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Abstract

Maps of the canine genome are now developing
rapidly. Most of the markers on the current inte-
grated canine radiation hybrid/genetic linkage/cyto-
genetic map are highly polymorphic microsatellite
(type II) markers that are very useful for mapping
disease loci. However, there is still an urgent need
for the mapping of gene-based (type I) markers that
are required for comparative mapping, as well as
identifying candidate genes for disease loci that have
been genetically mapped. We constructed an adult
brain cDNA library as a resource to increase the
number of gene-based markers on the canine ge-
nome map. Eighty-one percent of the 2700 se-
quenced expressed sequence tags (ESTs) represented
unique sequences. The canine brain ESTs were
compared with sequences in public databases to
identify putative canine orthologs of human genes.
One hundred nine of the canine ESTs were mapped
on the latest canine radiation hybrid (RH) panel to
determine the location of the respective canine gene.
The addition of these new gene-based markers re-
vealed three conserved segments (CS) between hu-
man and canine genomes previously detected by
fluorescence in situ hybridization (FISH), but not by
RH mapping. In addition, five new CS between dog
and human were identified that had not been de-
tected previously by RH mapping or FISH. This work
has increased the number of gene-based markers on
the canine RH map by approximately 30% and
indicates the benefit to be gained by increasing the
gene content of the current canine comparative map.

Introduction

The domestic dog is a unique species, consisting of
over 300 recognized breeds, which vary widely in
physical appearance and behavior (Wilcox and
Walkowicz 1995). Unfortunately, an increased
prevalence of heritable disorders has accompanied
the selection for desirable traits in many breeds.
Because of the short generation interval, a large
number of full-sib offspring, and a favorable popu-
lation structure resulting from high founder contri-
butions, it is likely that the genetic basis for many of
the over 350 reported genetic diseases in the dog
could eventually be defined. Recent successes in the
mapping of canine diseases include loci for progres-
sive rod-cone degeneration (Acland et al. 1998),
narcolepsy (Lin et al. 1999),1 multifocal renal cyst-
adenocarcinoma (Jonasdottir et al. 2000), malignant
hyperthermia (Roberts et al. 2001), and copper toxi-
cosis (van de Sluis et al. 2002). Many simple herita-
ble canine diseases share clinical features with
genetically complex human diseases (Patterson
1980, 2000). Thus, in addition to positively influ-
encing the health and well-being of dogs, analyzing
canine models is likely to develop valuable infor-
mation of use in understanding the basis and treat-
ments for a number of complex human conditions
(Ostrander and Giniger 1997).

Resources are becoming available with which to
study the structural, comparative, and functional
genomics of the dog (Breen2 et al. 1999; Mellersh et al.
1997, 2000; Neff et al. 1999; Priat et al. 1998; Vign-
aux et al. 1999; Yang et al. 1999). The most recent
integrated radiation hybrid/genetic linkage/cytoge-
netic map of the dog genome contains 1,800 markers
(Breen et al. 2001). Over 1,000 of these markers are
polymorphic microsatellites that are extremely use-
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ful in genetic linkage analyses. However, since the
canine genome map is still relatively sparse, the
physical proximity of most microsatellites to coding
genes is not yet known. The assignment of 320 gene-
based markers on the integrated map (Breen et al.
2001) has identified 64 large conserved segments
(CS), in which the gene content of human and dog
chromosomes is expected to be very similar. Nev-
ertheless, a number of putative CS have not been
precisely defined and need to be confirmed. Thus, an
increased representation of protein–encoding genes
on the canine genome map is necessary to provide
researchers with the tools to determine what can-
didate genes lie in a region defined by a microsatel-
lite marker linked to a trait of interest, and to use the
dense human or rodent genome maps to full advan-
tage in selecting candidate genes for the canine
condition.

Breed-specific behavioral variation, many be-
havioral disorders, and a number of neurological
diseases whose basis lies in abnormal regulation of
central nervous system (CNS) activity are all likely
to have a strong genetic component (Patterson 1980,
2000). Possible bases for genetic variation in CNS
function within and between breeds of dogs include
different developmental patterns of gene expression
of CNS genes, different levels of gene expression
within and between regions of the CNS, and poly-
morphisms (SNPs) within specific genes. An in-
creasingly common means of rapidly deriving
sequence information from expressed genes, and ul-
timately investigating regional and temporal issues
in gene expression, is through the sequencing of
large numbers of cDNAs, also known as expressed
sequence tags (ESTs). The present limitations in EST
resources for the dog will hamper efforts to define
the molecular basis for genes affecting canine health,
developmental biology, and behavioral biology. We
report here the properties of a canine brain cDNA
library used to generate several thousand ESTs from
this tissue, the placement of over 100 of these ESTs
on the current canine RH map (Breen et al. 2001),
and the identification of several confirmed and pu-
tative areas of CS between the human and canine
maps. This work significantly increases the number
of coding genes on the RH map and enhances the
comparative map by increasing the number of sug-
gestive and confirmed conserved segments between
the dog and humans.

Materials and methods

cDNA library construction. The brain of a normal
adult dog was rapidly dissected into frontal, occipi-
tal, temporal and parietal lobes, olfactory bulb, hip-

pocampus, cerebellum, thalamus, hypothalamus,
midbrain, pons, and medulla. The tissues were flash
frozen in liquid nitrogen and stored at )80�C. 250 mg
of each brain region was homogenized in a Brinkman
Polytron with 3.5 mL of Trizol reagent (Gibco BRL).
The resultant homogenate was pooled for total RNA
preparation, followed by poly A+ RNA isolation by
using oligo (dT) cellulose columns (Amersham
Pharmacia). First-strand cDNA was synthesized
with Gibco Superscript II RNase H-reverse trans-
criptase, and primed with an oligo (dT) primer that
contained a 5¢ NotI site. Following second-strand
synthesis, cDNA was ligated to a SalI adapter. The
cDNAs were then digested with NotI, size-fraction-
ated by column chromatography, and eluted frac-
tions containing cDNA greater than 400 bp in length
were selected. The adaptor-ligated cDNAs were di-
rectionally ligated into pSPORT1 plasmid vector
(Gibco BRL).

DNA sequencing, EST editing, and database
searches. Plasmid DNA was submitted for 5¢ end
sequencing with M13 reverse primer to the Ad-
vanced Genetic Analysis Center (AGAC) at the
University of Minnesota. Many clones of interest
were also sequenced by using the M13 forward
primer to obtain sequence from the 3¢ end. Se-
quences were trimmed to remove the pSPORT1
vector sequence and were edited by using the stan-
dard criteria within the Sequencher program (Gene-
Codes Corp). Here, the 5¢ end was trimmed until the
first 25 bases contained fewer than four ambiguities;
3¢ end scanning then started 100 bases from the 5¢
end, and the sequence was trimmed at the first 25
bases containing more than four ambiguities; the
leading and trailing ambiguous bases were removed.
Redundant clones and clones with overlapping se-
quences were also identified by assembling the se-
quences into contigs with Sequencher. Sequence
quality was assessed using Phred software (Ewing
et al. 1998). The ESTs were submitted to the NCBI
dbEST database (http://www.ncbi.nlm.nih.gov:80/
dbEST/), were assigned accession numbers, and were
periodically compared with other sequences in the
database using both BLASTN and BLASTX software
(Altschul et al. 1990) (last search date May 24, 2002).
Selected EST sequences that revealed significant
matches to putative orthologous human genes with
p-values of less than or equal to e)10 were analyzed
for PCR primer design to attempt placement on the
canine RH map.

Selected PCR amplicons were sequenced to
confirm their identity. Such PCR reactions were
performed used 150 ng of canine genomic DNA, 22.5
pmol of each primer, 2.5 nmol each dNTP, 1.5 mM
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MgCl2, and 1 U Hot Star Taq DNA polymerase
(Qiagen) in a final volume of 36 lL. Cycling condi-
tions were 95�C for 20 min, followed by 35 cycles of
30 s at 94�C, 30 s at the primer pairs annealing
temperature, and 30 s at 72�C with a final extension
of 72�C for 5 min. The PCR products were purified
by using the Qiaquick PCR purification kit (Qiagen)
and were submitted to the AGAC for sequencing
with 10 pmol of the forward EST primer used in the
initial reaction.

Radiation hybrid mapping. Primers for selected
ESTs were designed with the PRIME program con-
tained within the GCG software package [Wisconsin
Package Version 10.2, Genetics Computer Group
(GCG), Madison, WI]. Sequence information from
human, and rodent if available, was used to deter-
mine regions that are not highly conserved across
species. The sequences from the 3¢ untranslated re-
gions of the genes were most often used for primer
design. Each primer pair was first optimized on dog
and hamster DNA, as well as 1:3 dog:hamster
(wt:wt) DNA admixtures to choose the annealing
temperature that reproducibly amplified dog DNA
without an interfering product from the hamster.
Genotyping was performed on the 118 radiation hy-
brid cell lines from the RHDF-5000.2 panel (Vignaux
et al. 1999). PCR reactions were performed in
GeneMate Genius 96 well format thermocyclers
(ISC) with 50 ng DNA from each clone in a final
volume of 15 lL containing 10 pmol of each primer,
67 lM dNTPs, 1.5 mM MgCl2, and 0.35 U Hot
StarTaq DNA Polymerase (Qiagen). PCR cycles were
94�C for 15 or 20 min, followed by 30 cycles of 30 s
at 94�C, 30 s at 54–60�C, 30 s at 72�C, and finally 5
min at 72�C. Primer sequences and annealing tem-
peratures for each marker are provided in Table 1.
PCR products were electrophoresed through 2% or
3% TBE agarose gels and visualized with ethidium
bromide staining under UV light. Genotyping of all
EST markers was duplicated to ensure data integrity.
Only concordant data were subsequently used in the
RH analysis.

The statistical analysis for placement of each
marker was done with the whole RH data set by
using the MultiMap software (Matise et al. 1994).
Assignment of new markers to chromosomes was
done by two-point linkage analysis in a two-step
process. First, ESTs were assigned to chromosomes
by pairwise calculation at lod score higher than 8.
Second, within chromosomes, the best lod score
between any new marker and mapped markers was
determined. Positions within the chromosome were
determined by considering the best lod score value
with mapped adjacent markers.

Results

cDNA sequences. Plasmid DNA from 3332 clones
was isolated. The average insert size, estimated from
restriction digests of 24 clones, was approximately 2
kb. 2693 sequences, with average length of 525 bp,
remained following trimming and editing of the 5¢
end sequence data. Post-trimming, 91% of the bases
had Phred quality values greater than or equal to 20,
and 54% of the bases had Phred quality values greater
than or equal to 40. Of the retained sequences, 726
could be assembled into 223 contigs of overlapping
and redundant sequences, leaving the remaining
1967 sequences as singletons. Therefore, there are
2190 distinct EST sequences represented in this set
of randomly selected clones.

BLAST comparisons of the 2693 edited se-
quences to the NCBI databases found that 2161
matched to genes, ESTs, or clones (with a signifi-
cance level less than e)10), while 532 had no signif-
icant match. Of the sequences with significant
matches, approximately 13% were derived from
genes of the mitochondrial genome, 16% had the
most significant match to unannotated human ge-
nomic DNA clones, and 17% had the most signifi-
cant match to novel EST or cDNA sequences. The
remaining canine ESTs are putative matches to
specified genes. Approximately 36% of the latter
canine ESTs matched ESTs from primate or mouse
brain cDNA libraries, while others matched ESTs
from libraries of a variety of other tissues, including,
most commonly, lung, skin, kidney, and testis. We
concluded that this canine brain cDNA library was
of sufficient quality to use in the identification of
many new EST sequences and to enable the place-
ment of new gene markers on the canine RH map.

Radiation hybrid mapping. The RH scores of
109 canine brain ESTs were determined on the
RHDF-5000.2 panel, and the data were submitted to
RH analysis on the existent dog 1500 marker RH
map (Breen et al. 2001). The average retention for all
109 ESTs was 0.23, corresponding to the average re-
tention of all markers genotyped on this panel (Priat
et al. 1998). The clone name and accession number,
most likely human orthologous gene name, best lod
score values, nearest linked marker, and chromo-
somal assignments for each new EST marker are
reported in Table 1. Ninety-seven ESTs were as-
signed to chromosomes by pairwise calculation at
lod score higher than 8.0, while 12 (11%) markers
remained unlinked to an RH linkage group. This
percentage of unlinked markers is in the range ob-
served in other RH mapping studies by using this
panel (Breen et al. 2001; Priat etal. 1998).
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Of the 97 ESTs with significant lod scores, 92
(95%) were greater than 10.0 and allowed the posi-
tioning of each new marker along its chromosome
with a high level of statistical support, while five had
lod score values of 8.4 to 10, which were only suf-
ficient to place that marker within a chromosome.
The 97 assigned ESTs mapped to 31 different chro-
mosomes and were distributed from one to nine new
loci per chromosome (Table 1). Nine canine chro-
mosomes did not acquire new EST markers. Most of
these are short chromosomes (CFA29, 33, 34, 36, 37,
38 and Y) that present a lower probability of linking
randomly generated markers. EST RH data presented
here represent a 30% increase in mapped gene-based
markers with value in comparative mapping.

Comparative mapping. Table 1 indicates the
map location of the most likely human ortholog of
each canine EST. RH data were merged with and
positioned on the 1,500 marker canine RH map
comprising 320 gene-based markers (Breen et al.
2001). The updated number of gene-based markers
on each canine chromosome and current conclu-
sions regarding human–canine synteny for each
canine chromosome are reported in Table 2.

Previous ZOO-FISH and RH mapping data iden-
tified 71 and 64 evolutionarily conserved segments
(CS) respectively between humans and dogs (Breen et
al. 2001). The placement of one to five of the canine
brain ESTs strengthened 41 of the CS previously
identified by RH mapping. The current work has also
increased the number of CS identified by RH map-
ping from 64 to 72. In particular, ten RH singletons
identified on CFA 3, 5, 13, 16, 18, 19, 25, 31, and 38
are now supported by two or more gene markers to
form CS (Table 2). Thus, 58 of the 72 CS identified
by RH mapping are now comprised of at least 2 loci,
while 14 remain as RH singletons.

The RH map assignment of the 97 novel ESTs
created eight new putative CS represented by sin-
gletons on CFA 1, 15, 16, 18, 25, 28, and 32 (Table 2).
To confirm these findings, these ESTs were repeat-
edly searched against multiple databases (Genbank
and Ensembl) to determine the most likely human
orthologs. Furthermore, amplicons of all new EST
markers that mapped to a previously unidentified CS
were sequenced to confirm that the PCR product
was indeed that expected from the initial primer
design. Of the eight putative CS identified in this
study by RH mapping, three were previously iden-
tified by ZOO-FISH on CFA01, CFA15, and CFA32,
but not detected by RH mapping. The other five
singletons, on CFA01, 15, 16, 18, 25, and 28, may
constitute additional breakpoints. Of these five RH
singletons, those located on CFA15, 16, and 25,T
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which identify a segment from HSA14 within HSA1,
a segment of HSA4 within HSA8, and a segment of
HSA4 within HSA2, respectively, have been con-
firmed by the RH mapping of a second locus (Guyon
et al., pers. com.). Therefore, only two of the new
putative CS remain as RH singletons undetected
by ZOO-FISH and not yet confirmed by additional
RH-mapped gene markers. They should be consid-
ered as tentative until confirmed with more mapped
markers.

Discussion

The density of markers on the canine maps is now
increasing rapidly; however, there is still an insuffi-
cient number of gene-based markers on the RH map
to establish the major CS, identify new or potential
CS, or allow the efficient prediction of candidate
genes for mapped canine traits by comparative
mapping approaches. Through characterization of
the first 2700 sequences from the canine brain
cDNA library, we have identified a variety of brain-
specific and ubiquitously expressed genes that map
to positions throughout the genome. Of 109 ESTs
mapped on the RH panel, 97 could be placed on
chromosomes or RH groups, while 12 remained un-
linked under our criteria.

The addition of these markers to the RH map
allowed us to strengthen the dog/human compara-
tive data, to increase the marker density of the ex-
istent CS, to confirm CS previously represented only
by RH singletons, and to identify eight new or pu-
tative CS between human and dog. Three of these
eight new CS were previously detected with ZOO-
FISH, while three other CS have been confirmed
with other RH-mapped genes. A recent report that
placed 52 genes on the canine genetic linkage map
concluded that most areas of CS between humans
and dogs have already been identified (Parker et al.
2001). Although we agree that placement of more
gene markers is needed to address likely alterations
in gene order between humans and dogs, we feel our
current report clearly demonstrates the need for
placing additional markers on the RH map to iden-
tify possible microchromosomal rearrangements
that ZOO-FISH may not detect, and that meiotic
linkage has not yet been detected. Such investiga-
tions are critical to the search for and positional
cloning of disease loci in dogs.

Acknowledgments

The authors thank Drs. Ned Patterson and Jane
Armstrong for useful discussions on canine genetics
and veterinary medicine and Ms. Lisa Herron for

performing the phred analysis. This project was
supported by the American Kennel Club Canine
Health Foundation Grant 2042. The contents of this
publication are solely the responsibility of the au-
thors and do not necessarily represent the views of
the Foundation.

References

1. Acland GM, Ray K, Mellersh CS, Gu W, Langston AA
et al. (1998) Linkage analysis and comparative mapping
of canine progressive rod-cone degeneration (prcd) es-
tablishes potential locus homology with retinitis pig-
mentosa (RP17) in humans. Proc Nat Acad Sci USA 95,
3048–3053

2. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ
(1990) Basic local alignment search tool. J Mol Biol 215,
403–410

3. Breen M, Thomas R, Binns MM, Carter NP, Langford
CF (1999) Reciprocal chromosome painting reveals
detailed regions of conserved synteny between the
karyotypes of the domestic dog (Canis familiaris) and
human. Genomics 61, 145–155

4. Breen M, Jouquand S, Renier C, Mellersh CS, Hitte C
et al. (2001) Chromosome-specific single-locus FISH
probes allow anchorage of an 1800-marker integrated
radiation-hybrid/linkage map of the domestic dog
genome to all chromosomes. Genome Res 11, 1784–
1795

5. Ewing B, Hillier L, Wendl MC, Green P (1998) Base-
calling of automated sequencer traces using phred. I.
Accuracy assessment. Genome Res 8, 175–185

6. Jonasdottir TJ, Mellersh CS, Moe L, Hebbebo R,
Gamlem H et al. (2000) Genetic mapping of a naturally
occurring hereditary renal cancer syndrome in dogs.
Proc Nat Acad Sci USA 97, 4132–4137

7. Lin L, Faraco J, Li R, Kadotani H, Rogers W et al. (1999)
The sleep disorder3 canine narcolepsy is caused by a
mutation in the hypocretin (orexin) receptor 2 gene.
Cell 98, 365–376

8. Matise TC, Perlin M, Chakravarthi A (1994) Auto-
mated construction of genetic linkage maps using an
expert system (MultiMap): a human genome linkage
map. Nat Gene 4, 384–390

9. Mellersh CS, Langston AA, Acland GM, Fleming MA,
Ray K et al. (1997) A linkage map of the canine ge-
nome. Genomics 46, 326–336

10. Mellersh CS, Hitte C, Richman M, Vignaux F, Priat C
et al. (2000) An integrated linkage-radiation hybrid map
of the canine genome. Mamm Genome 11, 120–130

11. Neff MW, Broman KW, Mellersh CS, Ray K, Acland
GM et al. (1999) A second-generation genetic linkage
map of the domestic dog, Canis familiaris. Genetics
151, 803–820

12. Ostrander EA, Giniger E (1997) Semper fidelis: what
man’s best friend can teach us about human biology
and disease. Am J Hum Gene 61, 475–480

13. Parker HG, Yuhua X, Mellersh CS, Khan S, Shibuya H
et al. (2001) Meiotic linkage mapping of 52 genes onto

212 M. C. ROBERTS ET AL: RADIATION HYBRID MAPPING OF CANINE BRAIN ESTs



the canine map does not identify significant levels of
microrearrangement. Mamm Genome 12, 713–718

14. Patterson DF (1980) Current Veterinary Therapy VII.
(Philadelphia: Saunders)

15. Patterson DF (2000) Canine genetic disease informa-
tion system; a computerized knowledge base of genetic
diseases in the dog. (St. Louis, M.: Mosby-Harcourt)

16. Priat C, Hitte C, Vignaux F, Renier C, Jiang Z et al.
(1998) A whole genome radiation hybrid map of the dog
genome. Genomics 54, 361–378

17. Roberts MC, Mickelson JR, Patterson EE, Nelson TE,
Armstrong PJ et al. (2001) Autosomal dominant canine
malignant hyperthermia is caused by a mutation in the
gene encoding the skeletal muscle calcium release
channel (RYR1). Anesthesiology 95, 716–725

18. van De Sluis B, Rothuizen J, Pearson PL, van Oost BA,
Wijmenga C (2002) Identification of a new copper
metabolism gene by positional cloning in a purebred
dog population. Hum Mol Genet 11, 165–173

19. Vignaux F, Hitte C, Priat C, Chuat JC, Andre C et al.
(1999) Construction and optimization4 of a dog whole-
genome radiation hybrid panel. Mamm Genome 10,
888–894

20. Wilcox B, Walkowicz C (1995) Atlas of dog breeds of
the world. (Neptune City, NJ.: T.F.H. Publications)

21. Yang F, O’Brien PCM, Milne BS, Graphodatsky AS,
Solanky N et al. (1999) A complete comparative chro-
mosome map for the dog, red fox, and human and its
integration with canine genetic maps. Genomics 62,
189–202

M. C. ROBERTS ET AL: RADIATION HYBRID MAPPING OF CANINE BRAIN ESTs 213


