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Over the last few years great efforts have been put into the genetic 
and physical mapping of several mammalian species. Among 
mammals, human and mouse maps are the most developed, but 
significant progress has also been made in economically important 
agricultural species like cattle, sheep, and pig. Microsatellite loci 
have formed the basis of these genetic maps because they display 
significaiat polymorphism and are evenly distributed throughout 
the genome. An international collaboration (DogMap) was estab- 
lished in 1993, with the initial aim of generating a low-resolution 
canine marker map. Details about the aims, participants, rules, etc. 
of DogMap can be found on the WWW at http://ubeclu.unibe.ch/ 
itz/dogmap.html. One important long-term objective of the work is 
to establish tools to identify the gene(s) responsible for inherited 
disease, thereby offering the possibility to develop strategies that 
could reduce the incidence of such diseases through systematic 
selective breeding. 

The combination of genetic mapping with the physical assign- 
ment of the markers to specific chromosomes has been successful 
for most animal species with a well-developed gene map. The 
complex karyotype of the dog, consisting of 78 chromosomes, 
many of which are similar in size and banding pattern, makes 
physical mapping difficult. At the moment only 21 autosomes have 
an internationally accepted karyotype (Switofiski et al. 1996), and 
cytogenetic identification of canine chromosomes will probably 
rely on both traditional banding as well as indirect identification 
with specific probes, anchor loci, and chromosome paints. 

This study presents a linkage analysis of 94 polymorphic loci 
and provides the first linkage groups from the International Dog- 
Map collaboration. 

At the First International DogMap Meeting (1993) a common 
reference panel for typing polymorphic markers was established; 
this was the first such panel for canine genetic mapping. The 
reference panel, including the parents, consists of a total of 129 
dogs of pure-bred German Shepherd (35 offspring) and Beagles 
(71 offspring). Details of the family structure are given in Fig. 1. 

In the present study, 94 genetic markers were typed in the 
reference panel (Table 1). Five of the loci were protein polymor- 
phisms, one was a tandem repeat in the von Willebrand factor 
gene, and the rest were microsatellites (3 tetranucleotide and 85 
dinucleotide repeats). The five protein polymorphisms consisted of 
four blood plasma proteins; transferrin (TF), alpha 1 - protease 
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inhibitor (PI), alpha 1B-glycoprotein (A1BG), apolipoprotein A4 
(APOA4) and erythrocyte enzyme superoxide dismutase 1 
(SOD1). The number of alleles detected in the reference family 
varied between 2 and 11, with a mean value of 4.8 alleles. An 
overview of the marker loci, number of alleles, as well as the 
proportion of heterozygotes in the parents, is given in Table 1. 

Microsatellites were typed in five laboratories using primers 
radiolabeled with [~/-33 P] ATP and manual sequencing gels or 
fluorescently labeled primers and an automated sequencer (Phar- 
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Fig. 1. Reference panel for typing polymorphic markers, consisting of a 
total of 129 dogs of pure-bred German Shepherd (35 offspring) and 
Beagles (71 offspring). 
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Table 1. Overview over markers used for typing in the reference panel of DogMap. 

Proportion of 
No. of heterozygotes in 

Locus alleles parents References 

176 5 0.522 Ostrander et al. 1995 
188 2 0.261 Ostrander et al. 1995 
191 2 0.348 Ostrander et al. 1995 
339 5 0.696 Ostrander et al. 1995 
349 4 0.652 Ostrander et al. 1995 
359 5 0.739 Ostrander et al. 1995 
363 5 0.348 Ostrander et al. 1995 
371 4 0.783 Ostrander et al. 1995 
383 3 0.783 Ostrander et al. 1995 
403 3 0,522 Ostrander et al. 1995 
453 7 0.565 Ostrander et al. 1995 
473 11 0.870 Ostraoder et al_ 1995 
618 6 0.565 Ostrander et at. 1995 
629 5 0,348 Ostrander et al. 1995 
630 7 0,522 Ostrander el al. 1995 
2001 7 0.826 Francisco et al. 1996 
2010 4 0.696 Francisco et al. 1996 
2054 7 0.522 Francisco et al. 1996 
2088 4 0,435 Francisco et al. 1996 
A1BG (alphalB- 

glycoprotein) 2 0.261 Juneja et al. 1987 
AHT101 6 0.522 Holmes et al. 1993a 
AHT103 6 0.696 Holmes et al. 1995 
AHTI04  2 0.304 Holmes et al. 1995 
AHT107 3 0.522 Holmes et al. 1993a 
AHT109 3 0,348 Holmes et al. 1993a 
AHT110 3 0.217 Holmes et al. 1993a 
AHT111 5 0.565 Holmes et al, 1993a 
A H T l l 5  2 0,130 Holmes et al. 1993b 
AHT118 5 0.391 Holmes et al. 1995 
AHT119 4 0,261 Holmes et al. 1995 
A HT121 7 0,826 Holmes et al. 1995 
AHT123 4 0.348 Holmes et al. 1995 
AHT125 6 0.652 Holmes et al, 1994 
AHT127 3 0.391 Holmes et al. 1995 
AHT129 5 0.609 Unpublished 
AHT133 5 0.522 Holmes et al. 1995 
AHT 135 4 0.565 Unpublished 
AHT138 4 0,522 Holmes et al. 1995 
AHTf66 6 0.609 Unpublished 
AHTk120 6 0.522 Unpublished 
AHTk20 4 0.609 Fischer et al. 1996 
AHTk207 3 0.478 Unpublished 
AHTk211 5 0.696 Unpublished 
AHTk292 6 0.304 Unpublished 
AHTk32 5 0,435 Unpublished 
AHTk39 5 0.522 Unpublished 
APOA4 (apolipo- 

protein A4) 2 0.391 Juneja et al. 1989 
CPH 8 5 0.435 Fredholm and Winterci 1995 
CPH 1 3 0,435 Fredholm and Winter~ 1995 
CPH 10 7 0,652 Fredholm and Winterci 1995 
CPH 11 11 0.478 Fredholm and Winterr 1995 
CPH 12 2 0,304 Fredholm and Winterr 1995 
CPH 13 8 0.609 Fredholm and Winterr 1995 
CPH 14 4 0.609 Fredholm and Winterr 1995 
CPH 15 4 0.435 Fredholm and Winterr 1995 
CPH 16 6 0.522 Fredholm and Winterr 1995 
CPH 19 6 0.391 Fredholm and Winterr 1995 
CPH 2 4 0.565 Fredholm and Winterr 1995 
CPH 20 3 0,348 Fredholm and Winterr 1995 
CPH 21 7 0,522 Unpublished 
CPH 3 6 0.652 Fredholm and Winterr 1995 
CPH 4 4 0.304 Fredholm and Winterr 1995 
CPH 5 3 0.391 Fredholm and Winterci 1995 
CPH 6 7 0,435 Fredholm and Winterr 1995 
CPH 7 7 0.522 Fredholm and Winter~ 1995 
CPH 9 5 0.435 Fredholm and Winterr 1995 
CXX.123 6 0,435 Ostrander et al. 1993 
CXX.130 6 0.522 Ostrander et al, 1993 
CXX.140 5 0.522 Ostrander et al. 1993 
CXX. 147 3 0.435 Ostrander et al. 1993 
CXX.176 5 0.522 Ostrander et al. 1995 
CXX.2 5 0.435 Ostrander et al. 1993 
CXX.20 7 0.696 Ostrander et al. 1993 
CXX.213 6 0.739 Ostrander et al. 1993 
CXX.250 6 0.826 Ostrander et al. 1993 
CXX.251 3 0,174 Ostrander et al. 1993 

Table 1. Continued. 

Proportion of 
No. of heterozygotes in 

Locus alleles parents References 

CXX.279 6 0,652 Ostrander et ah 1993 
CXX.30 7 0.565 Ostrander et al. 1993 
CXX.69 4 0.609 Ostrander et al. 1993 
LEI 004 3 0.696 Holmes et al. 1993a 
LEI 015 5 0.609 Mellersh et al. 1994 
LEI 030 4 0,739 Unpublished 
LEI001 4 0,652 Holmes et al. 1993a 
LEI005 8 0.826 Unpublished 
LEI024 4 0.391 Unpublished 
LEI025 5 0.391 Unpublished 
LEI028 3 0.391 Unpublished 
LEI032 4 0.435 Unpublished 
MichiganCO4107 5 0.696 Yuzbasiyan-Gurkan et al., 1996 
PI (alphal- 

protease 
inhibitor) 2 0,087 Juneja et al. 1987 

SOD 1 
(superoxide 
dismutase 1) 2 0.130 Baur and Schorr, 1969. 

TF (transferrin) 3 0.348 Juneja et al. 1987 
VIAS-D10 4 0.348 Primmer and Matthews 1993 
VWF 3 0.522 Shibuya et al., 1994 

macia ALF, ABI 377). Two-point linkage analysis was carried out 
with the computer program package FASTLINK 3.0P (Cottingham 
et al. 1993). As the maximum number of haplotypes is restricted in 
the analysis with FASTLINK, we first conducted a two-point 
analysis involving all 94 loci. Only then did we conduct multipoint 
analyses for ordering purposes exclusively, including only those 
loci that were linked. 

Based on two-point linkage analysis, 43 of the 94 loci could be 
assigned to 16 different linkage groups (Table 2) which if they 
correspond to different chromosomes would place linkage groups 
on about half of the canine chromosomes. Seven linkage groups 
comprised more than two loci, and of these three could be ordered 
(Fig. 2). Three of the microsatellites genotyped have also been 
assigned to chromosomes by FISH. The present standard canine 
karyotype includes all chromosomes down to 21; at present, it is 
not possible to unambiguously resolve the smaller chromosomes. 
Using the physical mapping data (Fischer et at. 1996), we can 
assign two linkage groups to chromosomes (LI3 to Canis famil- 
iaris 20 (CFA20), and L16 to CFA18); a third linkage group, L8, 
can be assigned as belonging to a group of the smaller chromo- 
somes. 

Assuming that the size of the haploid canine genome is ap- 
proximately the same as in other mammals (30 M) the 16 linkage 
groups bracket about 6.5% of the haploid genome (1.9 M). If we 
further assume that our family material would allow us to detect 
linkage within 10 cM of a given marker, that is, 10 cM on either 
side of a linkage group and 10 cM on either side of an unlinked 
marker, our 16 linkage groups together with the 51 unassigned 
markers, the total of the 94 investigated loci, potentially cover 15 
M, which is about 50% of the haploid genome. 

The dog represents the most differentiated domesticated spe- 
cies in terms of the number of distinct breeds and offers many 
possibilities for basic genetic research not found in other species. 
Hundreds of years of selective breeding, cross-breeding, line- 
breeding and inbreeding have created dramatic phenotypic and 
genetic differences, and there may be fixation, or at least very high 
allele frequencies, for putative major genes or QTLs. There is 
extreme variation in many traits including weight, speed, behavior 
patterns, aggression, and hunting methods; this offers a wealth of 
opportunities for mapping single major loci as well as quantitative 
trait loci. 

Among dog breeders and dog owners there is great concern 
about inherited diseases, particularly those with a simple recessive 
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Table 2. 16 linkage groups defined by typing of the reference panel of the interna- 
tional DogMap collaboration. 

Linkage Recombination lod 
group locus 1 locus 2 fraction score 

LI AHTI25 AHT118 0,021 10.54 
2010 0.133 9.94 
363 0.071 9.32 
CXX.130 0.150 9.04 

AHT118 2010 0.159 3.24 
363 0.001 6.62 

2010 363 0.155 4.03 
L2 LEI 024 LEI 025 0.058 9.17 

CPH 8 0.111 5.94 
LEI 025 CPH 8 0.021 10.83 

L3 AHT 109 LEI 030 0.178 3.58 
CXX.69 0.078 5.64 
CPH 3 0.073 6.48 

LEI 030 CXX.69 0.051 9.60 
CPH 3 0.122 8.30 

CXX.69 CPH 3 0.016 14.31 
L4 AHT 135 LEI 004 0.054 19.05 
L5 TF 453 0.030 13.27 

CXX. 123 0.048 7.65 
453 CXX.123 0.018 9.56 

CPH 6 0.100 7.53 
L6 PI1 618 0.039 5.38 
L7 LEI 005 CXX.279 0.056 23.34 
L8 LEI 032 CXX.213 0.218 3.54 

AHTk120 0.185 3.45 
CXX.213 AHTkl20 0.083 8.18 

L9 LEI 001 CXX.20 0.145 4.82 
L10 AHT 133 CXX.359 0.070 8.99 
Lll  CPH 11 CPH 1 0.001 5.12 
L12 CPH 9 CXX.188 0.100 3.89 

CXX.2 0.065 6.93 
L13 630 CPH 16 0.122 4.07 

AHTk20 0.085 8.22 
L14 AHTI27 CPH 13 0.069 10.13 
L15 VIAS-DI0 CPH 20 0.083 3.63 
L 16 AHTk292 AHTk32 0.077 3.86 

LI L3 L13 

AHTll8 

2010 AHT109 

0.160 0.074 

363 CPH 3 

0.071 0.016 

CXX.69 
AHT125 

0.051 
0.155 

LE1030 
CXX.130 . Chr20 

AHTk20 

0.086 

630 

0.125 

CPH 16 

Fig. 2. Ordering of the linkage groups L1, L3, and L13. Linkage group 1 
was established by ordering 2010-AHT125-CXX.130 using ILINK (odds 
1.67E + 3) and integrating 363 with LINKMAP (odds 7.41E + 3). The 
locus AHT118 cannot be placed properly with LINKMAP but lies between 
2010 (odds 5.59E + 5) and CXX.130 (odds 2.55E + 3). Linkage group 3 
was established by placing LEI 030 relative to AHT109-CXX.069 with 
LINKMAP (odds 1.01E + 3) and integrating CPH 3 with LINKMAP (odds 
9.20E + 2). Linkage group 13 was established by placing AHTk20 relative 
to 630-CPH 16 (odds 2.18E + 4). AHTk20 anchors L13 on Chr 20 (Chr 
20). The distances indicated are given in Kosambi morgans and based on 
two-point linkage analysis. 

F. Lingaas et al.: Towards construction of a canine linkage map 

m o d e  of  inheri tance,  wh ich  are the mos t  numerous .  The  f requency 
of  inheri ted d iseases  is a larmingly  h igh  in m a n y  dog breeds,  and 
these  disorders  have  proved  difficult  to eradicate by traditional 
breeding methods .  The  d iagnosis  of  an  inheri ted d isease  in a litter 
usua l ly  resul ts  in the  exc lus ion  o f  c lose relat ives f rom further  
breeding.  This  m a y  have  a dramatic  impac t  on effect ive populat ion 
sizes, especial ly  in smal l  inbred popula t ions ,  and m a y  also reduce  
breeding progress  for other  impor tant  traits. The  identif ication of  
genes  involved  in f requent ly  occurr ing inheri ted diseases  will al- 
low breeders  to avoid cross ing two dogs  that are carriers for the 
same  recess ive  disorder. This  will have  an immedia te ,  dramatic  
impact  on  the  f requency of  dogs  suffer ing  f rom inheri ted diseases .  
At  the s ame  t ime,  genet ic  test ing permi ts  breeders  to do carrier x 
normal  c rosses  to main ta in  and improve  other beneficial  traits in 
their lines. Ma t ing  such  carrier males  with f emales  h o m o z y g o u s  
negat ive  for the  d isease  will not  p roduce  an imals  with the disease,  
and select ion agains t  carriers of  d isease  alleles m a y  be pe r fo rmed  
in the next  generat ion.  The  exis tence  o f  canine h o m o l o g s  o f  h u m a n  
inheri ted d iseases  offers attractive possibil i t ies for the develop-  
men t  and tes t ing o f  t rea tments  for h u m a n  inheri ted diseases  in 
these  canine  d isease  models .  
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