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nant cases resulting from mutations in at least three genes: 
the cartilage oligomeric matrix protein gene  (COMP)  causes 
EDM1, the  COL9A2  and  COL9A3  genes of type IX procol-
lagen cause EDM2 and EDM3 (Unger et al., 2001). EDM2 
manifests in childhood and leads to pain and stiffness of 
several joints with repeatedly free articular bodies resulting 
in locking of the joint in some adult patients (Fiedler et al., 
2002). Affected individuals are prone to the development of 
early degenerative joint disease (Fiedler et al., 2002).  COL9A2  
(collagen, type IX, alpha 2) encodes the alpha-2 chain of 
type IX collagen. Type IX collagen is a cartilage-specific fi-
bril-associated collagen. The human  COL9A2  gene consists 
of 32 exons spanning about 16.8 kb and was physically 
mapped to chromosome HSA1p33 ] p32.33 starting at 
40,435,256 bp and ending at 40,452,032 bp (Perala et al., 

  Abstract.  The mammalian collagen, type IX, alpha 2 
gene  (COL9A2)  encodes the alpha-2 chain of type IX colla-
gen and is located on horse chromosome 2p16 ] p14 har-
bouring a quantitative trait locus for osteochondrosis. We 
isolated a bacterial artificial chromosome (BAC) clone con-
taining the equine  COL9A2  gene and determined the com-
plete genomic sequence of this gene. Cloning and character-
ization of equine  COL9A2  revealed that the equine gene 
consists of 32 exons spanning approximately 15 kb. The 
 COL9A2  transcript encodes a single protein of 688 amino 
acids. Thirty two single nucleotide polymorphisms (SNPs) 
equally distributed in the gene were detected in a mutation 
scan of eight unrelated Hanoverian warmblood stallions, 
including one SNP that affects the amino acid sequence of 
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COL9A2. Comparative analyses between horse, human, 
mouse and rat indicate that the chromosomal location of 
equine  COL9A2  is in agreement with known chromosomal 
synteny relationships. The comparison of the gene structure 
and transcript revealed a high degree of conservation to-
wards the other mammalian  COL9A2  genes. We chose three 
informative SNPs for association and linkage disequilibri-
um tests in three to five paternal half-sib families of Ha-
noverian warmblood horses consisting of 44 to 75 geno-
typed animals. The test statistics did not reach the signifi-
cance threshold of 5% and so we could not show an 
association of  COL9A2  with equine osteochondrosis. 

 Copyright © 2006 S. Karger AG, Basel 

 Multiple epiphyseal dysplasia (MED) is an osteochon-
drodysplasia characterized clinically by mild short stature 
and early-onset degenerative joint disease and radiographi-
cally by epiphyseal hypoplasia/dysplasia (Unger et al., 2001). 
MED is genetically heterogeneous, with autosomal domi-
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1993; Warman et al., 1994). A mutation in  COL9A2  in a 
Dutch Epiphyseal Dysplasia, Multiple 2, kindred showed 
linkage with DNA markers in the region of 1p32 (Muragaki 
et al., 1996). In 12 affected members from a family with a 
similar phenotype, they also identified a G-to-C mutation 
in the last nucleotide of exon 3 of  COL9A2  (Fiedler et al., 
2002). In another study two families with distinctive oligo-
epiphyseal forms of multiple epiphyseal dysplasia were de-
scribed in which heterozygosity for different mutations in 
 COL9A2  was found leading to skipping of exon 3 from 
 COL9A2  mRNA (Holden et al., 1999). A mutation in  COL9A2  
in Finnish individuals with sciatica and radiologically doc-
umented intervertebral disc disease was also identified (An-
nunen et al., 1999).

  Therefore  COL9A2  seems to be a suitable candidate gene 
for multiple epiphyseal dysplasia, sciatica and intervertebral 
disc disease in various mammalian species. There are simi-
larities in clinical signs between EDM2 and osteochondro-
sis (OC). OC is a developmental orthopaedic disorder found 
in growing animals of many domestic species including 
horses (Olsson, 1978). In a recent study, the prevalence of 
OC in horses regarding the distal interphalangeal, proximal 
interphalangeal, fetlock or hock joints was 32% (Stock et al., 
2005a). The previously reported heritability estimates of 
OC in Warmblood horses ranged between h 2  = 0.10–0.34 
(KWPN, 1994; Willms et al., 1999; Pieramati et al., 2003; 
Stock et al., 2005b). A whole genome scan in Hanoverian 
warmblood horses revealed a quantitative trait locus (QTL) 
for equine osteochondrosis on horse chromosome (ECA) 
2p16 ] p14 (Böneker et al., submitted). Due to its location 
and function,  COL9A2  appears as a well suited positional 
candidate gene for equine OC.

  In this report we provide the cloning, genomic organiza-
tion and the complete sequence of the equine  COL9A2  gene, 
respectively. Additionally, we present data on new single nu-
cleotide polymorphisms (SNPs) in this gene and an associa-
tion analysis with equine OC.

  Materials and methods 

 Cloning and sequencing the equine COL9A2 gene 
 For the isolation of an equine BAC clone containing the  COL9A2 

 gene the equine BAC library CHORI-241 was initially screened with
a  32 P-labeled insert of a human IMAGE cDNA clone (IMAGp998
A1610157) provided by the German Human Genome Resource Center/
Primary Database (http://www.rzpd.de/) from the orthologous hu-
man gene according to the CHORI protocols (http://www.chori.org/
bacpac/). DNA from clone CH241-67C2 was isolated using the Qiagen 
Midi plasmid kit (Qiagen, Hilden, Germany) and insert size was deter-
mined by pulsed field gel electrophoresis. BAC DNA was restricted 
with different enzymes, separated on 0.8% agarose gels. Fragments 
were cloned into the polylinker of pGEM-4Z (Promega, Mannheim, 
Germany). Recombinant plasmid DNA was sequenced with the Ther-
moSequenase kit (Amersham Biosciences, Freiburg, Germany) and a 
LICOR automated sequencer (LI-COR, Lincoln, NE, USA). After se-
quencing a collection of plasmid subclones, remaining gaps were closed 
by a primer walking strategy until both strands were completely se-
quenced. Sequence data were analyzed with Sequencher 4.2 (Gene-
Codes, Ann Arbor, MI, USA).

  Repetitive elements were detected with Repeatmasker 3.1.0 (http://
www.repeatmasker.org/cgi-bin/WEBRepeatMasker). The genomic 

structure of equine  COL9A2  was determined by using the genomic 
DNA sequence as query in BLASTN (basic local alignment search tool 
nucleotide) analyses of the equine expressed sequence tag (EST) data-
bases (http://www.ncbi.nlm.nih.gov/BLAST/). Equine 3 � -ESTs (Acces-
sion nos. CX597674, CX605327 and CX600538) were used to determine 
the 3 �  end of equine  COL9A2 . When no corresponding equine EST 
could be detected, the human  COL9A2  reference mRNA (Accession no. 
NM001852) was used to annotate the  COL9A2  exons on the genomic 
sequence. For the exact localization of the exon/intron boundaries the 
mRNA-to-genomic alignment program Spidey (http://www.ncbi.nlm.
nih.gov/IEB/Research/Ostell/Spidey/index.html) was used. GC con-
tent was calculated with the EBI toolbox CpG Plot/CpGreport using a 
300-bp window (http://www.ebi.ac.uk/Tools/sequence.html). Simi-
larity between the coding sequence of horse, human (Accession no. 
NM001852), mouse (Accession no. NM007741) and rat (Accession no. 
XM342903) was calculated with the EBI toolbox Align. Protein align-
ment was done with EBI toolbox ClustalW. The dog genome (Boxer 
genome assembly 2.1, http://www.ncbi.nlm.nih.gov/mapview/map_
search.cgi?taxid=9615) could not be aligned because of annotation er-
rors in the predicted mRNA (Accession no. XM_539576) and the pre-
dicted protein (Accession no. XP_539576). 

  Mutation and association analysis 
 To identify variations within the equine  COL9A2  sequence, exons 

with flanking regions were PCR amplified and sequenced from eight 
unrelated Hanoverian Warmblood stallions. PCR primers for the am-
plification of  COL9A2  exons with flanking sequences are given in  Ta-
ble 1 . PCR primers were developed with the Primer 3 program (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The PCR reac-
tions were performed in a total of 30  � l containing 10 ng of genomic 
DNA as template, 10 pmol of each primer and 1 U  Taq  polymerase (MP 
Biomedicals, Eschwege, Germany). After a 5-min initial denaturation 
at 95   °   C, 35 cycles of 45 s at 94   °   C, 45 s at 60   °   C, and 1 min at 72   °   C were 
performed in PTC 100 TM  or PTC 200 TM  thermocyclers (MJ Research, 
Watertown, MA, USA). The obtained PCR products were directly se-
quenced with the DYEnamic ET Terminator kit (Amersham Biosci-
ences) and a MegaBACE 1000 capillary sequencer (Amersham Biosci-
ences), using the PCR primers as sequencing primers.

  We first tested eight unrelated stallions for heterozygosity of the 
SNPs developed. Then we chose the most informative SNPs for these 
stallions which were located in intron 4 (SNP_1), exon 12 (SNP_2) and 
exon 18 (SNP_3). Half-sib families with heterozygous stallions were 
then used for association analyses. So we could include three families 
(71 animals genotyped whereof 36 were progeny) for SNP_1, four fam-
ilies (44 animals genotyped whereof 23 were progeny) for SNP_2
and five families (75 animals genotyped whereof 35 were progeny) for 
SNP_3. The polymorphism information content (PIC) of these SNPs 
was 0.46, 0.36 and 0.45. Phenotypes were classified as affected by OC 
in fetlock or hock joints or not-affected. The prevalence for fetlock OC 
was about 50% and for hock OC about 30% in these families. Briefly, 
irregular bone fragments at the predilection sites of fetlock and hock 
joints were considered as signs of OC. Predilection site in fetlock joints 
was according to Kroll et al. (2001) the sagittal ridge of the 3rd meta-
tarsal/metacarpal bone. Intermediate ridge of the distal tibia and lat-
eral trochlea tali were the predilection sites for hock OC. Statistical 
analyses were performed using SAS/Genetics (Statistical Analysis Sys-
tem, version 9.1.3, Cary, NC, USA) to calculate PIC and to test for Har-
dy-Weinberg equilibrium. Phenotypes for OC and genotypes of SNPs 
of  COL9A2  were tested for genotypic and allelic association using  �  2  
tests of the procedure CASECONTROL of SAS/Genetics. In addition, 
linkage disequilibrium tests and haplotype trait association tests were 
performed using the procedures FAMILY and HAPLOTYPE of SAS/
Genetics. Significance of test statistics was assumed for error probabil-
ities of  P   !  0.05.

  Fluorescence in situ hybridization  
 The 220-kb equine BAC clone containing the equine  COL9A2  gene 

was labelled with digoxigenin by nick translation using a Dig-Nick-
Translation-Mix (Roche Diagnostics, Mannheim, Germany). Fluores-
cence in situ hybridization (FISH) on GTG-banded equine chromo-
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somes (Bowling et al., 1997) was performed using 750 ng of digoxi-
genin-labelled BAC DNA. 20  � g sheared total equine DNA and 10  � g 
salmon sperm were used as competitors in this experiment. After hy-
bridization overnight, signal detection was performed using a Rhoda-
mine Detection Kit (Qbiogene, Heidelberg, Germany). The chromo-
somes were counterstained with 4�,6-diamidino-2-phenylindole 
(DAPI) and embedded in Vectashield Mounting Medium (Vector Lab-
oratories, Burlingame, CA, USA). Thirty metaphases that were previ-
ously photographed were re-examined after hybridization with a Zeiss 
Axioplan 2 microscope equipped for fluorescence.

  Radiation hybrid (RH) mapping 
 A pair of primers was designed using the SP6 sequence of the BAC 

clone for the  COL9A2  gene and the Primer 3 program (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) (5 � -TTTGCAGGCT-
TTTACAGAATG-3 �  and 5 � -TTACTACGTCTCCGTGAAGC-3 � ) gen-
erating a PCR product of 185 bp. Amplification of the marker was test-
ed using standard conditions on the Texas A&M University equine 
5,000-rad hybrid panel (Chowdhary et al., 2002). The PCR reactions 
were performed in a total of 20  � l containing 25 ng of RH cell line DNA 
as template, 15 pmol of each primer and 0.75 U Taq polymerase (MP 
Biomedicals). After a 4-min initial denaturation at 94   °   C, 35 cycles of 
45 s at 94   °   C, 45 s at 59   °   C, and 45 s at 72   °   C were performed in PTC 
200 TM  thermocyclers (MJ Research). PCR products were separated on 
a 1.5% agarose gel and visualized under UV light. Results were scored 
in terms of present, absent or ambiguous in the 92 hybrid cell lines. The 
typing data were incorporated into the latest radiation hybrid map 
made of 861 equine markers typed previously on the equine RH 5000  
panel (Chowdhary et al., 2003), using the two-point analysis (http://
equine.cvm.tamu.edu/cgi-bin/ecarhmapper.cgi) of RHMAPPER-1.22 
(Slonim et al., 1997).

  Results and discussion 

 Analysis of the genomic organization of equine COL9A2 
 A human  COL9A2  cDNA clone was used to screen a ge-

nomic equine BAC library and two positive clones were iso-
lated. Comparative BLAST analysis of the equine BAC clone 
end sequences with respect to the human genome suggested 
that the clone CH241-67C2 contained the entire  COL9A2  

gene. The CH241-67C2 BAC end sequences were de-
posited in the EMBL nucleotide database (Accession nos. 
AM072944, AM072945). BLASTN analysis of the CH241-
67C2 SP6 BAC end against build 35.1 of the human genome 
revealed two significant matches on HSA1p (BLAST E-val-
ue 2e –28 ). These hits were located in human  ZMPSTE24  over 
103 bp (identity 86%) starting at 40,416,415 bp and over 223 
bp (identity 83%) starting at 40,416,617 bp. BLASTN analy-
sis of the CH241-67C2 T7 BAC end against build 35.1 of the 
human genome revealed a significant match on HSA1p 
(BLAST E-value 1e –157 ), located in human MGC27466 gene 
over 454 bp starting at 40,682,150 bp (identity 90%). A col-
lection of plasmid subclones was sequenced to determine 
the complete DNA sequence of  COL9A2 . The remaining 
gaps were closed by a chromosome walking strategy and the 
complete sequence of the  COL9A2  gene was submitted to 
the EMBL nucleotide database (Accession no. AJ182498). 
Using available equine 3 � -EST sequences and the human 
reference cDNA for cDNA-genomic sequence comparisons 
we detected that the equine  COL9A2  gene consists of 32 ex-
ons in agreement with human and murine  COL9A2  genes 
with exon/intron boundaries that conform perfectly to the 
GT/AG rule ( Fig. 1 ). The exon sizes range from 24 to 767 bp, 
the introns between these exons span between 82 and 
1,258 bp and the total size of equine  COL9A2  is approxi-
mately 15 kb. The repeat content in the 15-kb region of 
equine  COL9A2  is 16.6%. The fraction of the SINE (8.5%) 
and LINE (7.0%) elements are nearly balanced. Other re-
petitive elements constitute 1.2%. The entire equine  COL9A2 
 gene has an overall GC-content of 59.4% which is similar to 
the GC-content of human  COL9A2  with 57.2%. Equine 
 COL9A2  contains two CpG islands (Gardiner-Garden and 
Frommer, 1987). The first one is in the first intron (GC con-
tent of 76.1% over 385 bp) and the second one includes exons 
25, 26, 27 and 28 (GC content of 74.4% over 802 bp). Se-
quence analysis of the genomic region upstream of the puta-

Exon Primer F sequence (5�–3�) Primer R sequence (5�–3�) Product 
length (bp)

1 CCGGGCTTCTCAGGTGAC GCTCATCCACCTCCTTTCAC 458
2 CCTTTCCCAGTGGAGCTG CAGGGCGAGAGGTTCAGG 481
3–4 GTGAGGAGAGGAGCATGTGG CAAACAGAACCCCTCTCTGC 510
5–7 TCATGGAGTGTGGTGAAAGG AGTCCTCCGGCAAGTCTACC 588
8–9 CTCTGGGTGCCTGTTCCTAC GGAGACGTGTGGAGATGGAG 618

10–11 CCGGTAAGTGTCCTCAGACC TAGGTTCGTGGCTCCTTCTG 548
12–13 CTCACATTGAGGGCTTCGAG CCAGAGCAGGGAAATGACTC 595
14–16 GTCGGAGAGGGAATCATGC CGCCCCTGTACCAGTCAC 615
17 TTAACACACGTCTTGCTCAGG AGTGTCCCAGATTGCTGGAG 565
18–19 ATGACCAGACCCACTTCCTG GCGACTGTCCAAATGATGAG 679
20–21 ATCTGGACTGGGGATGTGAG CTCACCCAGGCCCCATAC 679
22–23 TAGCCAGGTGTGGAAAGGAG TAGGGCCCTGAGGAGAAAAG 558
24–25 CTCAAGGACGTCAGGTAATGC AATGGAGAACAACGGGTCAG 587
26–27 CCGATCTCCCGCTTTCTG AGAGCGGGGTTGAGAGGAC 528
28–29 CCTCTCAACCCCGCTCTG TCCAGGCTCTCAGGCAAG 620
30 AAGGAGTTGGGGACCTGTG TGGGGGAAAGTGTCTGTACC 521
31 GCAGTCTTTTCCAACGTTCC TCACGGGCAATTATCCATTAC 522
32 AATGGATAATTGCCCGTGAC GACACTTGCCCTGTCTGTTG 584

Table 1. PCR primers for the 
amplification of COL9A2 exons
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3’-Splice site                                    Exon                                  5’-Splice site Intron
phase

Intron
size

                                                    -69 
                      ... (exon 1,  >72 bp) ...  CAGATCgtaagtcccgcggcc 0 1258 bp 

               +73                                 +147 
tgtgtgtgttttcagAGAGGT ... (exon 2,   75 bp) ...  ATCGACgtgagtctaacctga 0 1223 bp 

               +148                                +183 
acttgtatcttgcagGGTGAC ... (exon 3,   36 bp) ...  CCTCCGgtgagtgccttttcc 0   82 bp 

               +184                                +246 
atctctgttttcaagGGACCT ... (exon 4,   63 bp) ...  ACTGATgtgagtacctgagtg 0 1043 bp 

               +247                                +300 
ctctttcttccccagGGTCTA ... (exon 5,   54 bp) ...  GTCAAGgtaagtggcctgctg 0  123 bp 

               +301                                +336 
ccattggtcttgcagGGCCAG ... (exon 6,   36 bp) ...  CTGCCGgtaagtggactccat 0   93 bp 

               +337                                +360 
ttccttctgttccagGGCCCT ... (exon 7,   24 bp) ...  CCCCCTgtaagtcctcaggga 0  317 bp 

               +361                                +414 
cgtctctgttcctagGGACCT ... (exon 8,   54 bp) ...  CCCAAGgtgagccccagccac 0  332 bp 

               +415                                +468 
ctctcttgcttccagGGGGAT ... (exon 9,   54 bp) ...  AAACCGgtaagtgtcctcaga 0  106 bp 

               +469                                +516 
cacgtctcctctcagGGCCGC ... (exon 10,  48 bp) ...  TTCCTGgtgagaggccgggcc 0  217 bp 

               +517                                +573 
ggattctctttccagTGTCCA ... (exon 11,  57 bp) ...  GTGAAGgtgagctccggaccc 0  138 bp 

               +574                                +627 
ttttcttcgcttcagGGGCAT ... (exon 12,  54 bp) ...  AAGCCGgtgagttgcaggcca 0  326 bp 

               +628                                +681 
attcctgccccttagGGTCCC ... (exon 13,  54 bp) ...  CCGCCGgtaaggaaccctccc 0  398 bp 

               +682                                +735 
cttctgtctccatagGGTCCC ... (exon 14,  54 bp) ...  GAGACAgtaagtgatttggga 0   98 bp 

               +736                                +789 
tctgcctcttcccagGGTCCT ... (exon 15,  54 bp) ...  TCCCCGgtaagtctgctcctg 0  119 bp 

               +790                                +843 
tgtccttcttgccagGGTGAG ... (exon 16,  54 bp) ...  GACGTGgtgagtcctcaggca 0 1136 bp 

               +844                                +897 
tctgtctacttgcagGGCAGC ... (exon 17,  54 bp) ...  GCAACCgtaagtggcccaggc 0  426 bp 

               +898                                +951 
tttcctcctgagcagGGTCCC ... (exon 18,  54 bp) ...  GTGAAGgtaggagtggggact 0  234 bp 

               +952                               +1005 
ctctgtctctcccagGGCAGT ... (exon 19,  54 bp) ...  CTCGCGgtgagtatgggctgg 0  978 bp 

               +1006                              +1050 
agcttctttctccagGGGGTG ... (exon 20,  45 bp) ...  GACAAGgtgaggtgaccccaa 0  409 bp 

               +1051                              +1104 
actgttttcctgcagGGTGAG ... (exon 21,  54 bp) ...  AAGGAGgtaagtgtctcctcc 0  607 bp 

               +1105                              +1158 
cactctgtcccccagGGAGAG ... (exon 22,  54 bp) ...  CAGAAGgtaagtgcctggcac 0  293 bp 

               +1159                              +1212 
tccattccatttcagGGCGAC ... (exon 23,  54 bp) ...  CGTCAGgtaatgcagggccgg 0   85 bp 

               +1213                              +1284 
ttcttttctcctcagGGCCCT ... (exon 24,  72 bp) ...  GACAAGgtaccagaaggggct 0  241 bp 

               +1285                              +1320 
tcccgctttctgcagGGCTCC ... (exon 25,  36 bp) ...  GGAGCGgtgagtacagcgccg 0  145 bp 

               +1321                              +1365 
gttctccatttgcagGGCGAC ... (exon 26,  45 bp) ...  GAGAAGgtgagcgggctgcgc 0   86 bp 

               +1366                              +1398 
ttccttgcgctgcagGGCGAG ... (exon 27,  33 bp) ...  GGACAGgtgagcactgcccct 0  185 bp 

               +1399                              +1545 
cctcgcccctggcagCAAGGA ... (exon 28, 147 bp) ...  GTGGCGgtgagttggccctca 0  284 bp 

               +1546                              +1600 
cgcctccgctttcagGGCCGA ... (exon 29,  55 bp) ...  TGCAAGgtgaggggagggggc 1  308 bp 

               +1601                              +1789 
ccttcctccctccagAGCAAC ... (exon 30, 189 bp) ...  CCAAGGgtgagtgctgttctg 1  791 bp 

               +1790                              +1867 
cttctttctctgcagGAAAAC ... (exon 31,  78 bp) ...  TCCCAGgtaagaccttggccc 1  445 bp 

               +1868                              +2634 
ttctgcctttcacagGACTTC ... (exon 32, 767 bp) ... TGTAAATAAAAATCCCCAACT

  Fig. 1.  Exon/intron boundaries of the equine  COL9A2  gene. Exon sequences are shown in uppercase letters, and 
intron sequences in lowercase letters. Untranslated regions are shown in italics. The conserved GT/AG exon/intron 
junctions are shown in boldface type. For exon 32 the polyadenylation signal is shown underlined instead of an 
exon/intron junction. Position +1 corresponds to the adenine of the translation initiation codon ATG. 
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horse           -MAAAAAPRSLLVLLQVLGLALAQIRGPPGEQGPPGPPGPPGVPGSDGIDGDKGPPGKAG 59 
human           MAAATASPRSLLVLLQVVVLALAQIRGPPGERGPPGPPGPPGVPGSDGIDGDNGPPGKAG 60 
mouse           -MTAVPAPRSLFVLLQVLWLALAQIRGPPGEPGPPGPPGPPGVPGSDGIDGDKGPPGKVG 59 
rat             -MTALPAPRSLLLFLQVLWLALAQIRGPPGEPGLPGPPGPPGVPGSDGIDGDKGPPGKVG 59 
                  :* .:****:::***: ************ * ******************:*****.* 

horse           PPGPKGEPGQAGPDGPDGKPGTDGLTGAKGEPGPMGIPGVKGQPGLPGPPGLPGPGFAGP 119 
human           PPGPKGEPGKAGPDGPDGKPGIDGLTGAKGEPGPMGIPGVKGQPGLPGPPGLPGPGFAGP 120 
mouse           PPGSKGEPGKPGPDGPDGKPGIDGLMGAKGEPGPVGTPGVKGQPGLPGPPGLPGPGFAGP 119 
rat             PPGSKGEPGKPGPDGPDGKPGIDGLMGAKGEPGPMGTPGIKGQPGLPGPPGLPGPGFAGP 119 
                ***.*****:.********** *** ********:* **:******************** 

horse           PGPPGPVGLPGEIGITGPKGDPGPDGPSGPPGPPGKPGRPGTIAGLEGSADFLCPTNCPA 179 
human           PGPPGPVGLPGEIGIRGPKGDPGPDGPSGPPGPPGKPGRPGTIQGLEGSADFLCPTNCPP 180 
mouse           PGPPGPVGLPGEIGTPGPKGDPGPEGPSGPPGPPGKPGRPGTIQGLEGSADFLCPTNCPA 179 
rat             PGPPGPVGLPGEIGTPGPKGDPGPEGPSGPPGPPGKPGRPGTIQGLEGSADFLCPTNCPA 179 
                **************  ********:****************** ***************. 

horse           GAKGPPGLQGVKGHPGKRGALGDSGRQGKPGPKGDVGASGEQGIPGPPGPQGIRGYPGME 239 
human           GMKGPPGLQGVKGHAGKRGILGDPGHQGKPGPKGDVGASGEQGIPGPPGPQGIRGYPGMA 240 
mouse           GVKGPQGLQGVKGHPGKRGILGDPGRQGKPGPKGDVGASGEQGIPGPPGPQGIRGYPGMA 239 
rat             GVKGPQGLQGVKGHPGKRGILGDPGRQGKPGPKGDVGASGEQGIPGPPGPQGIRGYPGMA 239 
                * *** ********.**** ***.*:*********************************

horse           GPKGETGPRGYKGMLGSIGAAGSPGEEGPRGPPGRAGEKGDVGSQGVRGPQGITGPKGAT 299 
human           GPKGETGPHGYKGMVGAIGATGPPGEEGPRGPPGRAGEKGDEGSPGIRGPQGITGPKGAT 300 
mouse           GPKGEMGPRGYKGMVGSIGAAGPPGEEGPRGPPGEAGEKGDVGSQGARGPQGITGPKGIT 299 
rat             GPKGEMGPRGYKGMVGSIGAAGPPGEEGPRGPPGRAGEKGDVGSQGARGPQGITGPKGTT 299 
                ***** **:*****:*:***:*.***********.****** ** * *********** * 

horse           GPPGIDGKDGTPGTPGVKGSAGQAGRPGNPGHQGLAGVPGQPGTKGGPGDKGEPGQQGLP 359 
human           GPPGINGKDGTPGTPGMKGSAGQAGQPGSPGHQGLAGVPGQPGTKGGPGDQGEPGPQGLP 360 
mouse           GPPGIDGKDGTPGIPGMKGSAGQVGRPGSPGHQGLAGVPGQPGTKGGPGDKGEPGQQGLP 359 
rat             GPPGIDGKDGTPGIPGMKGSAGQVGRPGSPGHQGLAGVPGQPGTKGGPGDKGEPGQQGFP 359 
                *****:******* **:******.*:**.*********************:**** **:* 

horse           GFSGPPGKEGEPGPRGEIGPRGIVGQKGDQGERGPVGQPGPQGRQGPKGEQGPPGIPGPQ 419 
human           GFSGPPGKEGEPGPRGEIGPQGIMGQKGDQGERGPVGQPGPQGRQGPKGEQGPPGIPGPQ 420 
mouse           GVSGPPGKEGEPGPRGEIGPQGIMGQKGDQGERGPVGQPGPQGRQGPKGEQGPPGIPGPQ 419 
rat             GISGPPGKEGEPGPRGETGPQGIMGEKGDQGERGPVGQPGPQGRQGPKGEQGSPGIPGPQ 419 
                *.*************** **:**:*:**************************.******* 

horse           GLPGIKGDKGSPGKTGPRGGAGDPGVAGLPGEKGEKGESGEPGPKGQQGVRGEPGYPGPS 479 
human           GLPGVKGDKGSPGKTGPRGKVGDPGVAGLPGEKGEKGESGEPGPKGQQGVRGEPGYPGPS 480 
mouse           GLPGIKGDKGSPGKTGPRGGVGDPGVAGLPGEKGEKGQSGEPGLKGQQGVRGETGYPGPS 479 
rat             GLPGIKGDKGSPGKTGPRGGVGDPGVAGLPGEKGEKGLSGEPGLKGQQGVRGEPGYPGPS 479 
                ****:************** .**************** ***** *********.****** 

horse           GDAGAPGVQGYPGPPGPRGLAGDRGVPGQPGRQGVAGRDASDQHIVDVVLKMLQEQLAEV 539 
human           GDAGAPGVQGYPGPPGPRGLAGNRGVPGQPGRQGVEGRDATDQHIVDVALKMLQEQLAEV 540 
mouse           GDIGAPGVQGYPGLPGPRGLVGDRGVPGQPGRQGVVGRAASDQHIVDVVLKMIQEQLAEV 539 
rat             GDAGAPGVQGYPGLPGPRGLVGDRGVPGQPGRQGVVGRAASDQHIVDVVLKMIQEQLAEV 539 
                ** ********** ******.*:************ ** *:*******.***:******* 

horse           AVSAKREALGATGMVGPPGPPGPPGYPGKQGPHGHPGPRGIPGIVGAVGQIGNTGPKGKR 599 
human           AVSAKREALGAVGMMGPPGPPGPPGYPGKQGPHGHPGPRGVPGIVGAVGQIGNTGPKGKR 600 
mouse           AVSAKREALGAAGMVGLPGPPGPPGYPGKQGPNGHPGPRGIPGIVGAVGQIGNTGPKGKR 599 
rat             AVSAKREALGATGMVGLPGPPGPPGYPGKQGPNGHPGPRGIPGIVGAVGQIGNTGPKGKR 599 
                ***********.**:* ***************:*******:******************* 

horse           GEKGDQGDTGRGHPGMPGPPGIPGLPGRPGQAINGKDGDRGSPGAPGEAGRPGLPGPVGL 659 
human           GEKGDPGEVGRGHPGMPGPPGIPGLPGRPGQAINGKDGDRGSPGAPGEAGRPGLPGPVGL 660 
mouse           GEKGDRGEMGHGHPGMPGPPGIPGLPGRPGQAINGKDGDRGSPGAPGEAGRPGRPGPVGL 659 
rat             GEKGDQGEMGRGHPGMPGPPGIPGLPGRPGQAINGKDGDRGSPGAPGEAGRPGRPGPVGL 659 
                ***** *: *:****************************************** ****** 

horse           PGFCEPAACLGASAYASARLTEPGSIKGP 688 
human           PGFCEPAACLGASAYASARLTEPGSIKGP 689 
mouse           PGFCEPAACLGASAYTSARLTEPGSIKGP 688 
rat             PGFCEPAACLGASAYTSARLTEPGSIKGP 688 
                ***************:************* 

  Fig. 2.  Alignment of the equine COL9A2 protein (688 amino acids) with known orthologous COL9A2 protein 
sequences. The sequences were derived from GenBank entries with the accession numbers NP_001843 (human 
COL9A2), NP_031767 (mouse COL9A2) and XP_342904 (rat COL9A2). Identical residues are indicated by asterisks 
beneath the alignment, while colons and dots represent very similar and similar amino acids, respectively. 
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tive transcription start site indicated the absence of TATA 
and CCAAT boxes. The mRNA of equine  COL9A2  (Acces-
sion no. AJ182497) contains an open reading frame of 
2,064 nt coding for a protein of 688 amino acids. The trans-
lation start codon was assigned based on the homology to 
the human ortholog. The polyadenylation signal AATAAA 
is located approximately 560 bp downstream of the stop co-
don resulting in a transcript of approximately 2.6 kb ( Fig. 1 ). 
In the coding sequence the equine  COL9A2  gene displays 
89.5% similarity to the human  COL9A2  gene, 86.0% simi-
larity to the murine  Col9a2  gene and 86.4% similarity to the 
rat  Col9a2  gene, respectively. In the untranslated regions 
the sequence similarity between human, mouse, rat and 
horse is rather low. The equine COL9A2 protein displays 
95.9%, 93.9% and 93.9% similarity to the human, murine 
and rat COL9A2 proteins ( Fig. 2 ). 

  Polymorphisms within the equine COL9A2 gene 
 The search for sequence variations within the  COL9A2 

 gene revealed a total of 32 SNPs shown in  Table 2 . One SNP 
located in exon 18 affects the amino acid sequence at posi-

tion 310 of equine COL9A2 protein. This SNP causes an 
amino acid change from threonine to alanine. In the hu-
man, murine, rat and dog COL9A2 proteins, threonine is 
found at the corresponding amino-acid position. Quality 
evaluation of the observed SNPs revealed four SNPs with 
nearly equal allele frequencies and all three possible geno-
types and seven SNPs with nearly equal genotype frequen-
cies for genotypes homozygous for allele 1 and heterozygous 
genotypes. The eleven SNPs suitable for association studies 
in horses are shown in bold face in  Table 2 .

  Chromosomal assignment and RH mapping results 
 For the chromosomal localization of BAC clone CH241-

67C2, the BAC DNA was used as probe in a FISH experi-
ment on equine metaphase chromosomes. The assignment 
localized the  COL9A2  to ECA2p16 ] p15 ( Fig. 3 ). In order 
to confirm the FISH mapping of the BAC clone CH241-
67C2 an SP6 BAC end marker was typed on the equine 
RH 5000  panel. RH analysis of the SP6 BAC end marker 
showed a retention frequency of 14.1%.  COL9A2  was local-
ized on ECA2, close to marker COR037 with a lod score of 

Table 2. Single nucleotide polymorphisms within the equine COL9A2 gene

Location of 
polymorphic site

Positiona Equine cDNA 
position

Nucleotide 
polymorphism

Amino acid 
substitution

Allele 
frequencies

Genotype
frequenciesb

intron 2 212 C]T 0.94/0.06 87.5/12.5/0.0
intron 4 94 G]A 0.81/0.19 62.5/37.5/0.0
intron 4 117 T]C 0.94/0.06 87.5/12.5/0.0
intron 5 17 G]A 0.75/0.25 50.0/50.0/0.0
intron 8 147 G]A 0.75/0.25 50.0/50.0/0.0
intron 10 59 G]A 0.88/12.5 87.5/0.0/12.5
intron 11 29 C]T 0.94/0.06 87.5/12.5/0.0
exon 12 18 591 C]T silent 0.75/0.25 50.0/50.0/0.0
intron 12 244 A]G 0.94/0.06 87.5/12.5/0.0
exon 13 18 645 G]A silent 0.94/0.06 87.5/12.5/0.0
intron 14 10 T]C 0.94/0.06 87.5/12.5/0.0
intron 15 93 C]T 0.94/0.06 87.5/12.5/0.0
intron 16 85 G]A 0.56/0.44 25.0/62.5/12.5
intron 16 108 C]T 0.75/0.25 50.0/50.0/0.0
exon 17 42 885 G]A silent 0.94/0.06 87.5/12.5/0.0
exon 17 54 897 C]G silent 0.94/0.06 87.5/12.5/0.0
intron 17 141 C]T 0.94/0.06 87.5/12.5/0.0
exon 18 31 928 A]G 310Thr]310Ala 0.56/0.44 25.0/62.5/12.5
intron 20 260 A]G 0.94/0.06 87.5/12.5/0.0
intron 24 80 C]T 0.50/0.50 25.0/50.0/25.0
intron 24 176 C]T 0.75/0.25 50.0/50.0/0.0
intron 24 211 T]C 0.75/0.25 50.0/50.0/0.0
exon 25 12 1296 G]A silent 0.94/0.06 87.5/12.5/0.0
intron 26 7 G]T 0.69/0.31 50.0/37.5/12.5
intron 29 14 G]A 0.94/0.06 87.5/12.5/0.0
exon 30 170 1770 C]T silent 0.94/0.06 87.5/12.5/0.0
intron 30 53 G]C 0.94/0.06 87.5/12.5/0.0
intron 30 731 C]T 0.94/0.06 87.5/12.5/0.0
intron 31 229 G]A 0.94/0.06 87.5/12.5/0.0
exon 32 110 1977 C]T silent 0.69/0.31 37.5/62.5/0.0
exon 32/UTR 235 2102 G]A silent 0.94/0.06 87.5/12.5/0.0
exon 32/UTR 258 2125 C]G silent 0.94/0.06 87.5/12.5/0.0

a Numbering refers to the position of the polymorphic nucleotide within the given exon or intron respectively.
b Genotypes are given as number of animals (homozygous for allele 1/heterozygous/ homozygous for allele 2).

D
ow

nloaded from
 http://karger.com

/cgr/article-pdf/115/2/107/2373001/000095229.pdf by U
niversitÃ¤tsbibliothek Bern user on 31 M

ay 2023



 Cytogenet Genome Res 115:107–114 (2006) 113

12. The linked microsatellite marker was previously mapped 
on ECA2, 47.8 cR from the beginning of  RBBP4  on 
ECARH02b of the RH 5000  map (Chowdhary et al., 2003). On 
the latest male comprehensive linkage map of horse auto-
somes (Penedo et al., 2005) COR037 was located at 51.3 cM, 
and at 26.9 cM on the previously published sex-averaged 
genetic linkage map of the horse autosomes (Swinburne et 
al., 2006). The assignment of the equine  COL9A2  gene on 
ECA2 is in good agreement with established syntenies 
among human chromosome 1p, murine chromosome 4 and 
equine chromosome 2p (Chowdhary et al., 2003; Swinburne 
et al., 2006).

  Association analysis 
 All three SNPs genotyped were in Hardy-Weinberg equi-

librium. The test statistics for association and linkage dis-
equilibrium analyses with fetlock and hock osteochondro-
sis were not significant ( P  = 0.17 to 0.97).

  Conclusions 
 In conclusion, our results provide the complete anno-

tated genomic sequence of the equine  COL9A2  gene. We 
identified 32 SNPs within equine  COL9A2  among them 
eleven SNPs which seem suitable for association studies. 
Consistent with the human-horse comparative map the lo-
calization of the equine BAC CH241-67C2 containing 
 COL9A2  confirmed syntenic correspondences between 
equine chromosome 2p, human chromosome 1p and mu-
rine chromosome 4, respectively. The present study pro-
vides detailed information towards new polymorphic SNP 

  Fig. 3.  Chromosomal assignment of the equine  COL9A2  gene by FISH analysis. The digoxigenin labeled BAC clone 
CH241-67C2 containing the equine  COL9A2  gene was hybridized to GTG-banded metaphase chromosomes of a normal 
horse. Signal detection was performed using a Rhodamine detection kit. The chromosomes were counterstained with 
DAPI and embedded in Vectashield mounting medium. Double signals on both ECA2 chromosomes are indicated by 
arrows. 

markers and comparative mapping of the equine genome. 
An association study with Hanoverian warmblood horses 
including three to five paternal half-sib families segregating 
for osteochondrosis could neither show significant linkage 
disequilibrium nor significant test results for genotypic and 
allelic association or haplotype trait association.
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