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Abstract. Frequency distribution and allele size in 20 canine mi-
crosatellite loci were analyzed in 33 flat-coated retrievers, 32
dachshunds, 10 red foxes, and 10 Arctic foxes. Overall, the major
difference between the two dog breeds was the relative allele fre-
quencies rather than the size ranges of alleles at the individual
locus, The average heterozygosity within the two dog breeds was
not significantly different. Since the average heterozygosity at sev-
eral polymorphic loci is a relative measure of heterogeneity within
the population, analysis of heterozygosity within microsatellite
loci is suggested as a measure for the diversity of populations.
Eighty percent (16 of 20) of the canine microsatellite primer pairs
amplified corresponding loci in the two fox species. This reflects
a very high sequence conservation within the Canidae family rel-
ative to findings in, for instance, the Muridae family. This indi-
cates that it will be possible to utilize the well-characterized fox
karyotype instead of the dog karyotype as a step towards physical
mapping of the dog genome. Analysis of exclusion power and
probabilities of genetic identity between unrelated animals by use
of the seven most informative loci demonstrated that it will be
possible to assemble a panel of microsatellite loci that is effective
for parentage analysis in all breeds.

Introduction

Repetitive sequences can be found scattered throughout the ge-
nomes of higher organisms. A subclass of these sequences consists
of iterations of 1-5 base pairs commonly referred to as simple
sequence repeats or microsatellites (Hamada et al. 1982; Litt and
Luty 1989; Weber and May 1989). The repeat motif most widely
found in eucaryotic genomes is (dC-dA),~(dG-dT), (Stallings et
al. 1991; Hamada et al. 1982). These microsatellite loci have been
shown to be highly polymorphic, because of variation in the num-
ber of repeat units (Litt and Luty 1989; Weber and May 1989).
They can be amplified faithfully with the polymerase chain reac-
tion (PCR), enabling precise allele designation both in pedigree
and population surveys. This makes them applicable both in gene
mapping, population genetics, and for individual identification.
Although the chromosomal distribution of (dC-dA) ~(dG-dT),
microsatellites have been found to be highly conserved in mam-
malian genomes, there does not appear to be extensive conserva-
tion of dinucleotide repeat positions in evolutionary distant species
(Stallings et al. 1991). However, microsatellite loci are often con-
served among related species of mammals. Between closely re-
lated species, as for instance cattle and sheep, it has been shown
that roughly 60% heterologous PCR primers can be used (Moore
et al. 1991), whereas in the case of mouse and rat only 12-16%
heterologous primers are successful (Kondo et al. 1993).
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The ease of isolation and utility of microsatellites have made it
possible to investigate and apply them to a wide range of different
species in which extensive basic genetic analysis has not previ-
ously been feasible. Currently efforts are made towards a charac-
terization of the canine genome, based on the use of microsatellites
(Ostrander et al. 1993; Holmes et al. 1993). We have isolated
microsatellites from two canine partial genomic plasmid libraries
in order to contribute towards the construction of a linkage map.
As the knowledge about the frequency distribution of microsatel-
lite alleles within and between canine species currently is sparse,
we have investigated two different dog breeds and two different
fox species with 20 canine microsatellite primer pairs to generate
data on similarities and divergence of populations within the
Canidae family. Furthermore, the allele frequencies in the two dog
breeds were used to evaluate the efficiency of the microsatellites
with regard to parentage control.

Materials and methods

Samples

EDTA-stabijlized blood was collected from 32 unrelated dachshunds (7
wire-haired standard, 2 wire-haired dwarf, 14 short-haired standard, 6 long-
haired standard, and 3 long-haired dwarf), 33 randomly chosen flat-coated
retrievers, 10 unrelated farmed red foxes (Vulpes vulpes), and 10 Arctic
foxes (Alopex lagopus) randomly sampled in Greenland. Pedigrees of 5-12
animals of varying dog breeds were used for analysis of Mendelian seg-
regation. DNA was prepared by using a modification of the salting out
procedure described by Miller et al. (1988; Fredholm et al. 1993).

Cloning and sequencing of microsatellites

High-molecular-weight DNA was isolated from a golden retriever male as
described above. The DNA was partially digested with Rsal/Alul/Haelll
(library 1) or Rsal/Alul/Dral (library 2). Fragments ranging in size from
300 to 600 bp were purified by preparative agarose gel electrophoresis (Bio
101) and blunt-end ligated into EcoRV-digested plasmid vector pBlue-
script KS + II (Stratagene). Transformation into high-efficiency, competent
E. coli Sure® cells (Stratagene) was performed according to standard pro-
cedures (Maniatis et al. 1982).

Nitrocellulose colony lifts were screened by hybridization to synthetic
(dG-dT)g and (dC-dA-dG), oligonucleotide, which had been end labeled to
a specific activity of 5 X 10° cpm/ug DNA with ¥*2P-dATP. Prehybrid-
izations were performed in 6 X SSC, 1 X Denhardts, 0.5% SDS, 100 pg/ml
sheared and denatured herring sperm, 0.05% Na,P,0, at 37°C for 2 h.
Hybridizations were carried out in 6 X SSC, 1 x Denhardts, 20 JLg/ml tRNA
(Sigma) and 0.05% Na,P,0, at 37°C, Filters were washed at 37°C in 6 X
SSC, 0.05% Na,P,0, for 1 h and exposed to Kodac X-omat™ AR film for
20 h at ~70°C with a Cronex Lightning Plus intensifying screen.

DNA sequencing was performed on alkaline denatured plasmid DNA
by the dideoxynucleotide chain termination method (Sanger et al. 1977)
with modified T7 polymerase (USB). PCR products were sequenced di-
rectly after treatment with Exonucleasel/shrimp alkaline phosphotase by
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use of the Sequenase PCR product sequencing kit supplied by Amer-
sham™.

Detection of microsatellite polymorphism

Flanking primers for the amplification of the individual microsatellites
were designed with OLIGO™ version 3.4 software according to principles
described previously (Fredholm et al. 1993). Primers were initially tested
in a standard PCR buffer (10 mm Tris, pH 8.4, 50 mm KCI, 0.1% gelatine)
with 1.5 mm MgCl,, 200 pmol of each dNTP, 3 pmol of each primer (the
reverse primer was 5’ end labeled with Y**P-dATP by use of T4 polynu-
cleotide kinase (Promega), 50 ng genomic DNA, and 0.625 U SuperTaq
(Stratagene). PCR was carried out on a Hybaid Thermal cycler with the
following cycles (Touch Down): 1 X 94°C, 3 min; 2 X T, + 15°C, 1 min,
72°C, 30's, 94°C 30's; 2 X T, + 14°C, 1 min, 72°C, 30 s, 94°C 30 s; 2 X
T, + 13°C, 1 min, 72°C, 30 s, 94°C 30's; 2 X T,,, + 12°C, 1 min, 72°C, 30
$,94°C 305, 2 x T, + 11°C, 1 min, 72°C, 30 s, 94°C 30 s; 25 x T, + 10°C,
1 min, 72°C, 30's, 94°C 30 s; [ X T, + 10°C, 1 min, 72°C, 5 min. Five ul
of the amplification product was mixed with formamide dye and separated
on a 6% denaturing polyacrylamide gel. Optimal conditions for each
primer pair were established by adjusting the MgCl, concentration and the
annealing temperatire.

Allele identification and allele sizes were determined by comparison
with an adjacent DNA sequencing ladder, and by loading a common set of
amplified DNA fragments on all gels.

Computation and statistics

The results obtained from genotyping of the unrelated animals were ana-
lyzed according to the Freq and Means procedures of the SAS program
(SAS Institute Inc., North Carolina).

Exclusion power of the microsatellites and probability for genotypic
identity was calculated according to formulas adapted from Jamieson
(1966) where there are n alleles at each locus with frequencies p; . . . py-
Exclusion power for each microsatellite when both parents are available
was calculated as: P = ¥p(1 — p)* — X(p; X p)* X [4 = 3(p; + p)]. Exclusion
power for each microsatellite when only one of the parents is available was
calculated as: P = ¥2ppi(1 — p; — py)° + £p;*(1 — py)>. The combined ex-
clusion probability was calculated as P = 1 — (1 — P for locus 1)(1 — P for
locus 2)...(1—P for locus n). Genetic identity by chance at a given
microsatellite locus was calculated as Py, = Xp;* + 2X4p;°p;”, and the com-
bined genetic identity as P, 1o = (Pyp for locus 1) (Pyn for locus
2) ... (P for locus n).

Results

The microsatellite loci analyzed in the present investigation were
selected from a total of 73 sequenced loci. Thirty-nine of the
clones representing these loci were isolated from library 1 con-
structed from Rsal/Alul/Haelll-digested genomic DNA, while 34
clones were isolated from library 2 constructed from Rsal/Alul/
Dral-digested DNA. The overall distribution among the three cat-
egories perfect, imperfect, and compound repeat sequences (We-
ber 1990) was in accordance with the distributions reported in, for
instance, human (Weber 1990) and pig (Winterg et al. 1992); that
is 68%, 21%, and 11% respectively in the three categories. How-
ever, when only the clones from library 2 are taken into consid-
eration, the distribution corresponded to the findings obtained from
analysis of canine microsatellites (Ostrander et al. 1993), that is,
81% perfect repeat sequences, 28% imperfect repeat sequences,
and 8% compound repeat sequences.

In total, 20 primer pairs designed for analyzing canine mi-
crosatellites were used for amplification of homologous sequences
in two different dog breeds and two fox species. All microsatellites
investigated were demonstrated to be inherited in a Mendelian
fashion by the use of pedigrees of varying dog breeds (results not
shown). Table 1 gives the laboratory designation of the 20 micro-
satellite loci, the primer sequences, and the annealing temperature
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and Mg?* concentration established by optimization of each set of
primers.

Allele sizes and frequency of alleles in each microsatellite
based on typing of 33 flat-coated retrievers, 32 dachshunds, 10 red
foxes, and 10 Arctic foxes are shown in Table 2. Comparison of
the microsatellite loci between the two dog breeds revealed that all
microsatellite loci except CPH4 are polymorphic in both breeds,
with the number of alleles varying from 2 to 14. The average
number of alleles is 4.5 and 5.6 in flat-coated retrievers and dachs-
hunds respectively. In general, the overall size range of alleles
detected for each locus is similar for the two dog breeds investi-
gated. Nonetheless, breed-specific alleles are observed in all loci
except CPH15. Although the number of alleles observed in the two
breeds is very similar, the frequency distribution of these alleles
varies significantly. The most obvious feature of the frequency
distribution is that in all but 5 microsatellites (CPHI, CPH4,
CPHI8, CPHI9, CPH20) the frequency of the commonest allele
deviates between the two breeds.

The degree of heterozygosity, reflecting the fraction of indi-
viduals with two different alleles, differs substantially between
breeds within the individual microsatellite. However, the average
heterozygosity within the two dog breeds is not significantly dif-
ferent. In flat-coated retrievers it is 52%, while it is 55% in dachs-
hunds. Allele non-amplification, or silent alleles, as reported by
others (Koorey et al. 1993), was not observed in the family anal-
ysis performed. They could not be uncovered by the population
investigation since the sample sizes are too small to allow the data
to be analyzed for conformity to Hardy-Weinberg expectations
relative to the number of alleles in each microsatellite. Conse-
quently, the results obtained on average heterozygosity might be
underestimated. Nevertheless, because of the large number of loci
investigated, the average heterozygosity can be used as an indica-
tor of the genetic diversity within the breeds.

Sixteen of the 20 loci investigated were amplified in both the
red fox and the Arctic fox with the primers designed on the basis
of the canine sequences (Table 2). Thirteen of these are polymor-
phic, while three are monomorphic in each species. Monomor-
phism can most likely be explained by the loss of repeat units
(relative to the length of the dog sequence). To investigate this
further, we sequenced PCR products from the CPHI2 locus in 1
flat-coated retriever, 1 dachshund, 1 red fox, and 1 Arctic fox
representing the 206, 202, 194, and 194 alleles respectively. The
corresponding repeat blocks turned out to be: (AC),4 in the 206
allele in the flat-coated retriever, (AC),, in the 202 allele in the
dachshund, (AC), in the 194 allele in the red fox, and
(AC),AG(AQC), in the 194 allele in the Arctic fox. Thus, mono-
morphism in the Arctic fox can be explained by the C-to-G trans-
version, interrupting the stretch of perfect repeats.

In the foxes the overall numbers of alleles in the polymorphic
loci are comparable to the numbers found in the two dog breeds.
This is, however, probably not illustrative for the populations be-
cause of the small sample sizes. Nevertheless, it is apparent from
Table 2 that both allele frequency distribution and distribution of
allele sizes in the foxes are quite different from the findings in
dogs. Furthermore, the most common allele deviates between the
Arctic fox and the red fox, and the diversity between the two
species is further accentuated by a tendency towards a difference
in size range in a number of the microsatellites (CPHI, CPH5,
CPHI0, CPH11, CPHI2, CPHI6, CPHIS).

Since microsatellite alleles can be assigned to specific loci and,
therefore, allele frequencies can be ascertained, conventional pat-
entage indices and probabilities for individual identification can be
calculated. To determine the relative utility of the microsatellites in
parentage determinations, we calculated exclusion power on the
basis of the seven most informative loci in each of the dog breeds
(CPH2, CPH3, CPH6, CPHY, CPHII, CPHI14, and CPHI6 in
flat-coated retrievers; CPH3, CPH6, CPHS, CPH10, CPHII,
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Table 1. Microsatellite primer sequences and PCR amplification conditions.
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Microsatellite locus Primers PCR conditions: mm MgCl,; °C

CPHI YGCCTAGCCCAGTGAAAGTTAACY 2.5; 58
STTCCAATGCCTGATAACTGAGAY

CPH2 STTCTGTTGTTATCGGCACCAY 3.0, 57
STTCTTGAGAACAGTGTCCTTCGY

CPH3 SCAGGTTCAAATGATGTTTTCAG® 2.0; 58
STTGACTGAAGGAGATGTGGTAAY

CPH4 YACTGGAGATGAAAACTGAAGATTATAY 2.0; 59
FTTACAGGGGAAAGCCTCATT?

CPHS5 STCCATAACAAGACCCCAAACY 2.0, 57
YGGAGGTAGGGGTCAAAAGTT?

CPH6 YCATTGGCTGTTTGACTCTAGGY 2.0; 58
SACTGATGTGGGTGTCTCTGCY

CPH7 SACACAACTTTCCATAATACTTCCCA® 1.5:62
SATCAATGCTCTCCTCCCCAGY

CPHS YAGGCTCACAATCCCTCTCATAY 3.0; 58
STAGATTTGATACCTCCCTGAGTCCY

CPHY YCAGAGACTGCCACTTTAAACACACY 3.0; 59
SAAAGTTCTCAAATACCATTGTGTTACAY

CPHI0 STGCAAGACATGATATGTGTTTATGY 3.0; 58
YGTGAGAGGCAAAAATGACCAY

CPHII STTAATGTTTCTCCGATGTTTACATY 3.0; 58
YGAAAGCCAAGCATGACTAGGY

CPHI2 YGGCATTACTTGGAGGGAGGAAY 3.0; 58
YGATGATTCCTATGCTTCTTTGAG™

CPHI3 YAGGGGTCTTGAACTATGTTCTAGACY 1.5; 62
SGAAGAGGCTTTGAGTTTCAGTTG?Y

CPHI4 YGAAAGACAATCCCTGAAATGCY 15;62
SACCCCATTTATGAGAATCATGT?

CPHIS SGCCTATATAAAATGCATCTGAGCY 3.0 58
YCCGTGACTCCTGTCTTCTGACY

CPHI6 YCTACACCAGTTAGGGAATCTAGCY 2.0; 60
YCAGATTCAAATCCACTCTCAGACY

CPHI7 YGAGAACAAAAGTCCCATGCACY 1.5; 60
YGCATTGATGCTAATGCAAATG™

CPHIS YCAGAGATACGTCTTGACACTAGCAGAY 1.5; 62
YAGCAGACAGTGGGCCATGTTY

CPHI9 YAGTCCTATTGTGAAATTCAGCCY 3.0; 59
YCGTATTTTAGGCAATGGCACY

CPH20 YGGTTCCTGGGCCCAATTTCAY 3.0; 59

S TGGTGTGGTGAATCGCTTGTTGY

CPHI3, and CPHI6 in dachshunds). When both parents are avail-
able, the exclusion power is 99.3% and 99.9% for flat-coated
retrievers and dachshunds respectively. Corresponding figures are
93.7% and 98.9% when only one of the parents is available for
testing (Table 3). The probability of two unrelated animals sharing
the microsatellite alleles in all seven systems is 7 X 1077 and 2 x
107 in the two breeds respectively.

Discussion

(GT), repeats are ubiquitously distributed throughout eukaryotic
genomes. The three categories of microsatellites described by We-
ber (1990)—perfect, imperfect, and compound repeat sequences—
have been identified in a wide variety of species, albeit of varying
abundance. The discrepancy between numbers in each category
from the two libraries screened in the present investigation indi-
cates that small deviations in hybridization stringency and/or the
enzymes used for digestion of DNA for the libraries can influence
the range of clones obtained for sequencing. Although not in ac-
cordance with the findings of Ostrander and coworkers (1993), the
nature of the (GT), blocks in dogs most likely resembles the nature
of the human (GT), blocks.

Despite the fact that the criteria for selection of loci for further
analysis suggested by Hudson and co-workers (1992) were used in
this investigation (that is, more than 13 successive repeats), a
somewhat lower heterozygosity (only 60% of the microsatellite
loci with heterozygosity higher than 0.50 compared with 80% in
the human) was found (Table 2). This finding is, however, com-
parable to findings in the domestic pig (Fredholm et al. 1993), and

it can be ascribed to the fact that in these species the populations
have limited gene pools and nonrandom mating. The degree of
heterozygosity is not significantly different between flat-coated
retrievers and dachshunds. The slightly higher diversity in the
dachshunds, which also is reflected in a better exclusion power and
a smaller chance of genetic identity of unrelated animals, could be
ascribed to the fact that this population is less homogeneous. Com-
parison of heterozygosity, or diversity, between dogs and foxes is
not relevant, first because of the small fox population samples, and
second because most likely a bias has been introduced by the
initial selection of clones from the dog library. The genetic diver-
sity based on average heterozygosity in the two dog breeds is very
similar (52% and 55% respectively). Additional analysis and com-
parisons between breeds and populations could facilitate the utility
of diversity as an indication of the gene pools underlying different
populations.

Whereas the size range of alleles is similar for the two dog
breeds investigated, heterozygosity and frequency distribution of
the alleles within the 20 microsatellite loci varies considerably.
Thus, in accordance with a similar investigation of human popu-
lations (Wall et al. 1993), the major difference between the breeds
is not the size range of alleles at the individual loci but their
relative frequencies. Overall, there are groups of alleles, at one or
more loci, whose frequencies are different among the dog breeds.
This is further emphasized by breed-specific alleles. Consequently,
appropriate investigations of allele frequencies in the individual
breeds would make it conceivable to differentiate between them.
This could in rare cases be of interest in forensic investigations.
The same general features apply to the allele distribution in the two
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Table 2. Allele sizes and allele frequencies of canine microsatellites.

Microsatellite Core Flat-coated
locus sequence Allele retriever® Dachshund® Arctic fox® Red fox*
CPHI (TGG); TAG(TGG),,; 125 1.00
132 0.30
135 0.14
138 0.70
141 0.83 0.56
144 0.17 0.30
H*® 0.21 0.56 0.00 0.40
CPH2 (AC);5 95 0.20
97 0.36 0.36
99 0.20 0.06
103 0.06
107 0.52
109 0.24
|08 0.94 0.47
CPH3 (GA),TA(GA);; 154 0.15 0.05
158 0.10 0.25
162 0.29 0.45 0.30
164 0.15 0.40
166 0.15
168 0.09 0.28
172 0.02 0.03
174 0.02
176 0.32 0.28
178 0.20 0.20
180 0.02 0.14
182 0.08 0.05
H° 0.67 0.63 0.80 0.90
CPH4 (TG),4 118 1.00 1.00
140 0.05
142 0.03
144 1.00 0.59
146 0.28
150 0.05
H° 0.00 0.63 0.00 0.00
CPHS (TG)¢7 111 0.03
113 0.42 0.28
115 0.12 0.06 0.05
117 0.06 048
119 0.39 0.14 0.05
127 0.10
129 0.10
131 0.30
133 0.10
135 0.05
136 1.00
137 0.10
139 0.10
141 0.05
H° 0.79 0.50 0.80 0.00
CPH6 (CA)o 107 0.30
117 0.10
119 0.10
121 0.05
122 0.26
123 0.15
124 0.15 0.09
125 0.05 0.35
126 0.34
127 0.15 0.40
128 0.17 0.18
129 0.10 0.10
130 0.09 0.08
131 0.05
132 0.30 0.14
134 0.03 0.11
135 0.10
136 0.05
H® 0.73 0.63 0.70 0.80
CPH7 (TG)16 159 0.83
163 0.17 0.25
165 0.03 040
167 0.92 0.03 0.05
169 0.08 0.30
171 0.02 0.05
173 0.06 0.81
H® 0.15 0.25 0.33 0.50
CPHS (GT)ys 186 0.46 0.17 0.13 0.15
188 0.02
190 0.17

Continued on next page
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Table 2. Continued.

e
CPHY9

HE
CPHIO

e
CPH1I

e
CPHI2

He
CPHI3

B
CPHI4

He
CPHIS5

(GT)

GT)yy

(TA)6(CA)s

(GT)ye

(AC);GA(AC);6

(CCA)1y

(AC)ig

139

148

158
160
162
164

120
122
124
126
144
146

150
152

156
158

162
164
166
170
172
174
176
178

196
194
202
204
206
212
214
216

147
151
153
155
157
159
161
163
165
167

182
185
191
194
197
200
203

147
149
151

0.02
0.15
0.36

0.58
020
0.38
0.06
0.32

0.79
0.20

0.11

0.02
0.20

0.06
0.53
0.10

0.02
0.03
0.02

0.03

0.64

0.80
0.02

0.39

0.02
0.11

0.47
0.34
0.05

0.02
0.65
0.15

0.29
0.30

0.23
0.70

0.14
0.20
0.19
0.13

0.56

027
0.05
0.03
0.59

0.06

0.63
0.30
0.08
0.14
0.17
0.13

0.02
0.13
0.81

0.13
0.10

0.03

0.02
0.13
0.07
0.02
0.11
0.11
0.07
0.16
0.02
0.02
0.67

0.12
0.44

0.02

0.02

0.11
0.31
0.58

0.44

0.06

0.13
0.56
0.06
0.06
0.38

0.45
0.10
0.35
0.10
0.90

0.33
0.11
0.16

0.17
0.11

0.44

1.00

0.00

0.05
0.05
0.60

0.40
0.05
0.15
0.15
0.10

0.70

0.10

0.10
0.40

0.70
1.00

0.00
0.15

0.50
0.10

0.30
035

Continued on next page
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Table 2. Continued.
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153
155 01.2 0.16
165 035 0.59
167 053 0.25
i 045 0.47
CPHI6 (AC),, 149 052 0.22
155
159
161
163
165 0.27
169
171 0.18 0.14
173 0.13 0.27
175 8.02
177 0.13 0.11
179 0.04
181
183
187
H 0.75 0.84
CPHI7 (TG)ys 229 0.15 0.58
237 0.02 0.05
247 0.03
249 0.42 0.18
251 041 0.16
H 0.24 0.39
CPHIS TGy 212
216
218 0.11
220 0.85 0.75
222 0.12 0.14
224 0.03
226
228
232
234
236
238
H° 0.24 0.47
CPHI9 (CA), 152
156 0.68 038
158 0.02
160 0.09 0.13
162 0.03 0.19
164 030
166 0.18 0.02
B 052 0.72
CPHy, G5 86
38
90
92
94
96
98 0.42 0.14
100 0.03
102 0.58 0.83
104
e 0.42 0.28

0.15 0.35
0.15
0.60 0.90
0.22 0.05
0.05
0.44
0.28
0.05
0.10
0.40
0.40
0.44 0.60
0.05
0.22
0.25 0.06
0.05
0.10
0.30 0.33
0.10
0.15
0.28
0.06
0.06
0.50 0.56
0.17
0.56 0.60
0.30
0.28 0.10
0.56 0.40
0.05
0.05
0.10
0.45
0.10 0.90
0.20
0.05
0.10
0.70 0.20

2 Based on investigation of 33 animals.
b Based on investigation of 32 animals.
° Based on investigation of 10 animals.
9 Based on investigation of 10 animals.
¢ Heterozygosity.

fox species. Therefore, as demonstrated in humans (Bowcock et al.
1994), evolutionary relationships can also be established in the
Canidae family with appropriate microsateltite loci.

The domestic dog belongs to the Canidae family together with
the wolf and fox. The dog is a very close relative of the gray wolf
with almost identical chromosome morphology (Wayne and
O’Brien 1987) and differing from it by at most 0.2% of mtDNA
sequence (Wayne and Jenks 1991). In contrast, the diploid chro-
mosome number ranges from 78 in dogs (all acrocentric) to 50 in
the Arctic fox and 36 in the red fox (most metacentric) (Wayne and
O’Brien 1987; Wayne 1993). In spite of the fact that the chromo-
some morphology is very different between dog and fox, the ob-

served primer success rate (16 of 20) indicates that dog/fox is
diverged by no more than 2—4% at nonselected sites. In compar-
ison, in rats and mice, which both belong to the Muridae family,
the following observations have been made: 16% of 153 rat primer
pairs have been shown to amplify specific DNA segments in mice,
while 12% of 166 mouse primer pairs amplify specific segments
from the rat genome (Kondo et al. 1993). On the basis of cyto-
logical studies and linkage analyses, extensive chromosomal ho-
mology has been found between mouse and rat (Levan et al. 1991;
Serikawa et al. 1992). The discrepancy in PCR primer success rate
within the Canidae and the Muridae family is in accordance with
the respective divergence times of the respective families, and



M. Fredholm, A.K. Winterg: Short tandem repeats in Canidae

Table 3. Exclusion power with selected microsatellites.
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(A) Flat-coated retrievers:

Exclusion power

Exclusion power

Microsatellite {2 parents) Sum (1 parent} Sum
CPH?2 0.485 0.485 0.310 0.310
CPH3 0.554 0.771 0.381 0.573
CPH6 0.574 0.902 0.395 0.742
CPH9 0.464 0.948 0.295 0.818
CPH!1I 0.460 0.972 0.278 0.869
CPHI14 0.515 0.986 0.336 0.913
CPHI6 0.452 0.993 0.274 0.937
(B) Dachshunds:
Exclusion power Exclusion power

Microsatellite (2 parents) Sum (1 parent) Sum
CPH3 0.571 0.571 0.393 0.393
CPH6 0.664 0.856 0.435 0.657
CPHS8 0.654 0.950 0.479 0.821
CPHIO 0.664 0.983 0.496 0.917
CPHII 0.803 0.996 0.675 0.973
CPHI3 0.568 0.998 0.382 0.983
CPHI6 0.564 0.999 0.387 0.989

variability in chromosome morphology is not indicative of diver-
gence. The low divergence between dog and fox is an important
observation because of the implications it has for mapping of the
dog genome, that is, it will be possible to use the well-
characterized fox karyotypes instead of the very difficult dog
karyotype as a step towards physical mapping of the dog genome.

The choice of loci for parentage control has to be made with
care. It is of great importance to eliminate loci with silent alleles
and to avoid loci with high mutation rates. None of these factors
have been taken into consideration in the present study. Neverthe-
less, in spite of its shortcomings, the present investigation illus-
trates that microsatellites are powerful tools for parentage analysis
in dogs. It demonstrates that every breed will need a database of
allele frequencies for cases that rely on inclusion. The fact that four
of the seven most informative loci are common for the two dog
breeds, that is, CPH3, CPH6, CPH11, and CPHI6 (Table 3), in-
dicates that it will be possible to assemble a panel of microsatellite
loci that are informative in most breeds if a larger number of
microsatellites is investigated. It is, however, important to mention
that experience from parentage cases in different dog breeds (data
not presented) has indicated that the variation in the microsatellite
loci is very limited in some breeds.

In conclusion, the present investigation testifies that there are
pronounced differences between the profiles of microsatellite al-
lele frequencies in different dog breeds and that there is a very high
sequence conservation in the Canidae family. Thus, canine micro-
satellites are powerful tools both in regard to gene mapping, pop-
ulation genetic analysis, and for individual identification.

Acknowledgment. The authors thank Mette Sgrensen for excellent techni-
cal assistance and Knud Christensen for statistical advice. We thank Chris-
tian Moliin Kapel, Division of Parasitology, RVAU, for making the Arctic
fox samples available and Outi Lohi, Department for Fur animals, Re-
search Center Foulum for providing the red fox samples. DVM Olav Ngr-
gaard is gratefully acknowledged for establishing the dachshund panel, and
Dr. Gaudenz Dolf, Institute of Animal Breeding, University of Bern, is
acknowledged for designing the primers for CPH20. This work was funded
by the Biotechnology Research Center for Animals and Fish, and The
Danish Dog Breeders Association.

References

Bowcock, A.M., Ruiz-Linares, A., Tomfohrde, J., Minch, E., Kidd, I.R.,
Cavalli-Sforza, L.L. (1994). High resolution of human evolutionary trees
with polymorphic microsatellites. Nature 368, 455-457.

Fredholm, M., Winterg, A.K., Christensen, K., Kristensen, B., Nielsen,

P.B., Davies, W., Archibald, A. (1993). Characterization of 24 porcine
(dA-dC)n—~(dT-dG)n microsatellites: genotyping of unrelated animals
from four different breeds and linkage studies. Mamm. Genome 4, 187—
192.

Hamada, H., Kakunaga, T. (1982). Potential Z-DNA forming sequences
are highly dispersed in the human genome. Nature 298, 396-398.

Hamada, H., Petrino, M.G., Kakunaga, T. (1982). A novel repeated ele-
ment with Z-DNA-forming potential is widely found in evolutionarily
diverse eukaryotic genomes. Proc. Natl. Acad. Sci. USA 79, 6465-6469.

Holmes, N.G., Mellersh, C.S., Humphreys, S.J., Binns, M.M., Holliman,
A., Curtis, R., Sampson, J. (1993). Isolation and characterization of
microsatellites from the canine genome. Anim. Genet. 24, 289-292.

Hudson, T.J., Engelstein, M., Lee, M.K., Ho, E.C., Rubenfield, M.J., Ad-
ams, C.P., Housman, D.E., Dracopoli, N.C. (1992). Isolation and chro-
mosomal assignment of 100 highly informative human simple sequence
repeat polymorphisms. Genomics 13, 622-629.

Jamieson, A. (1966). The distribution of transferrin genes in cattle. Hered-
ity 21, 191-218.

Kondo, Y., Mori, M., Kuramoto, T., Yamada, J., Beckmann, J.S., Simon-
Chazottes, D., Montagutelli, X., Guénet, I.L., Serikawa, T. (1993). DNA
segments mapped by reciprocal use of microsatellite primers between
mouse and rat. Mamm. Genome 4, 571-576.

Koorey, D.J., Bishop, G.A., McCaughan, G.W. (1993). Allele non-
amplification: a source of confusion in linkage studies employing mi-
crosatellite polymorphisms. Hum. Mol. Genet. 2, 289-291.

Levan, G., Szpirer, J., Szpirer, C., Klinga, K., Hanson, C., Islam, M.Q.
(1991). The gene map of the Norway rat (Rattus norvegicus) and com-
parative mapping with mouse and man. Genomics 10, 699-718.

Litt, M., Luty, J.A. (1989). A hypervariable microsatellite revealed by in
vitro amplification of a dinucleotide repeat within the cardiac muscle
actin gene. Am. J. Hum. Genet. 44, 397-401.

Maniatis, T., Fritch, E.F., Sambrook, J. (1982). Molecular Cloning. Cold
Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press.

Miller, S.A., Dykes, D.D., Polesky, H.F. (1988). A simple salting out
procedure for extracting DNA from human nucleated cells. Nucleic
Acids Res. 16, 1215-1215.

Moore, S.S., Sargeant, L.L., King, T.J., Mattick, J.S., Georges, M., Hetzel,
D.J.S. (1991). The conservation of dinucleotide microsatellites among
mammalian genomes allows the use of heterologous PCR primer pairs in
closely related species. Genomics 10, 654-660.

Ostrander, E.A., Sprague, G.F., Rine, J. (1993). Identification and charac-
terization of dinucleotide repeat (CA)n markers for genetic mapping in
dog. Genomics 16, 207-213.

Sanger, F., Nicklen, S., Coulson, A.R. (1977). DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467.

Serikawa, T., Kuramoto, T., Hilbert, P., Mori, M., Yamada, J., Dubay, C.J.,
Lindpainter, K., Ganten, D., Guenet, J.-L., Lathrop, G.M., Beckmann,
J.S. (1992). Rat gene mapping using PCR-analyzed microsatellites. Ge-
netics 131, 701-721.

Stallings, R.L., Ford, A.F., Nelson, D., Tomey, D.C., Hildebrand, C.E.,



8

Moyzis, R.K. (1991). Evolution and distribution of (GT), repetitive
sequences in mammalian genomes. Genomics 10, 807-815.

Wall, W.I., Williamson, R., Petrou, M., Papaioannou, D., Parkin, B.H.
(1993). Variation of short tandem repeats within and between popula-
tions. Hum. Mol. Genet. 2, 1023-1029.

Wayne, R.K. (1993). Molecular evolution of the dog family. Trends Genet.
9, 218-224.

Wayne, R.K., Jenks, S.M. (1991). Mitochondrial DNA analysis implying
extensive hybridization of the endangered red wolf Canis rufis. Nature
351, 565-568.

M. Fredholm, A.K. Winterg: Short tandem repeats in Canidae

Wayne, R.K., O’Brien, S.J. (1987). Chromosomal evolution of the canidae.
Cytogenet. Cell Genet. 44, 123-133.

Weber, J.L. (1990). Informativeness of human (dC-dA}),—(dG-dT), poly-
morphisms. Genomics 7, 524-530.

Weber, J.L., May, P.E. (1989). Abundant class of human DNA polymor-
phisms which can be typed using the polymerase chain reaction. Am. J.
Hum. Genet. 44, 388-396.

Winterg, A.K., Fredholm, M., Thomsen, P.D. (1992). Variable (dG-
dT),~(dC-dA), sequences in the porcine genome. Gemomics 12, 281—
288.



