkage analysis in order to refine the QTL position and further 

association analyses. 

 

Material and Methods 

Radiation hybrid mapping 

Based on the comparative map between ECA18 and HSA2q, we chose 42 genes 

(ACVR1, ARHGAP15, BZW1, CACNB4, CMYA3, COL3A1, COL5A2, CXCR4, FAP, 

FMNL2, FRZB, GALNT5, GALNT13, GLS, GRB14, HSPD1, ITGAV, ITGA6, KIF5C, 

KYNU, LRP1B, LRP2, MCM6, MTX2, MYO3B, NAB1, NR4A2, NXPH2, ORC4L, 

PRPF40A, R3HDM1, SF3B1, SLC4A10, SLC40A1, STAM2, STAT4, STK17B, TANK, 

TMEFF2, TNFAIP6, WASPIP, ZFHXB1), an open reading frame (C2orf10), and a 

BAC end sequence (AJ577071) which were evenly spaced along HSA2q  from 136.0 

to 201.4 Mb (NCBI map viewer, Build 36.2) to cover this region in 1 to 5 Mb intervals 



Comparative linkage mapping of a QTL for osteochondrosis on ECA18 

 

122  

(Table 1). Whole genome shotgun sequences (WGS), expressed sequence tag 

sequences (ESTs), and BAC end sequences (BESs) were used to design primer 

pairs using the Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/ 

primer3_www.cgi). In addition, 16 microsatellite markers (AHT080, COR096, 

COR101, HLM003, HMS046, HTG028, LEX054, SG007, TKY0016, TKY0017, 

TKY0101, TKY0322, TKY0741, UCD387, UMNe243, UMNe501), mapped on the 

equine-human comparative RH5,000 map (Chowdhary et al. 2003) or on equine 

linkage maps (Guerin et al. 2003; Penedo et al. 2005; Swinburne et al. 2006) were 

used to compare the positions of the newly mapped genes with existing linkage 

maps.  

All markers were first mapped by two-point analysis using RHMAPPER-1.22 software 

(Slonim et al. 1997) (http://equine.cvm.tamu.edu/cgi-bin/ecarhmapper.cgi) to ensure 

their location on ECA18. The ECA18 RH5,000 map was constructed using the 

RHMAP3.0 software (Boehnke et al. 1992, Lange et al. 1995) with the RH2PT, 

RHMINBRK and RHMAXLIK programs. Two-point analyses (RH2PT) revealed that 

all SNPs and microsatellites genotyped on the equine RH5,000 panel formed a single 

linkage group at a LOD score threshold ≥ 6.0. The marker order was determined 

using the RHMAXLIK program. First, a framework map was constructed by 

RHMAXLIK (ADDMIN=3.0) and then a comprehensive map using RHMAXLIK 

(ADDMIN = 0.0). 

 

Identification of single nucleotide polymorphisms (SNPs) 

We screened all 42 genes mapped on the RH5,000 panel for SNPs using primarily 

intronic sequences (Supplemental Table 1). Eight South German Coldblood stallions 

were included to search for DNA polymorphisms. The PCR products were 

sequenced on a MegaBACE 1000 (GE, Healthcare, Freiburg, Germany) automated 

capillary sequencer and the resulting sequences were searched for SNPs by visual 

inspection using Sequencher 4.7 (GeneCodes, Ann Arbor, USA). The sequencing 

reactions were carried out using the DYEnamic ET Terminator Cycle Sequencing Kit 

(AmershamBiosciences).  
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Phenotypic traits 
Radiographic findings were interpreted as OC only in the case when the predilection 

sites of the fetlock or hock joints were affected by generally accepted signs for this 

disease (Jeffcott 1991, Wittwer et al. 2006b). The predilection site for OC in fetlock 

joints is the dorsal aspect of the sagittal ridge of the 3rd metacarpal/metatarsal bone. 

In hock joints the predilection sites are the intermediate ridge of the distal tibia, the 

lateral trochlear ridge of the talus, and the lateral/medial malleolus of the tibia 

(Wittwer et al. 2006b). Criteria for OC included the presence of osteochondral 

fragments, irregular texture of the bone with variable radiopacity and changes of the 

regular bone contour such as smoothly flattened, irregularly flattened, smaller or 

larger concavity at the mentioned predilection sites. OCD was diagnosed when 

osteochondral fragments in the joint space were visible at the predilections sites of 

the fetlock and were treated as affected by fetlock OCD in this study. Animals without 

any signs of radiographic changes of OC at these sites were classified as free from 

OC. In addition to OC, we differentiated palmar/plantar osseous fragments (POFs) at 

the attachment sites of the short sesamoidean ligaments to the proximal phalanx. 

 

Linkage analysis 

Multipoint non-parametric linkage analysis was performed using Merlin, version 1.0.1 

(multipoint engine for rapid likelihood inference, Center for Statistical Genetics, 

University of Michigan, MI, USA, Abecasis et al. 2002). Zmean and LOD score were 

used to test for the proportion of alleles shared by affected individuals identical by 

descent (IBD) for the considered marker loci. Nine SGC stallions and their progeny 

as well as their dams, were used to map QTLs for osteochondrosis in SGC horses in 

a previous study (Wittwer et al. 2006a). For the further linkage analysis including the 

SNPs identified, the four half-sib families with the highest information content for the 

QTL for OC on ECA18 were chosen and all available 45 progeny as well as their 

dams were genotyped if the stallion was heterozygous for the SNP. 

 

Association analysis 

SNPs significantly linked to OC in the genotyped families were further evaluated in 

an association analysis. Here, we included 96 horses with an age at radiological 

examination older than twelve months, belonging to the nine half-sib families 
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described above. The ALLELE procedure of the software package SAS/Genetics 

(Statistical Analysis System, Version 9.1.3, SAS Institute Inc., Cary, NC, USA, 2006) 

was used to estimate the observed heterozygosity (HO), the polymorphism 

information content (PIC) and to test for Hardy-Weinberg equilibrium. Association 

was tested in preliminary analyses using the CASECONTROL procedure and 

χ2-tests of SAS, Version 9.1.3 in order to test for disequilibrium between the OC 

phenotype and marker genotypes as well as marker alleles and number of alleles. In 

order to control for systematic environmental and quantitative genetic effects for 

SNPs with significant χ2-tests in the CASECONTROL procedure, we employed an 

animal model for the association analysis between the genotypes of these SNPs and 

fetlock OC, OCD, and hock OC. The linear animal model included the fixed effects of 

genotype, sex, month of birth, age at radiological examination, interaction between 

age at radiological examination and sex, interaction between month of birth and sex, 

and random additive genetic effects of the animal. 

yijklm = µ + Genotypei + Sexj + Month of birthk + Agel + Agel*Sexj + Month of  

birth*Sexjk + al + eijklm 

The additive genetic effects of the SNPs were estimated by pairwise comparison of 

the least square means of the two homozygous genotypes and the dominance effect 

was calculated as the deviation of the least square means of the heterozygotes from 

the average of the two homozygous genotypes. Significance was tested using F-

tests. The analyses were performed using PEST (Groeneveld 1990).  

 

Results 

The RH5,000 map of ECA18 contained 16 microsatellite markers, 42 gene-associated 

SNPs, an open reading frame, and a BAC end sequence (Fig. 2). The mean 

retention frequency was 13%. The RH5,000 map length was 1215.9 cR corresponding 

to approximately 67 cM on the equine linkage map  of ECA18 (Swinburne et al. 

2006) (Fig. 2). This RH5,000 map for ECA18 displayed three conserved blocks in 

comparison to HSA2q. The first syntenic block was homologous to HSA2q (NCBI 

map viewer, Build 36.2) and spanned from LRP1B to ZFHX1B (0-37.9 cR), which is 

in accordance to the RH5,000 map of Wagner et al. (2006) with exception of the 

microsatellite marker SG07 not located within this group. The first breakpoint in our 

map showed an inverted insertion of NXPH2, CXCR4, MCM6, and R3HDM1 (139.1 - 
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136.0 Mb). The second block between 292.4 cR and 906.3 cR (ORC4L to MTX2) 

showed synteny to HSA2q (148.4 Mb - 176.8 Mb). In the RH5,000 map of Wagner et 

al. (2006), there was an insertion of KIF5C (149.4 Mb), which could not be verified in 

this study. The second and the third block were interrupted in our RH5,000 map by an 

insertion ranging from TMEFF2 (192.5 Mb) to BZW1 (201.4 Mb) and including the 

microsatellite markers HLM03, UCD387, UMNe243, TKY0101, and UMNe501. The 

third conserved block ranging from 11119.2 cR to 1215.9 cR (FRZB to STAT4) 

showed synteny to HSA2q (183.4 Mb to 191.6 Mb), which was consistent with 

Wagner et al. (2006). The two breakpoints in our map were in agreement with the 

RH5,000 map of Wagner et al. (2006), but further breakpoints described in this 

previous report could not be confirmed. 

In 18 of the mapped genes at least one SNP was identified (Fig. 2). Of the 67 newly 

developed SNPs, 34% were A>G transitions representing the most frequent SNP 

type, followed by C>T transitions (28%). The progeny of the four informative half-sib 

families was genotyped for the respective SNP if the stallions were heterozygous and 

used for linkage analysis to refine the putative QTL for osteochondrosis on ECA18. 

Therefore 56 SNPs of 15 candidate genes were included in the linkage study and the 

QTL could be confirmed and narrowed down to an interval between 31.0 and 

56.1 cM (Fig. 2). For fetlock OCD, the highest Zmean of 6.37 was obtained between 

44.0 and 45.9 cM at the GALNT13 SNP and the microsatellite marker COR096, 

which confirmed the QTL found in the whole genome scan. The highest Zmean for 

hock OC with a Zmean of 4.56 was also reached at 44.0 cM (GALNT13) and at 50.5 

cM (CMYA3) with a value of 4.23. 

All SNPs in these candidate genes were further used for association analysis with the 

phenotypic traits of OC. The CX599627:c.209A>T (ACVR1) and 

CX596700:c.160G>T (NAB1) SNP (Table 2) were not in Hardy-Weinberg equilibrium 

and therefore not included in the analysis. Two SNPs in GALNT13 (intron 1), two 

SNPs in ACVR1 (3’-UTR, exon 10), and two SNPs in CMYA3 (intron 2) were 

significantly associated (p = 0.002 - 0.039) with fetlock OC (Table 3). Regarding 

osseous fragments at the dorsal aspect of fetlock joints, four SNPs in intron 1 of 

CMYA3 were significantly associated (p = 0.009 – 0.039). One of these SNPs was as 

well significantly associated with hock OC. The associated SNPs in the GALNT13, 

AVCR1, and CMYA3 genes were therefore tested in a more refined statistical model 
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(Tables 3). Here, the SNP in intron 1 of CMYA3 (AJ885515:g.159A>G) showed an 

additive genetic effect for fetlock OC and OCD of - 0.14 (p = 0.03; p = 0.06) and a 

non-significant dominance effect of 0.07 (p = 0.46; p = 0.18). A further SNP in 

CMYA3 (AJ885515:g.238G>A) showed a significant additive genetic effect for fetlock 

OCD and hock OC of -0.40 and – 0.17 (p = 0.01; p = 0.24) but a non-significant 

dominance effect of - 0.19 and 0.05 (p = 0.31; p = 0.76). In the ACVR1 gene, three 

SNPs located in intron 9 (ti|1236750312:g.516A>G) and in the 3’-UTR of exon 10 

(CX599627:c.98C>T; CX604191:c.443C>T) had a significant additive effect for 

fetlock OC of – 0.20, - 0.13, and - 0.13 (p = 0.05; p = 0.08; p = 0.09) but a non-

significant dominance effect (Table 3). In intron 1 of GALNT13 one SNP 

(AJ584123:g.299A>G) showed a significant dominance effect of – 0.28 (p = 0.08) but 

a non-significant additive genetic effect. 

 

Discussion 

A previously accomplished whole genome scan in 117 SGC horses revealed QTL on 

ECA18 for OC in hock joints as well as OCD and POFs in fetlock joints. Since all 

sufficiently informative microsatellite markers available on equine maps were already 

included in this genome scan, new markers in the identified QTL region were 

developed to confirm and refine the QTL positions. A high-resolution comparative 

map was important to locate positional candidate genes in the putative QTL regions. 

On ECA18, positional candidate genes and microsatellite markers had to be located 

using the existing equine-human comparative maps (Chowdhary et al. 2003, 

Swinburne et al. 2006, Wagner et al. 2006). In comparison to the current RH map 

(Chowdhary et al., 2003, Wagner et al. 2006), differences were found in 

microsatellite and STS marker order as well as genome rearrangements. Using the 

equine RH5,000 panel we were able to refine the locations of three microsatellites 

AHT080 on 80.1 cR, TKY0017 on 1191.0 cR at the same position as TKY0016, and 

UMNe243 on 1025.9 cR which were not resolved in previous studies. The 

RH5,000 map for ECA18 in our study displayed three conserved blocks in comparison 

to HSA2q. The first syntenic block was homologous to HSA2q and spanned from 

LRP1B to ZFHX1B in accordance to the RH-map of Wagner et al. (2006) with 

exception of the microsatellite marker SG07 not located within this group. The 

second block between 292.4 cR and 906.3 cR (ORC4L to MTX2) showed synteny to 
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HSA2q (148.4 -176.8 Mb). In the Rh5,000 map of Wagner et al. (2006), there was an 

insertion of KIF5C (149.4 Mb), which could not be verified in this study. The third 

conserved block ranging from 1119.2 cR to 1215.9 cR (FRZB to STAT4) showed 

synteny to HSA2q (183.4 Mb to 191.6 Mb), which was consistent with Wagner et al. 

(2006). 

In 18 of the candidate genes at least one SNP was identified and used for linkage 

and association analyses. Association was found between different SNPs in the 

GALNT13, ACVR1, and CMYA3 gene for the different traits of OC. Four SNPs in 

intron 2 of CMYA3 showed additive genetic effects for fetlock OC and OCD. For the 

AJ885515:g.238G>A SNP in intron 2 of CMYA3 none of the unaffected horses was 

homozygous A>A and affected horses were predominantly homozygous G>G or 

heterozygous A>G (Table 4). 

It is unlikely that any single genetic effect would be itself associated with the majority 

of affected horses included in this study. Using linkage analyses the LOD scores 

might decrease due to the fact that the mutation is of importance only in a few 

families. In that case, the families showing highest values for LOD score can be 

chosen for the further refinement of QTL. Of the three genes that were associated 

with OC, the activin A receptor, type I (ACVR1) gene is a dimeric growth and 

differentiation factor which belongs to the transforming growth factor-beta (TGF-beta) 

superfamily of structurally related signaling proteins. A previous study found a 

recurrent mutation in the BMP type I receptor ACVR1, which causes inherited and 

sporadic fibrodysplasia ossificans progressiva (Shore et al. 2006). Mutation analyses 

of the associated genes and expression analyses will be helpful to clarify whether 

these genes play a role in the aetiopathogenesis of the osteochondrosis syndrome in 

horses and have then to be sequenced. 
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Table 1 Information for 44 sequence tagged site markers derived from whole 

genome shotgun sequences (WGS), expressed sequence tag sequences (EST), 

BAC end sequences (BES), and for 16 microsatellite markers  

Gene 

symbol  

Accesion 

number 

Gene 

location 

(Mb) on 

HSA21 

5' -> 3' Primers  

(forward in the first line, 

reverse in the second line) 

PCR 

product 

(bp) 

RET

ACVR1 ti|1215552562 158.30- 

158.40 

CGTTATCTGCATCCTCTCAGTG 

CAAGCGAGGATAGCTCTGAAA 
715 14.1

AHT080 AJ507697 - AGAACTGAGGAAAGAAGAGGGC 

TCCCTGAGACTTAATTTCCTCA 
153 – 

165 

16.5

AJ5770712 AJ577071 195.35 TTCCTTCATTTTGGATTCAGG 

TCATGCCTGGAAAGTTTTGTC 
493 8.9 

ARHGAP15 ti|1237831136 143.60- 

144.24 
CAAAGCCTCCAAGAACCTCA 

TTTTCACAAAACGAGGCATCT 
300 17.6

BZW1 ti|1419558962 201.38- 

201.40 

TCTGGGTTTTGTGGGAAGTG 

TTAACATACTTTAACCCAACACATCAG 
567 11.1

C2orf10 AJ576898 185.17- 

185.51 

TCCAGGTTTGTCTGGGAAAA 

TCAGCTTGGAACAACACAGC 
556 15.2

CACNB4 ti|1231303981 152.40- 

152.66 

GGTTCAGCGGATTCCTACAC 

GGCAATGCCTCTTATTGCTC 
631 14.1

CMYA3 AJ885514 167.70- 

167.82 

CACTGACGATTCCTCCTTGTC 

GAACATATAGGGAAGCCCTTTG 
563 15.2

COL3A1 ti|1237036982 189.55- 

189.59 

CAGTTCTGGAGGATGGTTGC 

GCCTTGCGTGTTCGATATTC 
813 14.1

COL5A2 ti|1309804223 189.61- 

189.75 
TTTCAATGTAATGACAAAGTTGCTT 

GGCTTGAGGATGATGAGATTG 
560 14.1

COR096 AF154949 - CCCCTCTTTTGCTTGAGAAT 

GCGTGTATGTGAGGATTGAAG 
307 – 

319 

14.1

COR101 - - CAATATAAGTGCACGCCTTC 

TGGACCTTGAGGGTATGATG 
173 – 

205 

9.9 

CXCR42 ti|1237018988 136.59 CAGAGTCTCAGGCCCTTTTG 

TTGTCCGTCATGCTTCTCAG 
473 12.0

FAP ti|1225857109 162.74- 

162.81 

ATTTAATGGGGTCCCAGACT 

GCTGACTTTCTCTCCTGGGAAT 
548 12.1

FMNL2 ti|1227845242 152.90- 

153.22 

TCATGATTTAGTTTTTGCTGTTTCTC 

CGCAGTGCAGAATGTCTTCC 
401 13.0
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Table 1 continued 

Gene 

symbol  

Accesion 

number 

Gene 

location 

(Mb) on 

HSA21 

5' -> 3' Primers  

(forward in the first line, 

reverse in the second line) 

PCR 

product 

(bp) 

RET 

FRZB CX603230 

CX602280 

183.41- 

183.44 

ATTCCAGCCACAGTGATTCC 

TGCAACCAATACAGCATTCC 
454 13.0 

GALNT5 AJ584284 157.82- 

157.88 

GGTGTGGCCTGTCATTTTCT 

TTTCTCTTAAAAAGCAAACAAACA 
616 12.1 

GALNT13 AJ584123 154.51- 

155.02 

AGCCTAGGTGACTTGCCTGA 

GCCAGAGAAACCAATTCCAC 
522 10.9 

GLS CT007527 191.45- 

191.54 
GCTGTTTCATGGATCCCAGT 

ATCAGGCTTACCCCTCCAAG 
600 9.9 

GRB14 CT940531 165.06- 

165.19 

GGAAACCCCATTTCCAGAAC 

TCGGCAGGAAAGAATAGAGG 
570 14.1 

HLM03 U36495 
- 

GAAGGTAGAAAAGGAGGGCTAGAAC 

TCTAGAGGACCATTCTCTGGGCTGTG 
117 – 

129 

10.9 

HMS046 U89814 
- 

GTCTCAGCCAAAAGGTATTCAAGC 

TGGCACCAATATAGGTCACCTGG 
126 – 

132 

16.3 

HSPD12 ti|1228998681 198.06- 

198.07 

AGGTCAGCACGGCTCATATC 

GGCAGGGACTGTTTAAGACC 
488 10.0 

HTG28 
- - 

AATCAACTAATATTAGGCCTCCT 

GAATACAGTTCTAGGGGCGT 
156 – 

160 

14.3 

ITGAV ti|1242373366 187.16- 

187.25 

TGGTTTCCTTCTAGCAATAGCA 

ATTGCATACGACTAAGATCTTTTAAC 
604 15.2 

ITGA6 ti|1231197009 173.00- 

173.08 

AAACCTAGGGATCATGAGTTTGAC 

ACCATCTGGTTCCAACAAAC 
460 13.0 

KIF5C2 ti|1227641874 149.51- 

149.59 

TGCATTTTAACAGGTGCCATAC 

GCTTTCAGACGTGTGAGCTG 
468 8.7 

KYNU ti|1324860247 143.35- 

143.52 

CTGCTGGTGCTCCTACAAGG 

TTGCAGCAACTCATTGACAAC 

582 13.3 

LEX054 AF075656 
- 

TGCATGAGCCAATTCCTTAT 

TGGACAGATGACAGCAGTTC 
164 – 

182 

18.7 

LRP1B CR955447 140.71- 

142.61 

CAAGGGTGTGATGACCTCTG 

GTAAGGGGTGCAGGAAACAA 
533 12.0 

LRP2 ti|1213148545 169.69- 

169.93 

TCCATGATTTGAGTCCATTTGA 

CAGGCAAATCAGAGCAGACA 
561 13.3 
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Table 1 continued 

Gene 

symbol  

Accesion 

number 

Gene 

location 

(Mb) on 

HSA21 

5' -> 3' Primers  

(forward in the first line, 

reverse in the second line) 

PCR 

product 

(bp) 

RET 

MCM62 ti|1230577515 136.31- 

136.35 

TGGTTTCTGACAGGTTGATGG 

AAGACCCTAAAACCACCTTCC 
489 10.0 

MTX2 AJ584135 176.84- 

176.91 

TGGAATGGAAGAGCTCTGTGT 

TTGACAGCTGATAGTAGCCATGA 
592 8.8 

MYO3B AJ542900 170.74- 

171.22 

TTTCTGAGTGTGTGCCAAGC 

GGCTAGAACTCAGGTCTTTTGA 
454 14.1 

NAB1 ti|1226259615 191.22- 

191.27 

GAATAGCTTTACAGTAGAAACACCAG 

CACTAAGCTTGAAAGACCAGAAAAG 
489 15.2 

NR4A2 ti|1257985570 156.89- 

156.90 
GGACTCCCCATTGCTTTTCT 

CATACTGCGCCTGAACACAA 
564 13.2 

NXPH2 ti|1227271147 139.15- 

139.25 

CAGCGTTTCGAGGACTTAGC 

CTGTGCAACTTTGACCCATC 
460 16.3 

ORC4L2 ti|1231298667 148.41- 

148.50 

GTTTACTGTGGGCCATACCG 

CCTTCAAATAAGCAGTGGGTTAG 
451 13.0 

PRPF40A ti|1256104908 153.22- 

15328 

TCTAATGAACTGTTTCCTTTACAAGTG 

CCTCAAGCACATGCATAAAATC 

423 15.4 

R3HDM CR955356 136.01- 

136.20 

GGGAGTAGAAACATTGTGGTCA 

CGCCATGTTCTTATTTGGTTG 
605 10.9 

SF3B12 ti|1248349013 197.97- 

198.01 

AAGTTCCCAGTGATTGCTTACC 

CCCTTCTTTACCTGCGTCAC 
494 8.7 

SLC4A10 CT007713 162.19- 

162.55 

TCCCTCTGTGCCTTAGTTTCTC 

TTGAATCCATTTTGAAGAGCA 
526 12.0 

SLC40A1 ti|1249748312 190.13- 

190.15 

CTCCATGAAGAAAGGGAAGG 

ATCCCGAAATGAAACCACAG 
600 12.0 

SG07 U90589 
- 

GAATTTGAATGTATCTATTCTGAATG 

GTGAGTTTTCAAGCTGGCATATTC 
133 -  

141 

16.3 

STAM2 ti|1239170642 152.68- 

152.74 
AGAAGACATTTTATTGGTGTACCTTA 

AGCTCCCAGACATTCAGTGG 
606 9.8 

STAT4 AJ576569 191.60- 

191.72 

TTCCTTGCCTTTGGCTCTTA 

TGCTGTATAGGCACCCAGTG 
511 12.0 

STK17B AJ885311 196.71- 

196.75 

TGTGTATAACTTGAAGGCCTTTCTT 

CTGTTCTCAGCTGCCAATTTT 

490 10.9 
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Table 1 continued 

Gene 

symbol  

Accesion 

number 

Gene 

location 

(Mb) on 

HSA21 

5' -> 3' Primers  

(forward in the first line, 

reverse in the second line) 

PCR 

product 

(bp) 

RET 

TANK CT006683 161.70- 

161.80 

TCTGTGCCTTTCAGAGGATT 

TTCTTGCTACACTGAAATTAGAGAAA 
405 13.0 

TKY0016 AB048327 
- 

GGTTATGGTTTGGTATCTGTC 

AAAACAATGGCTTCCTGGTCA 
112 – 

128 

13.0 

TKY0017 AB048328 
- 

CAACTGTATGTTGACAGCACA 

CGGCCATATTAGGTTTATCTG 
120 – 

130 

13.0 

TKY0101 
- - 

TCTGAAATACCGTGTGCCT 

TTCTGCCTCCCTCCAACTTT 
197 – 

217 

9.9 

TKY0322 AB034630 
- 

TGCAAACACTTGTGAACTGC 

AACCTAGTGTAATTGCTACC 
115 – 

137 

13.0 

TKY0741 AB103959 
- 

CCTTCCTTCTCCTAACTCAGTCC 

TGGAAACCAGGAATAGGTGTG 
95 – 

113 

13.0 

TMEFF2 CR956155 192.52- 

192.77 

CATTTCATAATGAGACCCCTTTTC 

TTAAAATGTTTCCTTCTTGAGTTTATT 
390 12.0 

TNFAIP6 CD469327 151.92- 

151.95 
GCAGGAGGTTTCCAAATCAA 

TTCCCACAATAGAGACAGGCTTA 
595 9.8 

UCD387 U67404 
- 

ACCCCCGCCCCAGCAC 

TGCCCCGTCATTCTGC 
78 - 84 11.0 

UMNe243 AF536313 
- 

TCCATCTATCAGTCTACTTTCCAGC 

GAACTAACACACCTCATTTTTCCC 
149 – 

153 

15.2 

UMNe501 AY731404 
- 

CCCATGATTTAATTGTCTGCTG 

TCCAAGTTTTTCCCGAAATG 
296 – 

304 

7.8 

WASPIP AJ543012 175.13- 
175.21 

TTCCACTGTCCCCTAAAAGTG 

TAGATCTGCTACGGCCACTG 
550 11.0 

ZFHX1B ti|1301976354 144.86- 

144.99 

CATTTCTGGCCAAAACTACAAAC 

AGAGCAGAATCTCTCCCCTTG 
404 13.2 

1NCBI map viewer, build 36.2 
2not used for association analysis 
 



 

  

Supplemental Table 1 Primer sequences, product size, and the corresponding location in the human gene (HSA2)  

for 67 equine single nucleotide polymorphisms (SNPs) located in 18 different genes on ECA18 

Gene 

symbol 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

PCR product 

(Bp1) 

SNP-Location 

 

PIC 

 

HO 

 

SNP 

 

36.98 85.71 ti|1297061280:g.705C>T TCATATTTGCAAGTCTTGAGGAA 

TGGAGGATCTCTGGATTTTGA 

714   intron 7 

37.11 62.50 ti|1266512213:g.321A>G 

19.64 25.26 ti|1237827977:g.343T>A 

36.73 47.83 ti|1237827977:g.489G>T 

ARHGAP15

TGTCTCACCTGTTTCCTCCA 

GTATCGCCATGTTCCCTGTT 

499 intron 13 

7.74 8.42 ti|1237827977:g.518C>G 

TTCTCCTGTTGACTTGCCCTA 

ATTTGGGAAGCCTGGAGATT 

514 intron 3 36.73 54.35 BI960809:c.180A>G TNFAIP6 

GCAGGAGGTTTCCAAATCAA 

TTCCCACAATAGAGACAGGCTTA 

578 exon 6,  

3’-UTR 

36.90 56.04 ti|1229041098:g.292A>T 

25.83 35.00 ti|1239170642:g.345A>G 

29.23 43.75 ti|1239170642:g.377T>C 

36.05 56.25 ti|1239170642:g.391G>A 

22.89 31.25 ti|1239170642:g.483C>T 

STAM2 AGAAGACATTTTATTGGTGTACCTTAG 

AGCTCCCAGACATTCAGTGG 

606 intron 1 

29.62 44.74 ti|1239170642:g.550G>C 

PRPF40A AGCTTCCCCAACTTTGGTCT 

CCTTGTTCAAGCTCATTAACCAT 

612 intron 1 30.91 40.00 ti|1248888090:g.100G>T 
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Supplemental Table 1 continued 

Gene 

symbol 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

PCR product 

(Bp1) 

SNP-Location 

 

PIC 

 

HO 

 

SNP 

 

28.39 39.80 AJ584123:g.299A>G 

32.10 37.11 AJ584123:g.305G>T 

34.24 52.58 AJ584123:g.359G>C 

8.13 8.89 AJ584123:g.464G>C 

13.60 15.94 AJ584123:g.645C>T 

GALNT13 AGCCTAGGTGACTTGCCTGA 

GCCAGAGAAACCAATTCCAC 

592 intron 1 

37.21 53.57 AJ584123:g.650A>G 

NR4A2 GGACTCCCCATTGCTTTTCT 

CATACTGCGCCTGAACACAA 

564 intron 2 35.94 49.28 ti|1257985570:g.410T>C 

GALNT5 GGTGTGGCCTGTCATTTTCT 

TTTCTCTTAAAAAGCAAACAAACA 

410 intron 1 29.62 36.84 AJ584284:g.323A>G 

30.47 50.00 ti|1236311947:g.265A>G intron 8 

30.47 50.00 ti|1236311947:g.277G>A 

CGTTATCTGCATCCTCTCAGTG 

CAAGCGAGGATAGCTCTGAAA 

715 

exon 9 32.49 47.62 ti|1236750312:g.74G>A 

36.98 57.14 ti|1236750312:g.516A>G 

37.37 59.52 ti|1236750312:g.617C>T 

AAAATGGGCTCTTTCTTGGAA 

AGAAGCTGGGCAGATGTCAC 

580 intron 9 

37.37 59.52 ti|1236750312:g.625G>A 

36.69 58.42 CX599627:c.98C>T GGATGGCAATACCACCACTT 

GCAAAGCCACTGTCTTAATGC 

595 exon 10, 

3’-UTR 37.01 62.00 CX599627:c.209A>T 

ACVR1 

GGGAAACTCAAGGAGGTGGT 

CAGTGGTGTCACGTGGGTAA 

533 exon 10, 

3’-UTR 

37.38 57.53 CX604191:c.443C>T 
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Supplemental Table 1 continued 

Gene 

symbol 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

PCR product 

(Bp1) 

SNP-Location PIC HO SNP 

FAP ATTTAATGGGGTCCCAGACT 

GCTGACTTTCTCTCCTGGGAAT 

493 intron 8 31.61 38.46 ti|1225857109:g.364T>G 

CTTTGAGGAGATGGCCCTTA 

CCTCCCAACAAACAGTTTCAA 

550 intron 9 23.92 23.81 ti|1344677570:g.260G>A GRB14 

CATGTTGGCAGACAAACTGAA 

GGCCAACATCTGGCTTCTAA 

465 intron 9 - - ti|1248396913:g.516T>C 

35.73 44.32 AJ885515:g.159A>G 

26.31 36.36 AJ885515:g.166A>G 

19.48 20.45 AJ885515:g.238G>A 

35.73 42.86 AJ885515:g.445T>C 

34.41 40.51 AJ885515:g.531A>C 

CMYA3 CAACCAGCTTAAAGAATTCAAAG 

CACTGTTTTAGACTTTGATGAAAACAA 

454 intron 2 

28.00 35.06 AJ885515:g.547A>T 

26.66 28.95 ti|1213148545:g.405T>C LRP2 TCCATGATTTGAGTCCATTTGA 

CAGGCAAATCAGAGCAGACA 

525 intron 24 

30.47 50.00 ti|1213148545:g.431G>A 

TTTAAATACTCCAAAATGTTTCTGTTG 

TCACTGAATGCGGCACAC 

513 intron 6 35.38 51.02 ti|1227632610:g.499A>C 

35.47 48.39 ti|1227576327:g.84C>T 

ITGA6 

GGGCTGATAAGTAATTTTCTTTGAC 

CAACAATCACTACAGGTCTTGTCC 

516 intron 12 

34.70 36.96 ti|1227576327:g.116C>A 
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Supplemental Table 1 continued 

Gene 

symbol 

Forward primer (5´ -> 3´) 

Reverse primer (5´ -> 3´) 

PCR product 

(Bp1) 

SNP-Location PIC HO SNP 

31.26 42.11 ti|1227576327:g.246C>G 

35.25 48.91 ti|1242714413:g.759A>G 

35.85 51.58 ti|1242714413:g.859A>G 

ITGA6 GGGCTGATAAGTAATTTTCTTTGAC 

CAACAATCACTACAGGTCTTGTCC 

516 intron 13 

35.85 51.58 ti|1242714413:g.876T>C 

exon 4, silent 37.47 55.56 CX604177:c.641G>A 

37.47 55.56 ti|1352833027:g.121G>A 

35.50 38.89 ti|1352833027:g.128T>C 

FRZB TCAGAAGTCTGGCAGGAACA 

AATTCACTTCCCTAATGCTGATT 

568 

intron 4 

18.06 22.64 ti|1352833027:g.511T>C 

COL3A1 CAGTTCTGGAGGATGGTTGC 

AGACACTTTCTCTGACTGACCAA 

724 intron 50 - - ti|1234769058:g.618C>T 

9.05 10.00 AJ576898:g.441G>A 

18.78 14.29 AJ576898:g.470T>A 

23.92 23.81 AJ576898:g.485T>A 

C2orf10 TCCAGGTTTGTCTGGGAAAA 

TCAGCTTGGAACAACACAGC 

517 intron 1 

36.58 52.38 AJ576898:g.639T>C 

SLC40A1 TTTGGTCCTTTGATTTAACTGTGA 

TGAGTTTTAGGGAAAACTGACAT 

698 exon 8, 

3’-UTR 

- - ti|1288212633:g.120T>C 

36.90 73.63 CX596700:c.160G>T NAB1 AAGATGCAGTAATCTTCCAACTGA 

CCTTTATTGCCACAGGAAGC 

 

460 exon 10, 

3’-UTR 17.50 17.39 CX596700:c.414G>C 
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Table 2 Association analysis using χ2-tests for the significant SNPs located in three 

different genes on ECA18 for fetlock OC/OCD and hock OC. 

Fetlock OC Fetlock OCD Hock OC SNP 

Χ2geno-
type 

(P)* 

Χ2 

allele 

(P)* 

Χ2 

trend 

(P)* 

Χ2geno-
type 

(P)* 

Χ2  

allele 

(P)* 

Χ2 

trend 

(P)* 

Χ2geno-
type 

(P)* 

Χ2  

allele 

(P)* 

Χ2  

trend 

(P)* 

GALNT13 

AJ584123: 

g.299A>G 

10.12 

(0.006) 

4.97 

(0.026) 

5.87 

(0.015) 

2.56 

(0.278) 

2.07 

(0.150) 

2.45 

(0.118) 

1.16 

(0.559) 

0.01 

(0.943) 

0.01 

(0.938) 

AJ584123: 

g.359G>C 

12.04 

(0.002) 

7.93 

(0.005) 

9.55 

0.002 

0.71 

(0.703) 

0.33 

(0.564) 

0.40 

(0.527) 

0.81 

(0.667) 

0.06 

(0.814) 

0.07 

(0.796) 

ACVR1 

ti|12367503 

12:g.516A>G 

3.63 

(0.163) 

2.96 

(0.086) 

3.55 

(0.060) 

0.62 

(0.733) 

0.28 

(0.599) 

0.33 

(0.565) 

0.94 

(0.626) 

0.22 

(0.640) 

0.26 

(0.608) 

CX599627: 

c.98C>T 

7.29 

(0.026) 

5.74 

(0.017) 

7.27 

(0.007) 

2.28 

(0.320) 

1.15 

(0.283) 

1.46 

(0.227) 

1.03 

(0.596) 

0.57 

(0.449) 

0.73 

(0.394) 

CX604191: 

c.443C>T 

5.16 

(0.076) 

3.42 

0.064) 

4.26 

(0.039) 

0.00 

(0.998) 

0.00 

(0.996) 

0.00 

(0.995) 

0.77 

(0.679) 

0.56 

(0.454) 

0.70 

(0.404) 

CMYA3 

AJ885515: 

g.159A>G 

5.59 

(0.061) 

5.69 

(0.017) 

5.42 

(0.020) 

5.15 

(0.076) 

4.78 

(0.029) 

4.56 

(0.033) 

2.45 

(0.294) 

1.88 

(0.171) 

1.79 

(0.181) 

AJ885515: 

g.166A>G 

3.24 

(0.198) 

1.67 

(0.196) 

2.01 

(0.157) 

3.51 

(0.173) 

2.92 

(0.088) 

3.50 

(0.061) 

2.05 

(0.358) 

0.03 

(0.869) 

0.03 

(0.857) 

AJ885515: 

g.238G>A 

0.70 

(0.704) 

0.45 

(0.504) 

0.42 

(0.517) 

5.92 

(0.052) 

5.31 

(0.021) 

4.98 

(0.026) 

4.42 

(0.120) 

4.68 

(0.031) 

4.40 

(0.036) 

AJ885515: 

g.445T>C 

4.36 

(0.113) 

4.68 

(0.031) 

4.33 

(0.037) 

4.89 

(0.087) 

4.61 

(0.032) 

4.27 

(0.039) 

2.52 

(0.284) 

1.31 

(0.252) 

1.21 

(0.271) 

AJ885515: 

g.531A>C 

2.92 

(0.232) 

2.98 

(0.084) 

2.75 

(0.097) 

3.84 

(0.147) 

3.89 

(0.049) 

3.59 

(0.058) 

1.07 

(0.587) 

0.40 

(0.527) 

0.37 

(0.543) 

AJ885515: 

g.547A>T 

3.62 

(0.164) 

3.09 

(0.079) 

3.23 

(0.073) 

6.84 

(0.033) 

6.51 

(0.011) 

6.79 

(0.009) 

0.00 

(0.998) 

0.00 

(0.953) 

0.00 

(0.952) 

* Error probability 
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Table 3. Additive genetic effects for associated SNPs in three different genes 

estimated in a linear animal model for fetlock OC, OCD, and hock OC and 

corresponding error probabilities (P). 

Fetlock OC Fetlock OCD Hock OC SNP 

Additive 

genetic 

effect 

Error 

probability

 

Additive 

genetic 

effect 

Error 

probability

 

Additive 

genetic 

effect 

Error 

probability

 

GALNT13 

AJ584123:g.299A>G 0.014 0.923 -0.238 0.136 0.177 0.227 

AJ584123:g.359G>C -0.119 0.171 0.001 0.992 0.091 0.314 

ACVR1 

ti|1236750312:g.516A>G -0.204 0.047 -0.049 0.670 -0.069 0.510 

CX599627:c.98C>T -0.132 0.077 0.138 0.095 -0.046 0.538 

CX604191:c.443C>T -0.134 0.092 0.064 0.481 -0.069 0.402 

CMYA3 

AJ885515:g.159A>G -0.149 0.026 -0.139 0.060 -0.099 0.146 

AJ885515:g.238G>A -0.173 0.233 -0.395 0.014 -0.172 0.243 

AJ885515:g.445T>C 0.148 0.028 0.141 0.059 0.089 0.196 

AJ885515:g.547A>T -0.115 0.343 -0.259 0.054 0.033 0.797 
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Table 4. Mixed model solutions (MMS) and their standard errors (SE) for genotypes 

of the intragenic CMYA3 SNP (AJ885515:g.238G>A) in 96 South German Coldblood 

horses. 

Genotype Number of 
horses 
(n = 96) 

Number of 
affected 
horses 
(n = 32) 

Risk to be affected 
by fetlock OCD 
(MMS ± SE) 

Contrast t-
value 

p 

A/A 2 2 0.790 ± 0.322 A/A – 
G/G 

2.491 0.014

A/G 18 8 0.205 ± 0.121 A/A – 
A/G 

1.781 0.077

*G/G 68 19 0.000 ± 0.000 A/G – 
G/G 

1.720 0.087

* Reference value. 
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Figure 1 
Zmean for the QTL on ECA18 using 19 microsatellite 

markers and additionally 56 SNPs in 15 candidate genes. 
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Figure 2 Generated RH5,000 map of ECA18 in comparison to the syntenic region of 

HSA2q (NCBI build 36.2) and RH5,000 of Wagner et al. (2006). Vertical lines indicate 

two markers located at the same position and asterisks at least one SNP in the gene. 
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Figure 3 Comparison of the 16 microsatellites in the present RH5,000 map with linkage 

maps of ECA18 from previous studies of Penedo et al. (2005) and Swinburne et al. 

(2006). 
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General discussion 
 

The factors associated with the prevalence of radiological signs of osteochondrosis 

(OC) and osteochondrosis dissecans (OCD) in fetlock and hock joints and 

palmar/plantar osseous fragments (POFs) in fetlock joints were quantified in 167 

young South German Coldblood (SGC) horses. At an age of about twelve months the 

prevalence of OC in SGC horses was sharply increasing suggesting that the age for 

development of radiographically visible signs may be in the second year of life 

(Wittwer et al. 2006a). Half of the foals that were x-rayed twice showed signs of OC 

only in the second examination at an age of about 25 months. The prevalence of OC 

in fetlock and hock joints was significantly influenced by sex of the investigated 

horses. Underdevelopment or slower development of the ossification of limb bones 

have may attributed to the sex effects on OC as female warmblood foals with a small 

cannon bone circumference were significantly more frequently affected in fetlock 

joints and male foals with a big cannon bone circumference showed significantly 

more often positive findings in hock joints (Kroll et al. 2001). In SGC horses, the 

prevalence of OCD in fetlock joints was exceptionally high in comparison to German 

or Dutch Warmblood horses (Kroll et al. 2001; Winter et al. 1996, KWPN 1994). High 

adult weight between 700 and 900 kg and growth rates of about 1000 g per day in 

SGC horses may be associated with higher prevalences of OC. Support for this 

thesis is given by analyses in warmblood horses where increasing prevalences of OC 

were associated with rapid growth rate and large body size (Stock et al. 2005). The 

heritability estimates found in the present investigation (Wittwer et al. 2006b) confirm 

the genetic background of osteochondral lesions at the different locations of fetlock 

joints and indicate that selection against OC could also be effective in SGC horses. 

A whole genome scan with 117 SGC horses was performed to find chromosomal 

locations of quantitative trait loci (QTL) for OC, OCD, and POFs in order to identify 

positional candidate genes (Wittwer et al. 2006c). The maximal achievable Zmean of 

the different traits was lowest with 7.67 for fetlock-OCD and highest for fetlock-OC 

with 71.26 indicating the high power of the data set used for linkage analyses. The 

high number of QTL for OC, which were differentially distributed between the equine 

chromosomes, suggests that several genes are possibly involved in the development 
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of OC. The QTL on ECA15 did account for OC in fetlock and hock joints and the QTL 

on ECA18 even for OC and POFs in fetlock joints and for OC in hock joints. This 

seems likely as there was a positive genetic correlation between POFs in fetlock 

joints and OC in hock joints in SGC horses (Wittwer et al. 2006b). Other QTL seem to 

influence either the development of OC in fetlock joints or the development of OC in 

hock joints. This is consistent with population genetic analyses which supported that 

the genetic correlations between fetlock OC and hock OC were close to zero in 

trotter horses (Grøndahl and Dolvik 1993), or even negative in Hanoverian 

Warmblood horses (Stock et al. 2005). The QTL on ECA4 (70.0-70.5 cM) for POFs 

reached the genome-wide significance level with a Zmean of 3.12 of maximum 

achievable Zmean of 14.01. This confirms the estimated heritability of h2=0.48 in 

SGC horses and supports the genetic backround of these osseous fragments.  

Candidate genes in the QTL regions may be chosen by means of comparative 

human-equine maps. Potential candidate genes may be expressed in chondrocytes 

and play a role in the cartilage maturation during endochondral ossification. 

Candidate genes could also be those involved in epiphyseal dysplasia such as 

collagen genes, cartilage oligomeric matrix protein genes, or diastrophic dysplasia 

sulfate transporter genes. Very helpful tools in this respect are whole genome 

shotgun (WGS) sequences, the 13,964 expressed sequence tags (ESTs) from a 

normalized equine articular cartilage cDNA library, and equine BAC end sequences 

(BESs) which are provided through the NCBI trace archive or NCBI nucleotide 

database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB= nucleotide). 

Due to the high number of QTL found for OC, two QTL located on ECA4q and 

ECA18 were chosen for further refinement. Since all sufficient informative 

microsatellite markers available on equine maps were already included, it was 

necessary to develop new markers in the identified regions to confirm and refine the 

QTL positions. A high-resolution comparative map was important to locate the 

positional candidate genes in the QTL regions for OC. For ECA4q, candidate genes 

were chosen using the equine RH5,000 rad map (Dierks et al. 2006). On ECA18, it was 

difficult to locate positional candidate genes and microsatellite markers for the QTL 

region using the existing equine-human comparative maps (Chowdhary et al. 2003, 

Swinburne et al. 2006, Wagner et al. 2006), because the syntenic human regions 

could not be identified or resolved with the necessary accuracy. A high-resolution 
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comparative map of ECA18 with 16 microsatellite loci and 44 gene-associated 

sequence tagged site (STS) markers was constructed. In comparison to the current 

RH map (Chowdhary et al., 2003, Wagner et al. 2006), differences were found in 

microsatellite and STS marker order as well as genome rearrangements. The 

comparative map of ECA18 and HSA2q presented here should lead to improvement 

of QTL studies and the selection of candidate genes affecting OC and POFs for 

which QTL have been mapped on this equine chromosome. 

The most abundant and useful markers for fine mapping are single nucleotide 

polymorphisms (SNPs) as equine mirosatellites are too sparsely distributed on 

equine maps. Development of SNPs requires sequencing of equine genomic DNA for 

the respective genomic regions in order to identify mutations within these DNA 

sequences that cause the phenotypic effects. However, it is sometimes difficult to 

prove, that a certain mutation is causative and not just another one in very close 

linkage to it. A total of 22 SNPs and a microsatellite marker were identified within six 

genes on ECA4 and used for linkage analysis. The significant Zmean-values on 

ECA4 were confirmed by adding the SNP markers. This region includes a gene 

which is located at the same position as the microsatellite marker HTG007. The 

parathyroid hormone-responsive PTHB1 gene is downregulated by parathyroid 

hormone (PTH) in osteoblastic cells, and therefore, is thought to be involved in 

parathyroid hormone action in bones (Adams et al. 1999). Another functional 

candidate gene might be the BMP binding endothelial regulator (BMPER) gene. 

Binnerts et al. (2004) showed by analysis of a variety of cell-differentiation markers, 

that human CV2 protein could inhibit BMP2- and BMP4-dependent osteoblast 

differentiation and BMP-dependent differentiation of the chondrogenic cells. At 

present we could not identify any SNPs in these two genes which were associated 

with fetlock OCD in SGC horses. An association was found between the SNP 

AJ543065:g.703A>G in the AOAH gene and fetlock OCD, which could serve as a 

suitable marker for analyzing this trait in SGC horses. However, AOAH has to be 

sequenced and searched for functional polymorphisms in order to find the 

responsible mutation.  

After including 67 SNPs of 18 genes in the linkage study, the QTL for 

osteochondrosis on ECA18 could be confirmed and narrowed down to an interval 

between 31 and 56.1 cM. For the trait fetlock OCD, the highest Zmean of 6.37 was 
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reached between 44.0 and 45.9 cM, which confirmed the QTL found in the whole 

genome scan. The highest Zmean for hock OC with 4.56 was also reached at 44.0 

cM and at 50.5 cM with 4.23. Two SNPs in the GALNT13, two SNPs in the ACVR1, 

and two SNPs in the CMYA3 gene were significantly associated with fetlock OC. 

Regarding only osseous fragments in fetlock joints four SNPs in intron 1 of CMYA3 

were associated and one of these SNPs was as well associated with hock OC. SNPs 

in the CMYA3 gene were therefore tested in a more refined statistical model, and the 

SNP (AJ885515:g.159A>G) in the CMYA3 gene showed a significant additive genetic 

effect for fetlock OC and OCD. The SNP (AJ885515:g.238G>A) showed a significant 

additive genetic effect for fetlock OCD and hock OC. In order to unravel the 

responsible genes for OC, significantly associated genes have to be sequenced. 

The precondition for identification of candidate genes for OC is to improve the equine 

maps by increasing the marker density. For all genomic OC regions comparative 

equine-human maps have to be constructed. Then the QTL regions should be tagged 

by SNPs including candidate genes. Families showing highest values for LOD scores 

should be chosen for the further refinement of QTL. Once a genomic QTL region for 

OC has been successfully narrowed down to 1-5 Mb, further positional candidate 

genes from the conserved chromosomal region in man can be identified for testing 

linkage disequilibrium and association with OC. If a population-wide linkage 

disequilibrium or significant association of SNPs with OC was found, the causal 

mutations may be discovered by sequencing the genomic DNA and cDNA of the 

associated genes of a representative sample of affected and non-affected horses 

due to which the association with OC was significant. The present study was able to 

identify QTL regions in the horse genome and a genetic marker for osteochondrosis 

in fetlock joints of SGC horses which is already suitable in horse breeding. 
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Summary 
 

Catherine Elisabeth Wittwer (2006) 

 

Mapping quantitative trait loci (QTL) and comparative analysis of 
positional candidate genes for osteochondrosis in South German 
Coldblood horses 
 

The aim of this work was to quantify the factors associated with the prevalence of 

radiological signs of osteochondrosis (OC) in fetlock and hock joints of South 

German Coldblood (SGC) horses and to estimate heritabilities for this condition. 

Subsequently, a whole genome scan was performed to identify quantitative trait loci 

(QTL) for equine OC in order to find positional candidate genes for this disease and 

to develop a genetic test based on single nucleotide polymorphisms (SNPs). 

The prevalence of radiological signs of OC in fetlock and hock joints and 

palmar/plantar osseous fragments (POFs) in fetlock joints was analysed in 167 

young SGC horses with a mean age of 14 months. The presence of at least one 

osteochondrotic lesion in fetlock or hock joints was documented for 61.7% of the 

horses and 26.9% of the horses had osseous fragments. Heritabilities were 

estimated for these radiological signs using Residual Maximum Likelihood (REML) 

under a linear animal model with an estimate of h² = 0.16 for OC in fetlock joints, h² = 

0.04 in hock joints, and h² = 0.48 for POFs.  

A whole genome scan using 157 microsatellite markers was perfomed in a half-sib 

design including 215 SGC horses. Using non-parametric linkage analyses based on 

identical by descent (IBD) mapping, QTL for the presence of signs of OC in fetlock 

and hock joints, fetlock OC, hock OC, fetlock OCD, and palmar/plantar osseous 

fragments (POFs) in fetlock joints with nominal error probabilities for LOD scores or 

Zmeans ≤ 0.05 were found on 17 equine chromosomes (ECA). QTL for fetlock 

OC/OCD and hock OC were mostly mapped on different chromosomes indicating 

that these traits may be inherited independently. One genome-wide significant QTL 

was found on ECA4 for POFs in fetlock joints. Due to the high number of QTL found 

for OC and OCD, the genome-wide QTL located on ECA4 and a chromosome-wide 
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QTL located on ECA18 were chosen for further refinement. 

A comprehensive 5,000-rad radiation hybrid (RH) map of a 67 cM region on ECA18 

harbouring QTL for equine OC was constructed including 16 microsatellite markers 

and 44 gene-associated sequence tagged site (STS) markers. Breakpoint resolution 

in the human-equine comparative map was considerably improved by discovering 

three blocks of conserved synteny between horse and man with two chromosomal 

breakpoints in the segment of ECA18. Furthermore, 67 new SNP-markers located in 

18 of the mapped genes of ECA18 were developed. Therefore, PCR primers were 

designed on the basis of whole genome shotgun sequences (WGS), BAC end 

sequences (BESs), and equine expressed sequence tags (ESTs) sequences. The 

PCR products of eight unrelated stallions were screened for SNPs. After including 

these SNPs into the linkage study, the QTL for OC on ECA18 could be confirmed 

and narrowed down to an interval between 31 and 56.1 cM. For fetlock OCD, the 

highest Zmean was reached between 44.0 and 45.9 cM, which confirmed the QTL 

found in the whole genome scan. The highest Zmean for hock OC was also located 

at 44.0 cM and additionally at 50.5 cM. Two SNPs in GALNT13, two SNPs in ACVR1, 

and two SNPs in CMYA3 were significantly associated with fetlock OC. Regarding 

osseous fragments in fetlock joints, four SNPs in the CMYA3 gene were associated 

and one of these SNPs was as well associated with hock OC. The SNP in intron 1 of 

CMYA3 (AJ885515:g.159A>G) showed an additive genetic effect for fetlock OC and 

OCD and a non-significant dominance effect. A further SNP in CMYA3 

(AJ885515:g.238G>A) showed an additive genetic effect for fetlock OCD and hock 

OC, but a non-significant dominance effect. 

On ECA4q, a chromosome-wide significant QTL for fetlock OCD was found in four 

half-sib families at a relative position of 70.0-73.3 cM. A total of 22 SNPs and a 

microsatellite marker were developed in six candidate genes in this region and used 

to refine the putative QTL. After including these SNPs in the linkage study, one SNP 

in the AOAH gene affirmed the linkage for fetlock OCD at 72.2 cM. For association 

analyses 32 affected and 64 unaffected horses were genotyped for all SNPs 

identified. Here the SNP in the AOAH gene showed an additive genetic and 

significant dominance effect for fetlock OCD. All homozygous G>G horses were 

affected and unaffected horses were predominantly homozygous A>A or 

heterozygous A>G.  
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These results indicate that genes involved in the development of OC are located on 

ECA4q and ECA18. The refinement of the two QTL found for OC was a first step 

towards the identification of genes responsible for equine OC. An intragenic SNP 

marker of the AOAH gene on ECA4q showed a population-wide linkage 

disequilibrium for the trait fetlock OCD, and appeared as a suitable OCD marker in 

SGC horses. 
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Erweiterte Zusammenfassung 
 

Kartierung von quantitativen Merkmalsgenorten (QTL) und 
vergleichende Analyse von positionellen Kandidatengenen 
für Osteochondrose beim Süddeutschen Kaltblut 
 

Catherine Elisabeth Wittwer 

 

Einleitung 
 
In den letzten Jahren sind beim Pferd Probleme mit Gelenkerkrankungen im 
Zusammenhang mit dem Komplex der Osteochondrose verstärkt in den Blickpunkt 
des Interesses gerückt, da sie Leistungseinbußen und teils hohe wirtschaftliche 
Verluste nach sich ziehen. Die Osteochondrose (OC) ist eine degenerative 
Veränderung der Gelenke in Form von Konturveränderungen, Rauhigkeiten oder 
osteochondralen Fragmenten. Die Osteochondrosis dissecans (OCD) ist eine 
spezielle Form der Osteochondrose, bei der sich ein meist schalenförmiges 
Knochen- oder Knorpelfragment ablöst und sich als corpus liber frei im Gelenk 
bewegt oder über eine Knorpelbrücke mit dem Knochen verbunden bleibt. 
OC entsteht aufgrund einer Störung der enchondralen Ossifikation im 

Wachstumsknorpel der Gelenkoberfläche und der Epiphysenfugen, wobei am 

häufigsten Fessel-, Sprung- und Kniegelenke betroffen sind. Die Ossifikationsstörung 

ist durch das Ausbleiben der Mineralisation und der Gefäßeinsprossung 

charakterisiert, wodurch es zu einer Retention von hypertrophiertem 

Wachstumsknorpel kommt. Aus dieser Chondrodysplasie können bei weiterer 

Belastung Veränderungen im Sinne einer Osteochondrose hervorgehen, in Form von 

subchondralen Frakturen, subchondralen Knochenzysten, Knorpelusuren, 

Chondromalacien und Knorpelschuppen. Je nach Schwere der Erkrankung kommt 

es bei den betroffenen Tieren zu Leistungseinbußen. 

Der Krankheitskomplex der Osteochondrose wurde bereits in mehreren Studien 

beschrieben und wird v. a. bei Trabern und Reitpferden in einer Häufigkeit zwischen 
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10 und 30% röntgenologisch diagnostiziert. Die Ursachen für die Entstehung der 

Osteochondrose sind zurzeit noch nicht bekannt. Man geht von einem 

multifaktoriellen Geschehen aus in dem Skelettwachstumsraten, Ernährung, 

hormonelle Einflüsse sowie Traumata eine Rolle spielen. In verschiedenen Studien 

wurden Heritabilitäten für Osteochondrose beim Warmblutpferd und Traber 

geschätzt, wobei von unterschiedlich hohen Schätzwerten zwischen 0,1 und 0,64 

berichtet wurde. Somit ist auch eine genetische Komponente an der Entstehung der 

Erkrankung maßgeblich beteiligt. 

Für Kaltblutpferde liegen bisher noch keine vergleichbaren Untersuchungen vor. Das 
Ziel dieser Dissertation ist es, bei heranwachsenden Süddeutschen Kaltblutpferden 
die Prävalenz und die systematischen Effekte für das Auftreten von OC zu erfassen, 
die Heritabilität für dieses Merkmal zu schätzen und eine molekulargenetische 
Analyse zur Identifikation von Quantitative Trait Loci (QTL) für OC in Fessel- und 
Sprunggelenken durchzuführen. Die signifikanten QTL-Regionen sollen durch 
zusätzliche Mikrosatelliten-Marker weiter eingegrenzt und mit neu entwickelten 
genetischen Markern sollen in den mit OC gekoppelten Genomregionen Gene 
identifiziert werden, die mit der Entwicklung von OC in Zusammenhang stehen. Da 
mittels vergleichender Genkarten zum Menschen Genombereiche des Pferdes 
wesentlich schneller aufgeklärt werden können, wurden für eine bislang wenig 
untersuchte Genomregion, in der ein für OC kausaler Genort lokalisiert wurde, die 
vergleichenden Genkarten zwischen Pferd und Mensch verfeinert. Auf diesem Weg 
sollten positionelle Kandidatengene identifiziert werden, um diese gezielt auf ihre 
Kausalität für OC untersuchen zu können. 
 

Prävalenz und Varianzanalyse für das Vorkommen von 
Osteochondrose 
 
Material und Methoden 
Pedigreematerial 

Eine röntgenologische Untersuchung der Fessel- und Sprunggelenke wurde an 

einem Material von 167 Fohlen und Jährlingen der Geburtsjahrgänge 2001 und 

2003, ausgewählt nach Halbgeschwistergruppen der Hauptvererberhengste der 

Rasse Süddeutsches Kaltblut, durchgeführt, um die Häufigkeit des Auftretens von 

OC zu untersuchen. Die geröntgten Tiere waren zum Zeitpunkt der Untersuchung im 
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Durchschnitt 14 Monate alt. In den Betrieben wurden von jedem Tier acht 

Röntgenaufnahmen angefertigt, und zwar eine Aufnahme der Fesselgelenke im 

seitlichen Strahlengang (90°) und jeweils zwei Aufnahmen der Sprunggelenke in 

seitlichen Strahlengängen (70°/110°).  

Bei der Auswertung wurden die Gelenke in genau definierte Abschnitte eingeteilt. 
Dabei wurden am Fesselgelenk Befunde dorsal im Fesselgelenk, in Form von 
Aufhellungen im Sagittalkamm mit/ohne isolierte Verschattungen, Einziehung des 
Sagittalkamms mit/ohne isolierte Verschattungen, Randzacke proximal am 
Sagittalkamm mit/ohne isolierte Verschattungen und isolierte Verschattungen ohne 
Sagittalkammveränderungen berücksichtigt. Befunde palmar/plantar am 
Fesselgelenk (POFs) in Form von isolierten Verschattungen an den Gleichbeinen 
wurden getrennt betrachtet. Am Sprunggelenk wurden die Befunde cranial am 
Sagittalkamm der Cochlea tibiae von denen am lateralen Talusrollkamm 
unterschieden. 
 
Varianzanalyse 

Die fixen Effekte der Gliedmaßen, des Geburtsmonats, des Geschlechts und der 

Altersklasse sowie deren Zweifach-Interaktionen wurden auf Signifikanz geprüft. 

Die Heritabilität wurde mit einem linearen Tiermodell mittels Residual Maximum 
Likelihood (REML) geschätzt. Dabei wurden bei allen untersuchten Tieren die 
Heritabilitäten für die Merkmale OC im Fessel- und Sprunggelenk und OCD und 
POFs im Fesselgelenk univariat und bivariat mittels VCE5, Version 5.1.2., geschätzt.  
Folgendes Auswertungsmodell kam für die Prävalenz von OC und OCD (Fessel- und 
Sprunggelenk), OC und OCD (Fesselgelenk) und POFs zur Anwendung: 
 
yijklm =  µ + GEBMONi + GESCHLj + ROEKLk + GEBMON*GESCHLij +  
 GESCHL*ROEKLjk + al + eijklm 
yijklm  = beobachteter Befund für das ijklm-te Pferd 
µ   = Modellkonstante 
GEBMONi = fixer Effekt des Geburtsmonats (i=1-4) 
GESCHLj = fixer Effekt des Geschlechts (i=1-2) 
ROEKLk  = fixer Effekt der Röntgenaltersklasse (k=1-3) 
al   =  zufälliger additiv-genetischer Effekt des Tieres (l=1-966) 
eijklm   =  zufälliger Rest 
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Für die Schätzung der Heritabilität wurden bis zu vier Ahnengenerationen 

berücksichtigt, so dass die Verwandtschaftsmatrix insgesamt 966 Tiere umfasste. 

Die Heritabilität (h2) ergab sich aus h2  = σ2
a / (σ2

a + σ2
e), mit σ2

a = additiv-genetische 

Varianz und σ2
e = residuale Varianz. Die Heritabilitätsschätzwerte wurden nach 

Dempster & Lerner (1950) in das Schwellenmodell transformiert, da sonst die im 

linearen Modell geschätzten Werte unterschätzt sind.   

 

Ergebnisse 
Von den 167 röntgenologisch untersuchten Tieren wiesen 38% (n=64) keinen 

röntgenologischen Befund auf, 62% der Tiere (n=103) zeigten OC-Befunde. Von 

diesen Tieren waren 27% (n=45) von OCD in Form einer isolierten 

röntgenologischen Verschattung in einem der Gelenke betroffen. 24 Fohlen, die im 

Alter von unter sieben Monaten geröntgt wurden, wurden erneut im Alter von zwei 

Jahren untersucht, wovon 13 Fohlen erst bei der zweiten Untersuchung OC-Befunde 

zeigten. Insgesamt dominierten die OC-Befunde im Fesselgelenk mit 54% 

gegenüber denen im Sprunggelenk mit 40%. Osteochondrale Fragmente 

palmar/plantar im Fesselgelenk kamen bei 16% der Pferde vor. Von den insgesamt 

90 Tieren mit OC im Fesselgelenk hatten 54 Tiere ebenfalls OC im Sprunggelenk.  

Das Geschlecht der Tiere und die Röntgenaltersklasse beeinflussten signifikant die 

Prävalenz von OC in den Fesselgelenken aller vier Gliedmaßen sowie die Prävalenz 

von OC an Vorhand und Hinterhand. Sprunggelenk-OC wurde vom Geburtsmonat 

und der Altersklasse signifikant beeinflusst. Das Alter der Tiere zum 

Röntgenzeitpunkt hatte ebenfalls einen signifikanten Einfluss auf das Vorkommen 

von POFs im Fesselgelenk. Weibliche Tiere waren häufiger von osteochondrotischen 

Veränderungen im Fesselgelenk betroffen als männliche. Tiere im Alter über 10 

Monate wiesen deutlich vermehrt OC auf als Tiere unter 10 Monaten.  

Die Heritabilität für das Vorkommen von OC und OCD wurde mit einem linearen 

Tiermodell mittels Residual Maximum Likelihood (REML) geschätzt. Die Heritabilität 

lag für Fesselgelenk-OC bei h² = 0,16 und für Sprunggelenk-OC bei h² = 0,04. Für 

die Befunde im Fesselgelenk wurde weiterhin die Heritabilität für isolierte 

Verschattungen palmar/plantar im Fesselgelenk (POFs) geschätzt, wobei sich eine 

deutlich höhere Heritabilität von  h² = 0,48 ergab.  
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Diskussion 
In der vorliegenden Studie zeigten 62 % der Tiere osteochondrotische Befunde in 
Fessel- und Sprunggelenken und 27 % eine isolierte Verschattung in einem der 
Gelenke. Der Grund für diese hohe Prävalenz in dieser Kaltblut Population kann auf 
die hohe Wachstumsrate und das relativ hohe Körpergewicht dieser Tiere im 
Vergleich zum Warmblutpferd zurückgeführt werden. Größere und schwerere 
Warmblutpferde sollen eine Prädisposition für osteochondrale Fragmente in Fessel- 
und Sprunggelenken zeigen. Insgesamt betrachtet dominierten die OC-Befunde im 
Fesselgelenk mit 54 % gegenüber denen im Sprunggelenk mit 40 %. Dies lässt sich 
auf die Tatsache zurückführen, dass die Vorhand des Pferdes den größeren Anteil 
des Körpergewichtes im Stand und vor allem in der Bewegung trägt.  
Das Geschlecht der Tiere beeinflusste die Prävalenz von OC in den Fesselgelenken 

signifikant. Hierbei zeigten im Fesselgelenk mehr weibliche Tiere osteochondrotische 

Veränderungen als männliche Tiere. Auch in anderen Studien waren weibliche Tiere 

mit einem kleineren Knochenumfang häufiger von OC in Fesselgelenken betroffen 

als männliche Tiere mit einem größeren Knochenumfang. Eine Erklärung für diesen 

Einfluss des Geschlechts auf die Entwicklung von OC kann eine unterschiedlich 

schnelle  Ossifikation der Gliedmaßenknochen sein.  

Der Geburtsmonat der Tiere zum Röntgenzeitpunkt hatte nur einen signifikanten 
Einfluss auf das Vorkommen von OC in den Sprunggelenken und die Tiere, die früh 
im Jahr geboren wurden, wiesen tendenziell vermehrt OC auf als Tiere, die später im 
Jahr geboren wurden. Dies lässt sich auf die Tatsache zurückführen, dass diese früh 
im Jahr geborenen Fohlen weniger Möglichkeiten hatten,  sich frei zu bewegen im 
Vergleich zu später geborenen Fohlen, die gleich auf der Weide gehalten werden 
konnten.  
Palmare/plantare osteochondrale Fragmente (POFs) werden nicht generell zum 

Osteochondrose Komplex gezählt. Aufgrund ihrer Lokalisation auf der 

palmaren/plantaren Seite des Fesselgelenkes und ihrem von OC isolierten 

Vorkommen besteht teilweise die Meinung, dass ihre Entstehung auf traumatische 

Ursachen zurückzuführen ist. In der vorliegenden Studie konnte eine vergleichsweise 

hohe Heritabilität für POFs von h2 = 0,48 geschätzt und ihr mit OC assoziiertes 

Vorkommen nachgewiesen werden, so dass POFs wahrscheinlich als Teil des OC-

Komplexes bei Süddeutschen Kaltblütern zu sehen sind. 
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Identifizierung von Quantitative Trait Loci mittels eines 
Genomscans 
 
Material und Methoden 
Pedigreematerial 

Für die molekulargenetische Aufklärung der Osteochondrose über eine genomweite 

Suche nach QTL beim Süddeutschen Kaltblut wurden neun väterliche 

Halbgeschwistergruppen mit der höchsten Anzahl an OC positiven Pferden 

ausgewählt. Alle geröntgten väterlichen Nachkommengruppen inklusive der Väter, 

sowie deren Mütter, falls eine Blutprobe vorhanden war, wurden genotypisiert. 

Anhand dieses Tiermaterials, das 117 geröntgte Tiere mit deren Eltern umfasste, 

wurde ein Genomscan mittels 250 equinen Mikrosatellitenmarkern durchgeführt, 

wobei der Phänotyp der Hengste und Mütter nicht bekannt war. 

 

Genomscan 

Für den Genomscan über alle equinen Autosomen und das X-Chromosom wurden 

insgesamt 157 Mikrosatellitenmarker aus veröffentlichten Markerkarten, vorwiegend 

aus der INRA Pferdekarte (http://locus.jouy.inra.fr/cgi-bin/lgbc/mapping/common/ 

intro2.pl?BASE=horse), ausgewählt. Der durchschnittliche Markerabstand sollte 20 

cM nicht überschreiten. Alle Mikrosatellitenmarker wurden über PCR und 

Polyacrylamidgelelektrophorese ausgewertet. In einem zweiten Schritt wurde in QTL-

Regionen oder in nur ungenügend abgedeckten Regionen die Markerdichte auf 

insgesamt 250 Mikrosatellitenmarker erhöht. So konnten mögliche QTL-Regionen 

bestätigt und weiter eingegrenzt werden.  

 

Kopplungsanalyse 
Die nicht-parametrische Kopplungsanalyse wurde unter Verwendung der Software 

MERLIN (multipoint engine for rapid likelihood inference, Version 1.0.1) durchgeführt 

und basierte auf dem "identical-by-descent" (IBD) Verfahren (Abecasis et al., 2002). 

In dem sogenannten "Pairs" Modus (paarweiser Vergleich mit gleichmäßiger 

Gewichtung der betroffenen Tiere) wurden die Markerallele chromosomenweit 

zwischen Paaren von Geschwistern bzw. Verwandten auf Kosegregation mit der 

phänotypischen Ausprägung der Erkrankung getestet. Darauf folgend wurde die 
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einer Normalverteilung folgende Teststatistik für den Anteil von IBD-Markerallelen 

(Zmean) und ein daraus abgeleiteter LOD-Score berechnet. Als signifikant für die 

Kosegregation eines Markerallels mit dem Phänotyp der OC gelten 

Irrtumswahrscheinlichkeiten (p) von 0,05 oder kleiner. Für die Merkmale OC, OC im 

Fesselgelenk, OCD im Fesselgelenk, OC im Sprunggelenk und POFs im 

Fesselgelenk wurden getrennte Berechnungen durchgeführt. 

 
Ergebnisse 
Das aus 255 Mikrosatelliten bestehende erweiterte Markerset zeichnete sich durch 
eine durchschnittliche Allelanzahl von 3,8, einen mittleren Heterozygotiegrad von 
65% und einen durchschnittlichen PIC-Wert von 53% aus. Die nicht-parametrische 
Kopplungsanalyse mit insgesamt 250 Mikrosatelliten ergab, dass auf 17 equinen 
Chromosomen signifikante QTL für OC oder OCD in Fessel- und Sprunggelenken 
lokalisiert waren und zwar auf den Chromosomen 1, 4, 5, 8, 12, 13, 15, 16, 17, 18, 
22, 23, 25, 26, 27, 28 und 31. Mit Ausnahme der QTL auf ECA15 und ECA18, die 
sowohl mit OC/OCD im Fesselgelenk und OC im Sprunggelenk, beziehungsweise 
mit POFs gekoppelt waren, befanden sich die QTL für die einzelnen Merkmale auf 
unterschiedlichen Chromosomen. 
 
Diskussion 
Insgesamt konnten nominal signifikante QTL für die einzelnen Merkmale  auf 17 

verschiedenen Chromosomen gefunden werden. Die lokalisierten QTL sind für die 

Befunde im Fessel- und Sprunggelenk verantwortlich, wobei einige QTL 

ausschließlich mit dem Auftreten von OC im Fesselgelenk gekoppelt sind, andere nur 

mit OC im Sprunggelenk. Dies deutet daraufhin, dass unterschiedliche Gene auf 

verschiedenen Pferdechromosomen für die Entwicklung von OC bzw. OCD in den 

verschiedenen Gelenken verantwortlich sein könnten.  

Die Lage der identifizierten QTL für Fessel- und Sprunggelenke auf verschiedenen 

Chromosomen legt nahe, dass OC/OCD in den Fesselgelenken von anderen Genen 

determiniert wird als OC im Sprunggelenk. Die gefundenen QTL sollten im 

Folgenden durch eine Erhöhung der Markerdichte in diesen Bereichen auf 1-2 cM 

weiter eingegrenzt werden. Dafür müssen neue hochinformative Marker wie Single 

Nucleotide Polymorphisms (SNPs) entwickelt werden. Mittlerweile gibt es zahlreiche 

ESTs (Expressed sequence Tags) und WGS (Whole genome shotgun) Sequenzen 
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für das Pferd in den Datenbanken, die mit Hilfe von BLAST (Basic Local Alignment 

Search Tool/ http://www.ncbi.nlm.nih.gov/genome/seq/HsBlast.html) menschlichen 

Genen zugeordnet werden können. Anhand bereits existierender vergleichender 

Genkarten für das Pferd konnten ESTs und WGS in den mit OC gekoppelten 

Genomregionen ausgewählt werden, um in diesen Sequenzen nach SNPs zu 

suchen.  

 

Verfeinerung der Physikalischen Karten des Pferdes mittels 
Radiation Hybrid (RH)-Kartierung  
 

Material und Methoden 
Radiation hybrid (RH) Kartierung 

Eine RH Kartierung von ECA18 war notwendig, um die vorhandenen zum Menschen 

vergleichenden Genkarten zu verbessern und die Positionen der Mikrosatelliten 

Marker und möglichen Kandidatengenen aus den Genombereichen, die signifikant 

mit OC gekoppelt sind, zu bestimmen. Für die Kartierung der aus dem Genomscan 

resultierenden OC-Genomregion auf dem Pferdechromosom 18 wurden insgesamt 

16 bereits kartierte Mikrosatellitenmarker, 42 Gene, eine BAC-Randsequenz und ein 

offener Leserahmen im Abstand von 1-5 Mb ausgewählt. Aus den WGS und EST 

Sequenzen für das Pferd wurden Primer entwickelt, die über PCR an den Zelllinien 

des equinen 5,000 rad Texas A&M University RH Panels typisiert wurden. Die 

Auswertung erfolgte durch Zwei-Punkt-Analysen mit 861 equinen Markern, die 

bereits durch Chowdhary et al. (2003) kartiert wurden. Dazu wurde der RHMAPPER-

1.22 (http://equine.cvm.tamu.edu/cgi-bin/ecarhmapper.cgi) verwendet. Mit Hilfe des 

RHMAP3.0 Softwarepakets wurden Zwei-Punkt-Analysen (RH2PT) und Mehr-Punkt-

Analysen (RHMINBRK und RHMAXLIK) durchgeführt. 

 

Kandidatengenauswahl 

In den zur genomischen OC-Region von ECA18 syntenischen menschlichen 

Genombereichen auf dem humanen Chromosom 2 wurden insgesamt 42 Gene 

aufgrund ihrer Position ausgewählt. Von diesen Genen können 11 aufgrund ihrer 

Funktion oder Expression mit dem Erscheinungsbild der OC in Zusammenhang 

stehen. Davon wurden sechs Gene nach einer Studie zur Hüftgelenkosteoarthrose 
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beim Menschen ausgewählt. Zwei dieser Gene kodieren für Kollagene und die 

restlichen sind in den Calciumstoffwechsel oder in das Wachstum im Knochen 

involviert. 

 

Ergebnisse 
Auf ECA18 wurde eine umfassende vergleichende RH-Kartierung mit insgesamt 56 

Markern einer OC-Region auf dem Pferdechromosom 18 durchgeführt. Auf diese 

Weise konnte die Markerdichte der bisher publizierten komparativen Genkarten 

zwischen Mensch und Pferd deutlich erhöht und die Lokalisation der bereits 

kartierten Mikrosatellitenmarker zu den neu kartierten Genen ermittelt werden. Ein 

Bruchpunkt in der Syntänie zum Menschen wurde im Bereich von 136.0 bis 136.7 Mb 

gefunden.  

 
Diskussion 
Die RH-Kartierung von insgesamt 56 equinen Markern im Zusammenhang mit der 

Integration von bekannten Mikrosatelliten auf dem Pferdechromosom 18 führte zu 

einer verbesserten Aufklärung der Syntänie und der Bruchpunkte im Pferdegenom im 

Vergleich zum menschlichen Genom und ist somit ein wertvoller Beitrag für die 

Entwicklung einer hochauflösenden vergleichenden Genkarte von Mensch und Pferd. 

Ein bereits bekannter Bruchpunkt im Bereich von 136.0 bis 136.7 Mb beim Mensch 

konnte bestätigt werden. 

 

Feinkartierung der Quantitative Trait Loci auf den Chromosomen 4 
und 18 des Pferdes sowie Entwicklung von Gentests für 
Osteochondrose 
 

Material und Methoden 
Pedigreematerial 

Für die SNP-Suche wurden acht SGC Hengste ausgewählt, die bereits für den 

Genomscan eingesetzt wurden.  

Die nachfolgende Assoziationsstudie wurde mit insgesamt 32 betroffenen und 64 
nicht betroffenen Pferden, die in einem Alter von über einem Jahr geröntgt wurden 
durchgeführt. 
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Identifizierung von SNPs (Single Nucleotide Polymorphisms) 

Mit Hilfe der vergleichenden Genkarten zwischen Pferd und Mensch wurden 
positionelle Kandidatengene für Osteochondrose auf ECA4 und 18 ausgewählt. 
Zunächst wurden die Primer aus der RH-Kartierung verwendet und dann wurden mit 
Hilfe von in Internetdatenbanken verfügbaren WGS, EST-Sequenzen und BAC-
Randsequenzen in den Kandidatengenen weitere intronübergreifende Primer 
entwickelt. Die PCR-Produkte wurden auf einem Kapillarsequenziergerät (Megabace 
1000) sequenziert und mit Hilfe der Sequencher 4.7 Software nach Polymorphismen 
untersucht. So konnte in 18 verschiedenen Genen mindestens ein SNP bei den 
Vätern der Nachkommengruppen gefunden werden. Bei Vorliegen eines oder 
mehrerer SNPs wurde der entsprechende DNA-Polymorphismus für die gesamte 
zugehörige Familie ebenfalls genotypisiert. 
 

Kopplungs- und Assoziationsstudie 

Die Genotypen der neuen SNP Marker wurden unter Verwendung des Programms 

MERLIN sowie den Prozeduren ALLELE und CASECONTROL von SAS/Genetics, 

Version 9.1.3, ausgewertet. Additive Effekte und Dominanzeffekte wurden mit einem 

linearen Tiermodell unter Berücksichtigung der Effekte von Geschlecht, Alter zum 

Röntgenzeitpunkt und Geburtsmonat ermittelt. Mittels χ2-Tests zwischen Genotypen, 

Allelen, Allelvorkommen und OC wurde geprüft, ob für diese Tiere eine signifikante 

Assoziation zwischen dem jeweiligen Phänotyp und dem SNP besteht.  

 

Ergebnisse 
Zur weiteren Feinkartierung der beiden Bereiche auf ECA4 und ECA18 wurden 
insgesamt 89 neue SNPs entwickelt. Die SNPs waren größtenteils informativ im 
vorliegenden Familienmaterial und bestätigten in der Kopplungsanalyse die 
Lokalisation der QTL auf Chromosom 4 und 18 deutlich.  
Auf ECA4 war ein A>G-SNP im AOAH-Gen mit dem Merkmal OCD im Fesselgelenk 
signifikant assoziiert. Der Genotyp G>G war mit einer deutlich erhöhten Anfälligkeit 
für Fesselgelenk-OCD assoziiert, während der Genotyp A>A bei nicht betroffenen 
Tieren häufiger auftrat. Auf ECA18 waren je zwei SNPs im GALNT13-Gen, ACVR1-
Gen und CMYA3-Gen mit dem Merkmal Fesselgelenk-OC signifikant assoziiert. 
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Diskussion 
Die Entwicklung und Analyse von SNP-Markern ist für die Feinkartierung von QTL 

über Kopplungs- und Assoziationsstudien notwendig. Im Bereich des QTL auf ECA4 

konnte in der intragenischen Sequenz des Acyloxyacyl Hydrolase Gens (AOAH) ein 

A>G-SNP bei den Vätern der untersuchten Süddeutschen Kaltblutpopulation 

gefunden werden. Dieser SNP ist mit dem Auftreten von OCD im Fesselgelenk 

signifikant assoziiert. Der Genotyp G>G ist für das Auftreten von OCD im 

Fesselgelenk signifikant anfälliger. Im Bereich des QTL auf ECA18 konnten im UDP-

N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalacto-saminyltransferase 13-

Gen (GALNT13), im cardiomyopathy associated 3-Gen (CMYA3) und im Activin A 

receptor, type I–Gen (ACVR1) jeweils zwei SNPs gefunden werden, die mit 

Fesselgelenk OC assoziiert waren.  

Die Ergebnisse der Feinkartierung lassen vermuten, dass die Genorte auf 

Chromosom 4q und 18 Gene beherbergen, die an der Entstehung der 

Osteochondrose beteiligt sind. Ein intragenischer SNP Marker im AOAH Gen auf 

ECA4q zeigte ein populationsübergreifendes Kopplungsungleichgewicht für das 

Merkmal Osteochondrosis dissecans im Fesselgelenk, und scheint somit ein 

brauchbarer Marker für diese Merkmale bei Süddeutschen Kaltblutpferden zu sein.  
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Appendix 
Table 1 Characteristics of the 250 microsatellite markers used in this study 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

01 COR054 58 
F: CAAGCAAAACAAGAAATCCC 

R: CTTTGTACACGTTGCAGTGG 
Ruth et al. (1999) 5 229 - 241 77.2 69.2 2.5 

01 ASB041 60 
F: AAAGTTCACTTAGTCCTTGG 

R: CCACCTGTTTGCACTTGC 
Irvin et al. (1998) 7 129 - 161 72.9 66.4 5.0 

01 LEX020 55 
F: GGAATAGGTGGGGGTCTGTT 

R: AGGGTACTAGCCAAGTGACTGC 
Coogle et al. (1996a) 9 193 - 213 75.3 71.8 7.0 

01 1CA12 60 
F: GGGAGTGGTGATTACTTCTTGC 

R: TAGCCGTGAGAAGGTGTGTG 
Swinburne et al. (2000a) 4 101 - 107 74.0 62.5 8.0 

01 COR079 58 
F: TGCTGCCAGATCTTCTGAAT 

R: TGGAGAGCGTGAAATTAACC 
Tallmadge et al. (1999b) 3 204 - 212 51.3 47.5 3.0 

01 ASB012 60 
F: TCAGCAATAGAAGCCAGCTCC 

R: TCCTATGGAGGTGACCTTCCC 
Breen et al. (1997) 5 168 - 182 75.0 66.1 8.0 

01 AHT021 60 
F: TCCAAGTTGCTGAATGGATC 

R: ACGGCCTGATTCTCTCTTTG 
Swinburne et al. (1997) 7 199 - 215 80.7 74.9 6.0 

01 COR046 55 
F : TGTTTGCAAAGATATTGGGG 

R: ACCTGGTCAGGCCTATTACC 
Hopman et al. (1999) 7 247 - 257 69.5 65.4 5.0 

01 1CA20 60 
F: CTAAGCAGGTTCCCTATCATGG 

R: TCCACTACACAGGAAAACGAA 
Swinburne et al. (2000a) 3 112 - 122 2.5 2.5 3.0 

01 LEX058 55 
F: GCAATCCGCTAGATAGAGTG 

R: ACCTTTACTTTACGGGTCACA 
Coogle et al. (1997) 6 222 - 232 67.6 63.0 2.0 

01 1CA28 58 
F: CCTACGCCCACACTCACATA 

R: TGGACTTTCTTACCCCCAAA 
Kiguwa et al. (2000) 1 206 - - 5.0 

01 TKY0002 60 
F: TTCCCTCCCATGGTTATTTTTC 

R: TCTCTACTTTCATATACATTTGG 
Sakagami et al. (1995) 6 105 - 117 74.7 66.1 4.0 

01 1CA43 58 
F: ATGGCATGATTTGCTTCTCC 

R: TGGAAACAACCTAAATGTCCA 
Swinburne et al. (2000a) 3 121 - 125 48.3 36.9 5.0 

01 1CA25 58 
F: TCCAATTTTCCCCAATGGTA 

R: CTGCATTTTGACAATGGTGG 
Swinburne et al. (2000a) 4 194 - 206 42.7 40.7 3.0 

01 TKY0106 58 
F: CTAATCTTCCTCAGCACACACA 

R: GGTTGCCATGTATCTTTAGTCTCC 
Swinburne et al. (2000a) 5 128 - 140 58.9 55.4 2.0 

01 UCD493 58 
F: ATTGGATATTTAACACCAAATGC 

R: CCCAGCTCAGTGACTCCATT 
Shiue et al. (1999) 10 198 - 244 66.9 65.0 5.0 

01 UM043 58 
F: CCTCAATCTTTTCTTCTCC 

R: TCAAGAGAGACGCTACAC 
George et al. (1998) 3 147 - 153 39.1 34.7 5.0 

01 AHT058 58 
F: CAGTGATGAGCCGCAAATAG 

R: TCTACCTATAATCCGCCTCCC 
Swinburne et al. (2003) 4 109 - 115 50.9 48.9 2.0 

01 UM004 55 
F: AGGTCAGGTTCACTTTTTC 

R: AGGTCACTGTGCCTAGTTG 
Meyer et al. (1997) 10 163 - 193 72.8 77.4 3.0 

01 UCD440 60 
F: TGTTCGGACAGTGTGGAT 

R: GCAGGGTATGTGTGTGCT 
Shiue et al. (1999) 6 101 - 115 84.1 75.8 5.0 
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Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

01 HTG012 60 
F: CACTAGAGTCAGGGGGGGTGGGCT 

R: TTGGAGTACTCTTTCTCCCTTCCC 
Marklund et al. (1994) 5 103 - 111 65.3 61.2 2.0 

01 HMS015 60 
F: ATATCTCTTGCTGTCCTACTTTCC 

R: AATGTGACACGTAAGATAGGCCTC 

Guérin and Bertaud 

(1996) 
3 195 - 201 59.7 46.6 5.0 

01 COR006 58 
F: GTTCTGCACATCCTGCTCTT 

R: AGTGCCCTGAAACTGTATGG 
Hopman et al. (1999) 5 214 - 234 62.6 62.6 3.0 

01 HMS007 60 
F: CAGGAAACTCATGTTGATACCATC 

R: TGTTGTTGAAACATACCTTGACTGT 
Guérin et al. (1994) 8 170 - 186 72.9 69.9 8.0 

01 1CA16 58 
F : TCACTGGGGGGTATATGCAT 

R: GATCCTACTCCACCTGAAGTGG 
Swinburne et al. (2000a) 4 114 - 124 54.7 49.2 3.0 

01 COR053 58 
F: AATTGACTGTGGAAGCCTTG 

R: GGCTGAGGAGTAAGCTGAAAG 
Ruth et al. (1999) 7 171 - 195 73.4 70.4 2.0 

01 1CA40 58 
F : TTGAAAGCCGTGTTTTTGTG 

R: ACCCCATGTTCTGACAAGGA 
Kiguwa et al. (2000) 1 226 - - 5.0 

01 COR063 58 
F : CAGAGCAATCCTTCTGTCACG 

R: GTTGTTTATCATTTGAAAGCCG 
Tallmadge et al. (1999b) 1 130 - - 5.0 

02 COR065 58 
F: CAAAAGCACACACAAAGTGC 

R: TCCGGAAAGTGCAAAGTTAG 
Tallmadge et al. (1999b) 9 266 - 284 80.7 73.9 4.0 

02 ASB018 60 
F: TGCAGACAAAGCTGGACACTC 

R: CTGCTGAGAAAGCTTCTGC 
Breen et al. (1997) 11 186 - 214 82.5 80.9 6.0 

02 COR037 58 
F: GAGCAATTTCTGGGTCTGAG 

R: CACCCCTCTCTTTGTTTGTC 
Murphie et al. (1999) 4 226 - 244 72.3 65.1 3.0 

02 TKY0003 60 
F: GGTTCACACAGGAGTCAGGGA 

R: CCTTCTGGTTTGCCTCGTCTC 
Tozaki et al. (1995) 4 91 - 99 79.8 65.4 3.0 

02 COR090 62 
F: GGTTTGTCTCTTTGAGGTGTG 

R: TGCTCATATCTTCACCCTGC 
Tallmadge et al. (1999a) 7 162 - 178 71.3 65.9 11.0 

02 AHT035 60 
F: TGACTTAGAGCTTTTGCTCCC 

R: CCAGAAGTCCAGGCATTTGT 
Swinburne et al. (2000b) 6 131 - 141 45.2 47.1 3.0 

02 UM007 60 
F: GGGAATAGAGAAAGGTGAAG 

R: TTAGAGTTCCTGCTCCTCC 
Meyer et al. (1997) 11 119 - 157 73.2 72.8 10.0 

02 AHT012 60 
F: ACCCAAAGTCATGGGAATCA 

R: TTGTTGCCGACAACATGC 
Swinburne et al. (1997) 5 102 - 114 72.2 64.1 6.0 

02 A-14 60 
F: CAGCTGGGTGACACAGAGAG 

R: GTCATCACTACTCCCTACAC 
Marti et al. (1998) 9 208 - 238 73.3 64.8 11.0 

02 ASB013 60 
F: CTCTGAAAGAGCAGGATTGG 

R: GTCTTCTAAGTGGTAAGAGCC 
Breen et al. (1997) 8 122 - 142 61.5 60.0 5.0 

02 HMS016 60 
F: AGTGTAATCAATGGATGAGTGGAC 

R: TGTTGTCGCAAATGGCAGGCATC 
Godard et al. (1997) 7 144 - 158 63.6 66.6 7.0 

03 AHT036 60 
F: TGCTGCTCCAGTGTCCT 

R: TAGATTTCACAGGCGGGTG 
Swinburne et al. (2000b) 7 134 - 146 77.1 71.8 5.0 

03 COR028 60 
F: TAAAGAGGAAGGCAATGGAC 

R: ACCTTTTGTGCTAGGCACTG 
Murphie et al. (1999) 7 231 - 245 66.8 61.9 7.0 

03 COR033 58 
F: CCTCCCCTACTTCCTCTCTG 

R: CATTTTCTTTCCAGGTTCCC 
Murphie et al. (1999) 12 213 - 245 86.8 79.8 2.5 
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Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

03 LEX057 55 
F: TGGTCCCCTAATCAAATCAGA 

R: ACGGCATCCCACATAAAATAG 
Coogle and Bailey (1997) 3 157 - 167 5.6 6.2 4.0 

03 SG18 58 
F: TGGGGAAGAGGGATTCAT 

R: AAATGCCAAGCCTATCTATGCR 
Godard et al. (1997) 9 149 - 169 80.7 72.1 5.0 

03 UCD437 60 
F: CTGTTCTGGGCAGGCTTCTCTA 

R: TTGCTGGCTTGGCTGGTC 

Eggleston-Stott et al. 

(1997) 
6 163 - 187 66.5 60.2 6.0 

03 LEX007 55 
F: GGTAGGGCTCTGGGATGA 

R: AACACTGGGGAAAAGTCAG 
Coogle et al. (1996c) 3 99 - 103 33.8 28.9 8.0 

03 HTG002 55 
F : GATTGGCAACAGATGTTAACTCGG 

R : CCCCATGAGAACTAACAATGTTAG 
Ellegren et al. (1992) 6 190 - 200 82.0 72.7 3.0 

04 AHT043 60 
F: ACACAAGTGACAGGAGCGTG 

R: TGGAAGCATGCAAGAGGTC 
Swinburne et al. (2000b) 10 156 - 190 82.2 77.3 7.0 

04 AHT084 60 
F: TGGCAATCTGCAGGGAAC 

R: GATCTTGTGATTGTGTGTGTG 
Swinburne et al. (2003) 14 80 - 180 84.9 83.5 5.0 

04 HMS006 60 
F: GAAGCTGCCAGTATTCAACCATTG 

R: CTCCATCTTGTGAAGTGTAACTCA 
Guérin et al. (1994) 6 157 - 167 73.2 64.3 5.0 

04 UMNe063 57 
F: GGATTTTCTTCTTTTGAATGGC 

R: TTTACAATAGCCAAGATGCGG 
Roberts et al. (2000) 4 116 - 138 44.6 45.3 6.0 

04 ASB003 60 
F: AATTCATCTCAGTGCTCTACCAGC 

R: TTCATTTTCTACATGCACTACAGC 
Breen et al. (1997) 6 196 - 206 78.5 72.8 2.5 

04 AHT013 60 
F: CTTCCTCAGGTGCATAGGTTG 

R: TCATTAAAATACAACCTGCCCC 
Swinburne et al. (1997) 8 276 - 298 76.2 69.0 2.0 

04 LEX050 55 
F: ATAGTCTGGGGTTAGGTAAGG 

R: TCTAGCCCAATGTAAATGC 
Coogle and Bailey (1997) 9 149 - 167 73.7 80.0 6.5 

04 COR089 58 
F: CCTGCCATAAATTTGTTTCC 

R: TCCCTACCTCATCTCCACAC 
Tallmadge et al. (1999a) 7 178 - 200 79.5 73.6 7.0 

04 TKY0830 55 
F : ATTGGAATGTCAGGTGTAGC 

R: AGGCAGGCCAGTTTGATTG 
Tozaki et al. (2004) 4 128 - 144 68.6 58.7 5.0 

04 ASB022 62 
F: AGGAATGTGAAATACAGGAGG 

R: TTTGTGGTCTTCCGTGCACC 
Breen  et al. (1997) 4 118 - 126 71.7 68.7 5.0 

04 LEX033 55 
F: TTTAATCAAAGGATTCAGTTG 

R: TTTCTCTTCAGGTGTCCTC 
Coogle et al. (1996b) 4 136 - 142 36.8 33.3 5.0 

04 HTG007 55 
F: CCTGAAGCAGAACATCCCTCCTTG 

R: ATAAAGTGTCTGGGCAGAGCTGCT 
Marklund et al. (1994) 7 112 - 126 69.0 64.9 5.0 

04 HTG009 55 
F: TGTGGGAAGAGTGTCAATAGCTGT 

R: AGGCATCTGGTTTGCTGCAATTTC 
Marklund et al. (1994) 6 118 - 138 72.3 64.3 5.0 

04 SG23 58 
F: GGCTTAAGATATGGGTGAGTAAGG 

R: GCCCACCCTCTTACTTTTCTCAA 
Godard et al. (1997) 20 218 - 264 90.4 89.1 18.0 

05 COR023 58 
F: CGTTTAGCACCTCTCATGAAC 

R: TCTTTGCAAAATAGGGCTTG 
Murphie et al. (1999) 5 269 - 279 78.8 71.6 2.0 

05 UCD304 55 
F: CGCTTTCCTGCTGTCACC 

R: GAGGGACTGTGGGGGAGGT 

Eggleston-Stott et al. 

(1999) 
6 95 - 113 85.1 72.0 4.0 

05 HTG015 55 
F: TCTTGATGGCAGAGCCAGGATTTG 

R: AATGTCACCATGCGGCACATGACT 
Marklund et al. (1994) 3 100 - 106 51.2 39.8 2.0 
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Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

05 HMS005 60 
F: TAGTGTATCCGTCAGAGTTCAAAG 

R: GCAAGGAAGTCAGACTCCTGGA 
Guérin et al. (1994) 5 130 - 148 61.9 47.5 2.0 

05 LEX034 55 
F: GCGGAGGTAAGAAGTGGTAG 

R: GGCCTAAGATGAGGGTGAA 
Coogle et al. (1997) 5 243 - 253 55.4 46.9 6.0 

05 LEX014 55 
F: CCTTACTCACTGGGGAATAAA 

R: AGACTGAACACCTAACTATGA 
Coogle et al. (1996a) 4 390 - 400 62.9 44.6 2.0 

06 HTG031 55 
F: CTCTGTAACCCTTATATCCTTA 

R: TGTTGATTGCTCCTCCCCT 
Lindgren et al. (1999) 6 125 – 145 67.9 69.1 5.0 

06 COR010 58 
F: TTGAAGGGTGGAGTAGGG 

R: GACAAGAAGGGATGAAGGAG 
Hopman et al. (1999) 6 284 - 300 64.7 59.7 9.0 

06 NV082 60 
F: TGTGGCAGCATCCCACAAAC 

R: CCTCCATTTTTGTCGGTTAGCG 
Bjørnstad et al. (2000) 7 123 – 139 61.2 55.0 5.0 

06 LEX065 60 
F: GAAGGCACAATTCAATCTACT 

R: GCCCAGTCCCATTCTAAC 
Coogle and Bailey (1999) 5 144 - 156 75.1 66.9 2.0 

06 UM015 55 
F: AGTCTGGCTGAGGATACTG 

R: GGTGAGAAAGGAGATAAATG 
Meyer et al. (1997) 6 302 - 312 71.8 66.2 2.5 

06 COR070 62 
F: CATCTGTTCCGTGGCATTA 

R: TTCAGGTGTGGGTTTTGAATC 
Tallmadge et al. (1999b) 12 269 - 299 80.8 83.4 11.0 

06 TKY0028 55 
F: TTCAGCAGGGTCTCATGCCAC 

R: TTCGGCTCTGGTTCAAGAGG 
Kakoi et al. (2000) 7 275 - 361 86.0 82.0 6.0 

06 TKY0570 60 
F : TCTCCGCAGCTCAAACTTTC 

R: CTCAAAGGTGCCTGAGAAGC 
Tozaki et al. (2004) 9 160 - 180 76.9 70.5 5.0 

06 TKY0412 60 
F : GTGTGGGACAGGAAGTTTGG 

R: ATTCTTGGGTCCCCTCATCT 
Tozaki et al. (2004) 8 214 - 228 76.0 75.3 3.0 

06 TKY0284 62 
F: CTGGACTAGAGTCAGATTGC 

R: AACAGGATTCCCCCAATGCC 
Tozaki et al. (2000) 7 157 - 175 53.6 51.6 5.0 

06 TKY0952 60 
F : GATCGGTAAGTGTCGGGAC 

R: TAAAATGACTGGGTGGAGAC 
Tozaki et al. (2004) 7 208 - 222 77.5 62.7 6.0 

07 HTG020 55 
F: CTGGTTTACCTTCCCTACAG 

R: CCAATGGTTCCTCTGAGAAG 
Lindgren et al. (1999) 6 134 - 156 59.4 54.9 6.0 

07 LEX015 55 
F: GCATTCCCATCATCACAT 

R: CCTGCCTTGCCTCTTTCT 
Coogle et al. (1996a) 3 132 - 144 59.7 55.9 5.0 

07 LEX038 58 
F: CTGCATTCCCATCATCACAT 

R: TGCCTTGCCTCTTTCTGTTTA 
Coogle et al. (1997) 3 133 - 145 59.9 55.7 2.0 

07 COR095 58 
F: TACCTCTGGTGGTGATGCTT 

R: CCCACACTTACTCCCATCAC 
Tallmadge et al. (1999a) 6 200 - 218 78.7 67.2 5.0 

07 SG28 62 
F: CTGTGGCAGCTGTCATCTTGG 

R: CCCAATTCCAGCCCAGCTTGC 
Godard et al. (1997) 4 149 - 161 68.4 68.5 3.0 

07 AHT019 62 
F: CATTTCTCTGGTGTATCTCCCA 

R: GGAATAGTCATAGTCCACGACC 
Swinburne et al. (1997) 6 131 - 151 46.7 41.6 7.0 

08 AHT005 58 
F : ACGGACACATCCCTGCCTGC 

R: GCAGGCTAAGGGGGCTCAGC 

Cizova-Schröffel-ova et 

al. (1998) 
7 129 - 141 80.5 75.1 5.0 

08 COR097 58 
F: GGGATTTCTGAGATGCTGAA 

R: ATGGCTGGCTAGAGTTTGTG 
Tallmadge et al. (1999a) 5 236 - 244 65.8 59.1 8.5 



Appendix 

 

172  

Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

08 UCD046 60 
F: GCCAAACGCTGGAGGGTT 

R: CCACATTCACACACATGCACAC 

Eggleston-Stott et al. 

(1996) 
5 226 - 234 63.9 57.1 12.0 

08 COR012 58 
F: TCTAGGAAAGACCCATCACG 

R: AGTAAGTGGAGGCCAAGGAT 
Hopman et al. (1999) 6 164 - 176 70.7 61.5 2.5 

08 TKY0359 55 
F : ATAATCAGCATGCCTCTCAG 

R : AGGAACATTTCCTACCTTAC 
Tozaki et al. (2001) 9 172 - 186 73.7 73.0 5.0 

08 COR003 58 
F: TAGGGAAACTCCTCAAAGCC 

R: GAAACCAAAACCTTCATCCA 
Hopman et al. (1999) 10 188 - 210 80.3 82.6 5.0 

08 COR056 58 
F: AGATTCCAGGCATTAGGACC 

R: TCAGGGACAATCTTCCTCAAG 
Ruth et al. (1999) 7 186 - 212 71.7 65.8 5.0 

09 HTG004 55 
F: CTATCTCAGTCTTCATTGCAGGAC 

R: CTCCCTCCCTCCCTCTGTTCTC 
Ellegren et al. (1992) 7 149 - 167 65.8 68.4 1.5 

09 HMS003 58 
F: CCAACTCTTTGTCACATAACAAGA 

R: CCATCCTCACTTTTTCACTTTGTT 
Guérin et al. (1994) 6 127 - 139 58.6 57.8 5.5 

09 HTG008 56 
F: CAGGCCGTAGATGACTACCAATGA 

R: TTTTCAGAGTTAATTGGTATCACA 
Marklund et al. (1994) 7 178 - 194 74.4 63.5 5.0 

09 COR098 55 
F: GCAACAGATGTTGGCTCAG 

R: GGAGATGTCCTTGACCACAG 
Tallmadge et al. (1999a) 4 235 - 251 52.3 48.4 7.0 

09 ASB004 56 
F: TAAATTGTAAAAGCTGGAGCCG 

R: GCAAATAGTAGTTAAGTCCTC 
Breen et al. (1997) 8 120 - 144 82.0 79.0 10.0 

09 ASB005 62 
F: TCGAGGAGCTCATGACCTGG 

R: TTGTACAACTCTCCACCATAGC 
Breen et al. (1997) 4 105 - 117 62.1 56.1 4.0 

10 HMS023 60 
F: GATCCAATATTGTAAACCCCGCC 

R: CCTTCATAACCCTTATTGCAGCC 
Godard et al. (1997) 3 82 - 92 61.0 50.1 2.5 

10 COR045 55 
F: TCTCTACCGCAAGTGAAACC 

R: CTGAGCCCTTAACTTGTGGA 
Ruth et al. (1999) 7 211 - 225 73.2 65.5 3.0 

10 COR020 60 
F: TCTCTACCGCAAGTGAAACC 

R: CTGAATTGTAGGACATCCCG 
Hopman et al. (1999) 7 146 - 160 72.7 64.1 5.0 

10 UCD482 58 
F: CACAGCCCTGACCACTGA 

R: CCAAAACAGCCCTGGACT 

Eggleston-Stott et al. 

(1999) 
3 114 - 124 63.8 54.2 4.0 

10 COR048 58 
F: GATTGGGATGCAAAGATGAG 

R: CAAGAGGATTGGGAACAAAGG 
Ruth et al. (1999) 7 167 - 187 77.7 75.7 3.0 

10 ASB006 60 
F: GGCACAGATGTTAGCTCAGC 

R: ATGGAACCAGCCTGGATTGC 
Breen et al. (1997) 7 174 - 204 58.7 48.1 2.0 

10 COR015 58 
F: GGTGTGGAAACATTCCGTAT 

R: ACTGCATGTGTGGGAGAGAT 
Hopman et al. (1999) 6 156 - 166 63.0 57.1 2.5 

10 SG30 62 
F: ACTGGAGGGGTGAAACAGATTCAGA 

R: GGAAGGGAGGTCATCAGAA 
Godard et al. (1997) 6 219 - 237 78.2 69.8 6.0 

10 ASB009 62 
F: GTGCGCATGTATGTGCGTGCC 

R: ATTTCCACAAGGGACATGAGG 
Breen et al. (1997) 9 84 - 104 73.0 67.1 5.0 

10 HMS002 60 
F: ACGGTGGCAACTGCCAAGGAAG 

R: CTTGCAGTCGAATGTGTATTAAATG 
Guérin et al. (1994) 8 210 - 240 81.3 74.8 5.0 

10 AHT086 60 
F: CCCAATGAAGTCCAAGATGG 

R: GAAATCTCTAGCAAGACCCAGG 
Swinburne et al. (2003) 6 203 - 217 78.1 68.9 2.0 
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Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

11 SG24 58 
F: CTACCATTGAAGAGGGGTGGC 

R: GAAACGAGCAGGAAGTGAATCTCC 
Godard et al. (1997) 7 107 - 125 85.9 77.5 8.0 

11 SG13 60 
F: GGACTAAAGCCCAACCATCCAGC 

R: CTCACCAGTAAGGGGTTATGGGGC 
Godard et al. (1997) 4 163 - 179 62.9 55.9 3.0 

11 UCD457 60 
F: GGGGCGTGAGCATAAAGG 

R: CGCTGGATGAGTGAGGGA 

Eggleston-Stott et al. 

(1999) 
9 73 - 95 83.0 78.8 10.0 

12 SG10 60 
F: CATCCATCCTTTCCAGCTCGATATTC 

R: CAAGACCGTAACTCAGGAGCCC 
Godard et al. (1997) 7 173 - 185 75.0 76.8 6.0 

12 SG08 58 
F: GAGTTCATTCTTTTTCGTGGCTG 

R: GGAAACACCCTAAGTGTCCCTTG 
Godard et al. (1997) 3 105 - 109 40.7 32.5 10.0 

12 COR058 58 
F: GGGAAGGACGATGAGTGAC 

R: CACCAGGCTAAGTAGCCAAAG 
Ruth et al. (1999) 10 119 - 141 72.9 79.3 8.0 

12 UCD497 60 
F: GTGGGAGGCAGCAGGAAC 

R: CCCCAGACACCGTGTGAT 

Eggleston-Stott et al. 

(1999) 
8 208 - 230 79.7 73.5 5.0 

13 COR069 58 
F: AGCCACCAGTCTGTTCTCTG 

R: AATGTCCTTTGGTGGATGAAC 
Tallmadge et al. (1999b) 9 259 - 283 89.1 83.3 7.0 

13 VHL047 55 
F: GTTTGCTGTGGTTACCAGGCAGA 

R: GCAAATTGAATATTTGAAGTTGAGAC 

van Haeringen et al. 

(1998) 
7 137 - 161 77.2 66.5 14.0 

13 LEX041 55 
F: TATTTTCTGAATGCTTCTGTGC 

R: CTCTACACCCAATGCCTGAT 
Coogle et al. (1997) 4 126 - 142 74.9 68.0 3.5 

13 ASB001 60 
F: AGCAGAAACCCACTCAAGCC 

R: GCATAATACCCTCAAGGTC 
Breen et al. (1997) 5 153 - 167 66.5 54.5 3.0 

14 AHT029 60 
F: ACTCATTCATTCACAAATCCCC 

R: AGAAAATTCCCTCCTGTCCC 
Swinburne et al. (2000b) 5 270 - 284 50.6 44.8 3.0 

14 LEX043 58 
F: CATTAAGCAACAAAAAGCATC 

R: GGAAAAGCATGACAAGACACT 
Coogle et al. (1997) 6 224 - 242 59.0 58.2 3.0 

14 UM010 56 
F: TACAGCCATTGGAAATCTAC 

R: CACCATTACATTTTCCCAG 
Meyer et al. (1997) 6 106 - 120 79.2 76.1 5.0 

14 LEX078 58 
F: AATGTGCGCATTTAACCACTGTG 

R: CAAGCCATGCTGTGGAAACG 
Bailey et al. (2000) 4 146 - 164 61.3 45.9 3.5 

15 COR076 58 
F : GTCCTCACTCCTCTCACTGG 

R: ACAGTCTGTCCACAGGGAAG 
Tallmadge et al. (1999b) 1 208 - - 2.0 

15 B-8 60 
F : TCCTCAGTCCTTTCTCATGC 

R : AGCTGAAGGCAATCTGTACC 
Marti et al. (1998) 8 79 – 97 59.5 65.9 5.0 

15 LEX051 58 
F : CCTACGTGTCTCTTTCTCTTT 

R : GTAACGCAATAATACAGCACT 
Coogle et al. (1997) 6 128 – 146 68.1 73.6 5.0 

15 NV083 58 
F : TTGTTGCTGTTGCTGGTG 

R: TGGAATGGAGGATGAACAGATA 
Bjornstad et al. (2000) 3 109 – 119 4.7 4.5 2.0 

15 TKY011 58 
F : ATGAGAGAGGTCACCAAAAT 

R : CCCTGCCAACAAAAACCTTG 
Hirota et al. (2001) 3 126 – 134 59.3 53.4 10.0 

15 LEX046 58 
F : ATAAGCCAATCCACTTTTCC 

R : ATTACCACCCCATTTCCTT 
Coogle et al. (1997) 9 115 – 135 81.6 85.0 7.0 

15 ASB015 64 
F: GTCCCAAAGGGACTCAGGAAGG 

R: TGGATGCCAGTGCATAGACAG 
Breen et al. (1997) 8 120 - 143 77.1 76.4 7.0 
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Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

15 SG21 58 
F : GCACCAACTCCACTTTTGTCCAG 

R: GCTGAGTATTTATGTTGCTCTAAAGC 
Godard et al. (1997) 1 119 - - 2.0 

15 ASB002 60 
F: CCTTCCGTAGTTTAAGCTTCTG 

R: CACAACTGAGTTCTCTGATAGG 
Breen et al. (1997) 8 220 - 250 72.8 64.5 10.0 

15 HTG006 55 
F: CCTGCTTGGAGGCTGTGATAAGAT 

R: GTTCACTGAATGTCAAATTCTGCT 
Ellegren et al. (1992) 6 82 - 98 41.9 36.4 3.0 

15 HMS001 60 
F: CATCACTCTTCATGTCTGCTTGG 

R: TTGACATAAATGCTTATCCTATGGC 
Guérin et al. (1994) 8 192 - 212 63.7 58.4 5.0 

15 COR075 55 
F: GCCCTAGTTAGCAACCAACA 

R: AAGATTGATTCCTCAGCACG 
Tallmadge et al. (1999b) 5 170 - 180 68.8 67.6 2.0 

15 COR014 58 
F: CTATCATGTCAGGGACCAGG 

R: CTGCCCTAGTTAGCAACCAA 
Hopman et al. (1999) 8 143 - 163 65.6 59.5 8.0 

16 COR039 58 
F: ACGTTGGCTCTGCTTTATGT 

R: ATCCAGGCTCTGAATCCACT 
Murphie et al. (1999) 1 256 - - 2.0 

16 AHT037 58 
F: ATTTCACCCACTCCCAACC 

R: TTTCGTTTGCGACAATATGG 
Swinburne et al. (2000b) 6 202 - 220 50.7 49.2 5.0 

16 TKY0279 60 
F: AATGAATGAGACTTGAACCC 

R: TCTGCTGTTTTAGGCTCGG 
Tozaki et al. (2000) 6 118 - 132 68.6 73.2 7.0 

16 TKY0408 60 
F: CGAACTTTGTCATAGCTCTAAATGG 

R: TTAAACAGCGTCCTGTGTGC 
Tozaki et al. (2004) 3 165 - 171 41.0 29.2 7.0 

16 HTG003 55 
F: TAACCTGGGTGCAAAGCCACCCAT 

R: TCAGGGCCAATCTTCCTCAC 
Ellegren et al. (1992) 5 114 - 124 50.7 54.9 6.0 

16 AHT081 58 
F: AACTCAGGGGCAGACAAATG 

R: TTGGAACTTTCAGTCCAGGG 
Swinburne et al. (2003) 3 201 - 205 53.0 73.0 5.0 

16 TKY0719 60 
F: CTCATAACTGTGTGCCAATTCC 

R: TGGTCATCACTTTTCTGTTGAA 
Tozaki et al. (2004) 4 159 - 165 36.3 33.6 5.0 

16 COR011 62 
F: CCTTCCGGTCTTTATTCACA 

R: GGTGGCTGGAGACACAATAG 
Hopman et al. (1999) 4 267 - 277 55.2 63.0 3.0 

16 HMS020 60 
F: TGGGAGAGGTACCTGAAATGTAC 

R: GTTGCTATAAAAAATTGTCTCCCTAC 
Godard et al. (1997) 6 122 - 136 63.8 68.4 5.0 

16 AHT038 58 
F: TTCATGGCCTTCAAAACTCC 

R: CCAGCTGGGGATACTTACCA 
Swinburne et al. (2000b) 5 130 - 138 75.5 71.4 4.0 

16 LEX059 55 
F: TGAAATGTCACCTTCTCAGAG 

R: GTGGACACTTGCCNTCAT 
Coogle and Bailey (1997) 3 227 - 231 47.6 36.0 2.0 

16 HTG013 55 
F: TTAGCACGGGGAGATCGGATCCTG 

R: GGTCTCCCTCTCCATTCACCCTGC 
Marklund et al. (1994) 6 117 - 127 50.5 44.4 2.0 

16 LEX048 55 
F: CATAGTGCCCTCAAGTTC 

R: TGAATTGGATAAAGAAGATGTA 
Coogle et al. (1997) 3 154 - 168 23.4 25.4 4.0 

16 AHT014 62 
F: GAGAAGCAATCACACACACACA 

R: GCTCTTTCCATGGGTGGTAG 
Guerin et al. (1999) 2 137 - 155 15.4 16.3 2.0 

16 COR052 55 
F: CAGGTGGTGCTAGTTTTCCA 

R: ACCACTGCTTTGAGGACCTAG 
Ruth et al. (1999) 1 230 - - 2.0 

16 UCD505 55 
F: ATCACTCTCTTGTTGAGATAAC 

R: GGGATTTCCTTCTTTCTC 

Eggleston-Stott et al. 

(1997) 
8 175 - 197 69.5 71.0 10.0 
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ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

16 LEX056 55 
F: GACCTACAGGCCACTCATCAA 

R: GGCAGTTTCCTCCATCCTTA 
Coogle and Bailey (1997) 8 211 - 227 77.0 81.6 3.0 

16 COR064 58 
F: TCCATACATGTGTGAGGGC 

R: AAGATGGCTTACAAGGATTATG 
Tallmadge et al. (1999b) 4 192 - 202 45.2 40.3 2.5 

16 I-18 58 
F: CAACAAAGATGTTGCAAGGG 

R: TGTGCCTCTTGTCTCTTAGG 
Marti et al. (1998) 10 85 - 109 82.6 80.8 16.0 

16 AHT091 62 
F: TAGCTGTCTGCAAAGGCTCA 

R: CCAGTGTTCCACATGCCTC 
Swinburne et al. (2003) 5 110 - 126 42.8 32.9 7.0 

17 COR105 60 
F: TTTCCTCATTGCTTCCTGAG 

R: CCCAAGGTCTGTCTTGCTCTC 
Swinburne et al. (2000a) 6 174 - 192 69.9 67.2 5.0 

17 UCD014 60 
F: GCATTTGCTCACTGGCTAC 

R: ACTCCTCCACTCCCACCTA 

Eggleston-Stott et al. 

(1996) 
4 128 - 134 65.6 56.3 6.0 

17 COR032 58 
F: GCCCTCTTAGAGCATTTTCC 

R: CAGAGATGGCTGGAGTAAGG 
Murphie et al. (1999) 7 247 - 255 63.2 52.7 2.0 

17 HMS025 60 
F: CAAACATAAAATATGCATGTCCATGT 

R: CTTTTGGATATGTAAGGCTTGAGG 
Godard et al. (1997) 3 124 - 128 42.5 37.9 12.0 

18 UCD136 60 
F: CTTTGGGCCTTTCCTCCAT 

R: CGAGCCTGGGAGTGATAC 

Eggleston-Stott et al. 

(1997) 
4 111 - 117 64.0 57.1 2.5 

18 TKY0019 56 
F: CTTCTGCTGATTCCTGAATG 

R: GGATCTCCTTAAATGGAACA 
Kakoi et al. (1999) 8 144 - 164 83.6 78.3 8.0 

18 LEX054 55 
F: TGCATGAGCCAATTCCTTAT 

R: TGGACAGATGACAGCAGTTC 
Coogle and Bailey (1997) 7 164 - 182 67.8 59.7 6.0 

18 SG07 58 
F: GAATTTGAATGTATCTATTCTGAATG 

R: GTGAGTTTTCAAGCTGGCATATTC 
Godard et al. (1997) 4 133 - 141 44.1 40.7 3.0 

18 HMS046 60 
F: GTCTCAGCCAAAAGGTATTCAAGC 

R: TGGCACCAATATAGGTCACCTGG 
Godard et al. (1997) 4 126 - 132 65.6 51.2 5.0 

18 AHT080 58 
F : AGAACTGAGGAAAGAAGAGGGC 

R: TCCCTGAGACTTAATTTCCTCA 
Swinburne et al. (2003) 3 153 - 165 15.4 13.4 2.0 

18 HTG028 58 
F : AATCAACTAATATTAGGCCTCCT 

R: GAATACAGTTCTAGGGGCGT 
Lindgren et al. (1999) 3 156 - 160 48.6 47.1 3.0 

18 COR096 58 
F: CCCCTCTTTTGCTTGAGAAT 

R: GCGTGTATGTGAGGATTGAAG 
Tallmadge et al. (1999a) 7 307 - 319 84.7 73.8 3.0 

18 TKY0741 60 
F : CCTTCCTTCTCCTAACTCAGTCC 

R: TGGAAACCAGGAATAGGTGTG 
Tozaki et al. (2004) 10 95 - 113 85.2 79.5 5.0 

18 TKY0322 60 
F : TGCAAACACTTGTGAACTGC 

R : AACCTAGTGTAATTGCTACC 
Tozaki et al. (2000) 9 115 - 137 85.9 83.2 5.0 

18 HTG017 58 
F : GCTATCCCTCCTGAGTCTTA 

R: AGGTAATTTGAAATAAAATACAC 
Lindgren et al. (1998) 4 155 - 161 66.0 62.0 3.0 

18 COR101 58 
F : CAATATAAGTGCACGCCTTC 

R: TGGACCTTGAGGGTATGATG 
Swinburne et al. (2000a) 3 173 - 205 36.7 27.7 5.0 

18 HLM003 58 
F : GAAGGTAGAAAAGGAGGGCTAGAAC

R: TCTAGAGGACCATTCTCTGGGCTGTG
Vega-Pla et al. (1996) 6 117 - 129 74.2 57.1 3.0 

18 UCD387 60 
F: ACCCCCGCCCCAGCAC 

R: TGCCCCGTCATTCTGC 

Eggleston-Stott et al. 

(1999) 
4 78 - 84 62.1 53.5 1.5 
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ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 
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(bp) 
HET PIC

Primer
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18 TKY0017 58 
F : CAACTGTATGTTGACAGCACA 

R: CGGCCATATTAGGTTTATCTG 
Hirota et al. (2001) 5 120 - 130 65.7 53.5 2.0 

18 TKY0016 60 
F : GGTTATGGTTTGGTATCTGTC 

R: AAAACAATGGCTTCCTGGTCA 
Hirota et al. (1997) 8 112 - 128 68.3 65.8 5.0 

18 TKY0101 55 
F: TCTGAAATACCGTGTGCCT 

R: TTCTGCCTCCCTCCAACTTT 
Mashima et al. (1999) 8 197 - 217 80.7 74.6 4.0 

18 UMNe501 60 
F : CCCATGATTTAATTGTCTGCTG 

R: TCCAAGTTTTTCCCGAAATG 
Mickelson et al. (2004) 5 296 - 304 49.0 40.9 5.0 

18 UMNe243 60 
F: TCCATCTATCAGTCTACTTTCCAGC 

R: GAACTAACACACCTCATTTTTCCC 
Mickelson et al. (2003) 3 149 - 153 43.2 35.1 5.0 

19 COR062 58 
F: GTCATCCAGTGACGAACACA 

R: AGGAAGTGCGCAGTAGAGAA 
Tallmadge et al. (1999b) 9 208 - 236 69.1 65.5 8.0 

19 AHT041 60 
F: CGGAGGACAAACTTCCTCTG 

R: GTCCTTGAAGAAGCCTGTGC 
Swinburne et al. (2000b) 7 243 - 255 67.7 68.7 2.0 

19 AHT094 60 
F: CACCTCCATCACATTGGTCA 

R: GGCTGGAGTCAGCTGACATT 
Swinburne et al. (2003) 5 232 - 240 69.6 68.4 2.0 

19 LEX036 55 
F: ATCAGCCCAGCCTCTTCA 

R: AACAACCGGCNAAATAGTGC 
Coogle et al. (1997) 8 141 - 161 55.1 63.3 3.0 

19 HMS008 58 
F: GGTGAGGAATTATCTCTTTGAAGG 

R: GCAGGTAGGATTGGATAGGTACAT 
Guérin et al. (1994) 4 207 - 213 54.8 59.2 10.0 

19 NV011 60 
F: GGCCCCACCCACTAAATATCACTG 

R: CGGGGTCTTGGAAATTTATGAAGG 
Røed et al. (1997) 5 120 - 130 46.7 58.0 10.0 

19 AHT055 60 
F: TGAAAATACACCCAGCTACGC 

R: GGGAGATATTTCTTGGCTTGC 
Swinburne et al. (2003) 5 151 - 163 81.3 75.4 6.0 

20 HTG005 55 
F: TGCTAAGCCTCAGCACATACA 

R: TGGAAATAAGGTTAGCAGGGATGC 
Ellegren et al. (1992) 6 81 - 91 84.3 70.1 7.0 

20 LEX064 50 
F: ACCCTTTCCGCAGACAA 

R: CACATCAGAGCCCATCTTCTC 
Coogle and Bailey (1999) 6 195 - 213 72.2 64.4 5.0 

20 UM011 56 
F: TGAAAGTAGAAAGGGATGTGG 

R: TCTCAGAGCAGAAGTCCCTG 
Meyer et al. (1997) 12 160 - 175 75.3 70.2 2.5 

20 COR050 58 
F: TCTGTTGCCTTTATCCACAA 

R: ATGAAAACCCTGGGAATAGC 
Ruth et al. (1999) 4 289 - 297 51.3 43.1 2.0 

20 HMS042 55 
F: TAGATTTCTTAAGTGCCAATAGTGG 

R: GAACTGCTATAGATATACCTAACTC 
Godard et al. (1998) 4 111 - 135 55.7 66.0 5.0 

21 AHT020 60 
F: GAATTCTCTGGTTGGAAAGGC 

R: ACTTATGGGACGTGCTGGAC 
Swinburne et al. (2000a) 3 129 - 133 58.1 44.4 5.0 

21 UMNe229 60 
F: CTTCTCTGGACAAAGGGGTG 

R: CATGAATTTGCCAGTTTGATG 
Mickelson et al. (2003) 2 122 - 124 3.7 3.5 3.0 

21 HTG010 55 
F: CAATTCCCGCCCCACCCCCGGCA 

R: TTTTTATTCTGATCTGTCACATTT 
Marklund et al. (1994) 7 93 - 111 62.3 48.9 6.0 

21 SG16 55 
F: AATTCTCAAATGGTTCAGTGA 

R: CTCCCTCCCTTCCTTCTA 
Godard et al. (1997) 6 140 - 188 73.1 62.3 9.0 

21 COR073 58 
F: GCCAAGACATGGAAACAATC 

R: GTTCTCAAGGTGCATCCCTA 
Tallmadge et al. (1999b) 7 182 – 196 62.1 57.0 2.0 
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HET PIC
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21 COR068 60 
F: AACCAATTGTGAGATTTTTGCT 

R: GGCTAGTCCTGGATCATGTG 
Tallmadge et al. (1999b) 6 146 – 156 66.8 58.6 4.0 

21 LEX060 58 
F : TTGCAGAAGGAGCCAATC 

R: AAGGCATTCGGAAATCTAAAT 
Coogle et al. (1997) 4 145 - 151 60.3 52.4 5.0 

21 TKY0671 60 
F : AGGCAACATGAGAAGGCACA 

R: ATAGCACCTGTTCCCTGGAG 
Tozaki et al. (2004) 5 99 - 115 42.9 40.9 3.0 

21 LEX031 58 
F: CCCATTAAGAACTTTTCATCCTG 

R: GGCAAGCCCCACAAAATTAT 
Coogle et al. (1996b) 3 252 - 258 31.6 23.6 5.0 

21 LEX037 55 
F: GGATTCCTCAACCTCCTAAA 

R: AGGGATAAGTGACCACCAC 
Coogle et al. (1997) 5 191 - 199 55.9 50.7 3.0 

22 HTG014 55 
F: CCAGTCTAAGTTTGTTGGCTAGAA 

R: CAAAGGTGAGTGATGGATGGAAGC 
Marklund et al. (1994) 6 131 – 149 85.2 78.6 3.0 

22 HTG021 58 
F: ATTACTTCCTCCAGGTATCTCAG 

R: AGGCAGGGCTGGGAGACGT 
Lindgren et al. (1999) 6 120 – 134 81.3 75.0 5.0 

22 COR016 58 
F: CAGCTCAGTAGATGATTGTCCA 

R: GCAAAGACAAGGAGGTTAAGTT 
Hopman et al. (1999) 8 172 – 198 52.1 46.1 10.0 

22 HMS047 60 
F: CCTGCTGAGGACCTTGGAAGCT 

R: ATGTATTTTCAAGTCTAATATCTGCC 
Godard et al. (1997) 6 188 – 206 53.3 48.3 8.0 

22 SG19 58 
F: GCCCCCACCTGCTCCACC 

R: GGGGCAAAGTGGAAATCC 
Godard et al. (1997) 5 139 - 147 78.9 71.9 1.0 

23 COR060 60 
F: TCCTTCCTTCTCTGGGTCTT 

R: AGCAGTATGTTTCCAAGCGT 
Ruth et al. (1999) 8 202 - 228 74.9 71.0 2.0 

23 COR055 58 
F: TAGTGACGCCTACGGATTTC 

R: CCCAAGAGGGCTTAGAAAGAG 
Ruth et al. (1999) 8 230 – 254 71.9 70.4 7.0 

23 UM019 55 
F: TACTGCCAGCACTTGTACC 

R: TCTCTCAGTTTCTCTCTCTGTC 
Meyer et al. (1997) 8 154 – 168 80.6 69.0 10.0 

23 AHT039 58 
F : CCATTTTCTCATCACAAGCG 

R: TGAATCCCTGCTGCTTCC 
Swinburne et al. (2000b) 7 77 - 95 70.0 66.3 2.0 

23 ASB039 60 
F: ACAGCTGCCTGGATATGTGG 

R: GCAGAGAGAAATAGAGATGC 
Irvin et al. (1998) 6 154 - 172 69.7 62.6 8.0 

23 LEX053 55 
F: TTATTCCTGCTTCGTANATGA 

R: ACACACTTGGGTTCAAATC 
Coogle and Bailey (1997) 5 123 - 133 76.3 66.3 5.0 

23 SG04 60 
F: CGACGCCTCCTCCTAAAC 

R: CAGCTGTGTGCCTTTGATTAT 
Lindgren et al. (1998) 7 207 - 213 51.3 46.8 1.0 

24 LEX042 55 
F: ACATACAAACCTGCTCAACAT 

R: CCTACACATCGCTCATCAA 
Coogle et al. (1997) 7 212 - 224 50.5 45.3 5.0 

24 AHT004 60 
F: AACCGCCTGAGCAAGGAAGT 

R: CCCAGAGAGTTTACCCT 
Binns et al. (1995) 6 148 - 164 67.9 62.1 7.0 

24 EA2C4 50 
F: ATGTATCTTCGAGGGATGAT 

R: GGCAGTTAATGGTGAGTAAG 
Gralak et al. (1994) 7 140 - 162 80.3 71.2 10.0 

24 LEX032 55 
F: CGTAGTAGGGTTTTGGGTCC 

R: TTGCGTTTCAATTTTTAATGAC 
Coogle et al. (1996b) 8 249 - 263 54.9 64.6 5.0 

24 COR024 58 
F: CAAAAGTGATTGCCTTCGAT 

R: TTGGAAGCTGGGTGATTG 
Murphie et al. (1999) 7 205 - 217 74.0 65.9 5.0 
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24 COR025 58 
F: ACAGAGCTGACTGCCTATGG 

R: TCCTCTTCTCAGGGAGACCT 
Murphie et al. (1999) 4 172 - 178 59.5 61.0 9.0 

25 NV043 60 
F: TGACACAAGATAAAAGCCCCAGG 

R: GATTGGGAAAAGAGCACAGCC 
Røed et al. (1998) 9 135 - 161 77.0 70.8 15.0 

25 UCD405 60 
F: ACCTCGTCTGGCTGTTGTAAG 

R: ACTTGCTGTGCGACTCTG 

Eggleston-Stott et al. 

(1997) 
6 252 - 270 69.2 57.5 4.0 

25 COR018 58 
F: AGTCTGGCAATATTGAGGATGT 

R: AGCAGCTACCCTTTGAATACTG 
Hopman et al. (1999) 6 253 - 275 64.1 51.3 5.0 

26 COR071 58 
F: CTTGGGCTACAACAGGGAATA 

R: CTGCTATTTCAAACACTTGGA 
Tallmadge et al. (1999b) 6 180 - 202 75.4 68.1 7.5 

26 UM005 56 
F: CCCTACCTGAAATGAGAATTG 

R: GGCAAAAGATCAGGCCAT 
Meyer et al. (1997) 7 208 - 222 56.6 53.8 5.0 

27 COR031 58 
F: CAATTGCCATTTGTTCCAGTG 

R: GCTTAAGAAACACCAGGCAG 
Murphie et al. (1999) 6 202 - 214 77.4 72.4 5.0 

27 UCD005 56 
F: AGCGGAAGTGCTGCGAAAG 

R: CCAGCATCTCTGGGCAGG 

Eggleston-Stott et al. 

(1996) 
8 226 - 240 70.1 77.7 13.0 

27 LEX005 55 
F: AAGGCAATGCTTATCAAATGC 

R: TTACCCGCAGTGACTTCTATT 
Coogle et al. (1996c) 6 243 - 263 61.4 53.1 6.0 

27 COR017 58 
F: GAAGGCCTGAAGCATTTACA 

R: CGTAATGTTGACCAAACTTCA 
Hopman et al. (1999) 7 235 - 253 63.0 61.3 2.5 

28 UM003 56 
F: GGAGGGACGATAGAGAGTAAG 

R: GCAGAGATAACGGACATGG 
Meyer et al. (1997) 4 149 - 155 57.7 64.0 5.0 

28 UCD425 55 
F: AGCTGCCTCGTTAATTCA 

R: CTCATGTCCGCTTGTCTC 

Eggleston-Stott et al. 

(1997) 
7 229 - 245 78.4 70.4 7.0 

29 LEX018 60 
F: TTTCATCACTTTCTGCTTCC 

R: TTCTCTTCCTTTGCTCATCCT 
Coogle et al. (1996a) 5 228 - 242 74.8 62.4 5.0 

29 COR021 58 
F: TCTCAAATTGCTTTTCCTG 

R: GTGGAATGTGCCTGAGAACT 
Murphie et al. (1999) 2 200 - 202 26.1 23.1 2.0 

29 COR082 58 
F: GCTTTTGTTTCTCAATCCTAGC 

R: TGAAGTCAAATCCCTGCTTC 
Tallmadge et al. (1999a) 6 198 - 228 69.5 66.8 2.0 

29 TKY0900 60 
F: CTTGTTGTCACAAGAGGCAG 

R: ACCTAAATGTCCTTTGGTGG 
Tozaki et al. (2004) 3 118 - 128 46.0 42.5 5.0 

29 TKY0715 60 
F: CAGTTTCACAGGAGAGAGAGTCC 

R: CTGGAGTCCCACCTCCAAC 
Tozaki et al. (2004) 7 214 - 238 63.5 61.4 6.0 

29 TKY0628 60 
F: TGACACACAGGACCATCTCG 

R: AAGTGCACTGAGACCCCATT 
Tozaki et al. (2004) 4 212 - 222 76.2 66.4 5.0 

29 TKY0112 58 
F: GCCTGTCAACAGATGAATGG 

R: TTCATGGCTACGTAGTATTCC 
Swinburne et al. (2000a) 9 84 - 110 83.7 78.5 2.0 

29 COR027 58 
F: CAGCTCTGCAATTTCTCCTC 

R: AATGACCAAGGCATTGAAAG 
Murphie et al. (1999) 9 221 - 245 76.7 69.2 8.0 

29 ASB043 60 
F: TCACTTAGTAGGGGCATGC 

R: GTGTTTGTCCTTGACTCTCC 
Irvin et al. (1998) 6 85 - 101 51.8 45.3 10.0 

30 LEX025 55 
F: CAATCGTGGCCCGGTAAC 

R: TTCACTCCAATCCTCAGTCA 
Coogle et al. (1996b) 8 141 - 157 78.5 76.5 5.0 

 



Appendix 

 179

Table 1 continued 

ECA Marker 
Ta 

(°C) 
Forward/Reversed Primer Sequence Reference 

Alleles 

(n) 

Allele size 

(bp) 
HET PIC

Primer

(pmol)

30 VHL020 60 
F: CAAGTCCTCTTACTTGAAGACTAG 

R: AACTCAGGGAGAATCTTCCTCAG 

van Haeringen et al. 

(1994) 
9 88 - 106 77.5 71.5 8.0 

30 LEX075 55 
F: TGAAAAGTTGCAGTTTGAGA 

R: CAACCTCTTGCTACCAGAATA 
Bailey et al. (2000) 8 146 - 160 83.5 79.3 5.0 

31 AHT033 58 
F: CTGAGGGCGTAAGTCGAGTC 

R: GTTAATAGGAGCGGTTGTTTGG 
Swinburne et al. (2000b) 7 145 - 163 77.8 74.9 9.0 

31 AHT034 60 
F: CTCAGGGCGAATGTTCCTC 

R: CCCCACCATGAGTCAAAAAC 
Swinburne et al. (2000b) 7 121 - 143 71.8 65.1 5.0 

X LEX027 56 
F: ACCACTGGGAAACTGTGTAA 

R: GCCCAGAATCCGAACC 
Coogle et al. (1996b) 7 187 - 201 70.8 72.1 10.0 

X AHT028 60 
F: CCTGGCTTATAGATGGCTGC 

R: ATTTGGAGATGGGGGTCTTT 
Swinburne et al. (2000b) 16 178 - 224 81.9 84.5 6.0 

X LEX024 55 
F: GGGGGTAGAGGGAAAAAGAG 

R: TTGTTGGCAGATCCCAGG 
Coogle et al. (1996a) 7 132 - 152 72.9 70.6 8.0 

X LEX022 55 
F: AACATATCCATCGCCTCACA 

R: TGCAAATTCACTGAGAGTGG 
Coogle et al. (1996a) 7 101 - 113 59.8 62.7 6.0 

X LEX003 55 
F: ACATCTAACCAGTGCTGAGACT 

R: GAAGGAAAAAAAGGAGGAAGAC 
Coogle et al. (1996c) 10 143 - 165 71.6 80.4 7.0 

HET  mean observed heterozygosity 
PIC  mean polymorphism information content 
Ta  Annealing temperature 
 
 
 
 
 
 
 

Table 2 Itemisation of alleles to bases for SNPs in the pedigrees 
 

Code 

number 
1 2 3 4 

Base Adenine Cytosine Guanine Thymine 
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Table 3 Association analyses using χ2-tests for 17 SNPs on ECA4q14-21.3 and 

palmar/plantar osteochondral fragments in fetlock joints in South German Coldblood 

horses. 

Χ2 Error probability Gene SNP Affected 

horses 

Un-affected 

horses 
Geno-

type 

Allele Trend Geno- 

type 

Allele Trend

SNX13 AM072955:g.544T>A 18 47 2.534 2.401 2.203 0.282 0.121 0.138

AM072940:g.230T>C
1

 20 54 1.023 0.731 0.901 0.560 0.393 0.342

AM072942:g.86A>G 22 69 0.638 0.625 0.633 0.727 0.429 0.426

PTHB1 

AM072942:g.210C>T 22 68 1.546 0.159 0.191 0.462 0.690 0.662

BMPER ti|1226756041:g.418 

G>A 

23 61 0.135 0.127 0.135 0.713 0.721 0.713

AJ543064:g.146A>C 12 56 1.279 1.166 1.267 0.528 0.280 0.260

AJ543064:g.241A>G 22 68 0.751 0.090 0.095 0.687 0.764 0.758

AJ543064:g.263T>C 22 68 0.751 0.090 0.095 0.687 0.764 0.758

AJ543064:g.271C>G 22 68 0.678 0.647 0.678 0.410 0.421 0.410

AJ543064:g.281C>T 22 69 0.009 0.002 0.003 0.996 0.962 0.959

KIAA 

0895 

AJ543064:g.439A>G 13 61 0.153 0.143 0.153 0.695 0.705 0.695

ti|1248907742:g.288 

G>A 

20 55 0.143 0.148 0.141 0.931 0.701 0.708

ti|1248907742:g.578 

C>T 

20 56 2.246 2.065 2.244 0.325 0.151 0.134

ti|1248915422:g.559 

A>T 

12 37 0.079 0.061 0.079 0.779 0.804 0.779

ti|1248915422:g.420 

G>A 

13 44 3.259 0.528 0.434 0.196 0.467 0.510

ti|1248915422:g.270 

G>A 

13 43 0.896 0.949 0.823 0.639 0.330 0.364

AOAH 

AJ543065:g.703A>G 23 67 1.563 1.304 1.437 0.458 0.254 0.231

1 no Hardy-Weinberg equilibrium 
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Laboratory paraphernalia 
 
Equipment 
 
Thermocycler 

PTC-100™ Programmable Thermal Controller (MJ Research, Watertown, USA) 

PTC-100™ Peltier Thermal Cycler (MJ Research, Watertown, USA) 

PTC-200™ Peltier Thermal Cycler (MJ Research, Watertown, USA) 

 

Automated sequencers 

LI-COR Gene Read IR 4200 DNA Analyzer (LI-COR, Inc., Lincoln, NE, USA) 

LI-COR Gene Read IR 4300 DNA Analyzer (LI-COR, Inc., Lincoln, NE, USA) 

MegaBACE 1000 (Amersham Biosciences, Freiburg) 

 

Centrifuges 

Sigma centrifuge 4-15 (Sigma Laborzentrifugen GmbH, Osterode) 

Desk-centrifuge 5415D (Eppendorf, Hamburg) 

Biofuge stratos (Heraeus, Osterode) 

Centrifuge Centrikon H 401 (Kontron, Gosheim) 

Megafuge 1.OR (Heraeus, Osterode) 

Speed Vac® Plus (Savant Instruments, Farmingdale, NY, USA)  

 

Agarose gel electrophoresis and pulsed field gel electrophoresis 

Electrophoresis chambers  Biometra, Göttingen, BioRad, München 

Generators     Power Pac 3,000 (BioRad, München) 

Gel documentation system BioDocAnalyze 312 nm, Göttingen 

 

Pipettes 

Multipette® plus (Eppendorf AG, Hamburg) 

Pipetus®-akku (Hirschmann® Laborgeräte GmbH & Co.KG, Eberstadt) 

Pipetman® (P2, P10, P20, P100, P200, P1000) (Gilson Medical Electronics S.A.,  

Villiers-le-bel, France) 

Pipettor, Multi 12 Channel (0.1 – 10 µl) (Micronic® systems, Lelystad, Netherlands) 
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Impact® Pipettor 8-Channel (Matrix Technologies Corporation, Lowell, USA) 

HAMILTON 8-channel syringe (Hamilton Company, Reno, NV, USA) 

Distriman® (Abimed, Langenfeld) 

 

Others 

Milli-Q® biocel water purification system (Millipore GmbH, Eschborn) 

Incubator VT 5042 (Heraeus, Osterode) 

UV-Illuminator 312 nm (Bachhofer, Reutlingen) 

Centomat® R Desk-Shaker (B. Braun Melsungen AG, Melsungen) 

 

Kits 
 

Isolation of DNA 

QIAamp 96 DNA Blood Kit (QIAGEN, Hilden) 

HiSpeed Plasmid MIDI Kit (QIAGEN, Hilden) 

Plasmid MIDI Kit (QIAGEN, Hilden) 

 

Radioactive hybridization 

RadPrime DNA Labelling System (Invitrogen, Karlsbad) 

 

DNA purification 

MultiScreen HTS (Millipore GmbH, Eschborn) 

 

Sequencing 

ThermoSequenase Sequencing Kit (GE Healthcare, Freiburg) 

DYEnamic-ET-Terminator Cycle Sequencing Kit (GE Healthcare, Freiburg) 

 
Size standards  
 

100 bp Ladder (New England Biolabs, Schwalbach Taunus) 

1 kb Ladder (New England Biolabs, Schwalbach Taunus) 

IRDye™ 700 or 800 (LI-COR, Inc., Lincoln, NE, USA) 
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Reagents and buffers 
 

dNTP solution 

100 µl dATP, dCTP, dGTP, dTTP [100 mM] 

1600 µl H2O (the concentration of each dNTP in the ready-to-use solution is 5 mM) 

 

Gel solution 6% 

12.75 ml  Urea/TBE solution 6% (Roth, Karlsruhe)  

2.25 ml  Rotiphorese® Gel 40 (38% acrylamide and 2% bisacrylamide) 

95 µl   APS solution (10 %) 

9.5 µl   TEMED 

 

High stringency wash buffer II    Low stringency wash buffer II 

       0.5% bovine serum albumine (BSA) 

1 mM NA2EDTA     1 mM EDTA 

40 mM NaHPO4, pH 7.2    40 mM NaHPO4, pH 7.2 

1% SDS      5% SDS 

 

Hybridization solution II (Church buffer) 

1% bovine serum albumine (BSA) 

1 mM EDTA 

0.5 M NaHPO4, pH 7.2 

7% SDS 

 

Loading buffer for agarose gels 

EDTA, pH 8  100 mM 

Ficoll 400   20% (w/v) 

Bromophenol blue 0,25% (w/v) 

Xylencyanol  0,25% (w/v) 

 

Loading buffer for gel electrophoresis 

2 ml  bromophenol blue solution 

20 ml  formamide 
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TBE-buffer (10x) 

108 g Tris [121.14 M] 

55 g boric acid [61.83 M] 

7.44 g EDTA [372.24 M] 

H2O ad 1000 ml 

pH 8.0 

 

Urea/TBE solution (6 %) 

425 g urea [60.06 M] 

250 ml H2O 

100 ml TBE-buffer (10x) 

solubilise in a water bath at 65°C 

H2O ad 850 ml 

 

Chemicals 
 
a-[32P]-dCTP (50µl, 3,000 Ci/mmol) (Hartmann Analytic GmbH, Braunschweig) 

Agarose (Invitrogen, Paisley, UK) 

Ampicillin (Serva, Heidelberg) 

Boric acid ≥ 99.8 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Bromophenol blue (Merck KgaA, Darmstadt) 

dATP, dCTP, dGTP, dTTP > 98 % (Carl Roth GmbH & Co, Karlsruhe) 

Chloramphenicol (Serva, Heidelberg) 

Dinatriumhydrogenphosphat (Biochrom AG, Berlin) 

DMSO ≥ 99.5 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

dNTP-Mix (Qbiogene GmbH, Heidelberg) 

EDTA ≥ 99 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Ethidium bromide (Carl Roth GmbH & Co, Karlsruhe) 

Ethyl alcohol (AppliChem, Darmstadt) 

Formamide ≥ 99.5 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

LB (Luria Bertani) agar (Scharlau Microbiology, Barcelona) 

LB (Luria Bertani) broth (Scharlau Microbiology, Barcelona) 

Natriumdihydrogenphosphat (Biochrom AG, Berlin) 
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Paraffin (Merck KgaA, Darmstadt) 

Rotiphorese®Gel40 (Carl Roth GmbH & Co, Karlsruhe) 

SephadexTM G-50 Superfine (Amersham Biosciences, Freiburg) 

TEMED 99 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Tris PUFFERAN® ≥ 99.9 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Urea ≥ 99.5 %, p.a. (Carl Roth GmbH & Co, Karlsruhe) 

Water was taken from the water purification system Milli-Q®  

X-Gal (AppliChem, Darmstadt) 

 
Clones 
 
All required clones have been ordered at the Resource Center/Primary Database 

(RZPD, http://www.rzpd.de). 

 

Enzymes 
 
Taq-DNA-Polymerase 5 U/µl (Qbiogene GmbH, Heidelberg) 

Incubation Mix (10x) T.Pol with MgCl2 [1.5 mM] (Qbiogene GmbH, Heidelberg) 

 

BAC-libraries and RH-panel 
 
The gene-bank-screening was carried out on the CHORI-241 Equine BAC Library 

(http://bacpac.chori.org/equine241.htm). The RH-panel used was the Texas A&M 

University equine Radiation Hybrid Panel (Chowdhary et al. 2002 and 2003).  

 

Consumables 
 

Combitips® plus (Eppendorf AG, Hamburg) 

Pipette tips 0.1 – 10 µl, 5 – 200 µl (Carl Roth GmbH & Co, Karlsruhe) 

Reaction tubes 1.5 and 2.0 ml (nerbe plus GmbH, Winsen/Luhe) 

Reaction tubes 10 und 50 ml (Falcon) (Renner, Darmstadt)   

Thermo-fast 96 well plate, skirted (ABgene, Hamburg) 

X-ray films Kodak Biomax MS, developer and fixer (Eastman Kodak Company, 

Rochester, NY, USA) 



Appendix 

 

186  

Software 
 
BLASTN, trace archive  http://www.ncbi.nlm.nih.gov 

HORSEMAP database http://dga.jouy.inra.fr/cgibin/lgbc/loci_ 

micro.operl?BASE=horse 

MERLIN 1.0.1 package  http://www.sph.umich.edu/csg/abecasis/Merlin 

Order of primers  MWG Biotech-AG, Ebersberg (https://ecom. 

mwgdna.com/register/index.tcl) 

PED5.0 Dr. H. Plendl et al. (2005) Institute for Human 

Genetics, Kiel 

Primer design http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_ 

www.cgi 

Repeat Masker  http://www.repeatmasker.genome. washington.edu/ 

RHMAP 3.0 software package Lange et al. (1995) 

RHMAPPER-1.22  http://equine.cvm.tamu.edu/cgi-bin/ecarhmapper.cgi 

Slonim et.al. (1997)  

Sequencher 4.2   GeneCodes, Ann Arbor, MI, USA 

Spidey   http://www.ncbi.nlm.nih.gov/IEB/Research/  

  Ostell/Spidey/index.html 

SUN Ultra Enterprise 450 Sun microsystems 
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