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Single nucleotide polymorphisms (SNPs) are the most common genetic variation in mammalian populations. Their
significance is illustrated by their potential contribution to common disease but also by their potential for use in
genetic association and mapping experiments. We have examined the genetic variation between commonly used
inbred rat strains by using an efficient SNP discovery and typing assay based on enzyme-based (CEL I) heteroduplex
cleavage. Screening of a panel of 96 different rat (sub-)strains for 100 genomic loci in 55 genes, whose human
homologs are implicated in clinically relevant diseases like neurological disorder, cancer, schizophrenia, and obesity,
resulted in the identification of 103 novel polymorphisms. As all strains are simultaneously genotyped in this setup,
this allowed us to make an estimate of the genetic variation between and within commonly used rat inbred strains.
Interestingly, we observed substantial genetic variation between colonies of the same inbred strain, maintained at
different locations. Furthermore, we identified 17 non-synonymous SNPs that may have an effect on protein function
and contribute to phenotypic differences between different laboratory strains.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to dbSNP under accession nos. ss12588106–ss12588203.]

Rat inbred strains are widely used as laboratory models in under-
standing basic biology and human health and disease. Currently,
over 200 different rat inbred strains are used in laboratory stud-
ies, where most strains are specially selected as a model for spe-
cific human diseases (Steen et al. 1999; Kwitek-Black and Jacob
2001; http://rgd.mcw.edu). Knowledge of genetic variation be-
tween strains will be useful to obtain insight in the relationship
between different strains, but also for the design of genetic map-
ping panels for association studies. Furthermore, as genetic varia-
tion within inbred strains does affect experimental design and
interpretation, knowledge of the extent of this variation is essen-
tial. Although a strain is assumed to be inbred after at least 20
generations of subsequent brother–sister matings (Kacew and
Festing 1996) and from that point on is considered to be geneti-
cally homogeneous, a small but uncharacterized degree of ge-
netic variation will always remain in the population.

Currently, information on genetic variation in rat labora-
tory strains is limited to a set of microsatellite markers (Canzian
1997; Thomas et al. 2003) that are generally located in noncod-
ing regions. In this study, we focused on single nucleotide poly-
morphisms (SNPs) in gene coding regions of rat inbred strains.
SNPs are the most abundant form of sequence variability in the
vertebrate genome (Wang et al. 1998) and polymorphisms in
gene coding are likely to contribute to the phenotypic differences
between strains. Obviously, SNPs in noncoding regions may also
have a functional effect as suggested by evolutionary conserva-
tion of parts of such sequences (Dubchak et al. 2000; Loots et al.
2000; Hare and Palumbi 2003) and the mapping of a human
disease susceptibility to a noncoding region (Ueda et al. 2003).
However, the vast majority of human disease alleles that are
identified up to now have been found to be caused by single

nucleotide polymorphisms resulting in nonsense or missense
mutations at the gene coding level (OMIM, Online Mendelian
Inheritance in Man database; http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=OMIM).

Different experimental methods to detect genetic variation
have been established and are reviewed by Kristensen et al.
(2001). For large-scale genome-wide detection of SNPs, DNA mi-
croarray technology is one of the most efficient methods and it
has been successfully applied to the human (Wang et al. 1998;
Cargill et al. 1999; Halushka et al. 1999) as well as to the mouse
genome (Lindblad-Toh et al. 2000). To discover novel SNPs, two
different approaches can be followed. First, new polymorphic
positions can be predicted by an in silico approach (reviewed by
Vignal et al. 2002), where all available information in databases
is mined and analyzed for the occurrence of polymorphisms.
This results in candidate SNPs that require experimental verifi-
cation. Second, experimental methods can be used directly,
where direct sequencing is currently still the most accurate and
informative approach, but other methods that are more cost-
effective and/or allow higher throughput are continuously under
development.

In this study, we have adapted high-throughput mutation
discovery technology that is based on enzymatic cleavage of het-
eroduplexes using the CEL I nuclease isolated (Oleykowski et al.
1998) for SNP discovery. This technology has been successfully
used for reverse genetics approaches and the identification of
knockouts in Arabidopsis (Till et al. 2003), zebrafish (Wienholds
et al. 2003), and the rat (Smits et al. 2004), and is now commonly
referred to as TILLING. The major advantage of the approach
described here, is that it is well suited for simultaneous SNP dis-
covery and genotyping using a large panel of individuals or
samples. In addition, the accuracy of the method is high, the
costs are relatively low, and the technology is easily scalable. We
have assayed 100 coding regions in 96 rat inbred strains and
substrains, scanning almost 6 � 106 base pairs, resulting in the
identification and genotyping of 103 novel polymorphisms. In-
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terestingly, we observed a considerable amount of genetic varia-
tion at the single-base level within inbred strains.

RESULTS AND DISCUSSION

SNP Discovery
We have selected a set of 55 genes that are known to play a role
in neurological and endocrine processes, cholesterol metabolism,
and cancer (Supplemental Table 1). Sequence variation in the
human homologs of these genes may play a role in clinically
relevant diseases like schizophrenia, obesity, and cancer. Primers
for amplification of selected exons (total 100 loci) were designed
using local genomic assemblies generated by the GENOTRACE
program (Berezikov et al. 2002), as no rat genome assembly was
available at this point, in combination with a Primer3-based
(Rozen and Skaletsky 2000) primer design program (http://
primers.niob.knaw.nl) for universal design of oligo’s, allowing
automated simultaneous PCR in a robotic set-up.

The resulting amplicons were screened for polymorphisms
in a set of 96 inbred rat strains and substrains using a modified
CEL I nuclease-based (Oleykowski et al., 1998) SNP detection
assay (Fig. 1). Briefly, fluorescently labeled PCR products from
the reference strain Brown Norway, which is being sequenced as
part of the rat genome sequencing project (http://www.hgsc.
bcm.tmc.edu/projects/rat/), and testing strain are mixed and al-
lowed to form heteroduplexes that are the substrate for the CEL
I nuclease. Digested products are analyzed on denaturing acryl-
amide gels and polymorphisms will show up as additional bands
(for an example gel image see Supplemental Figure 1). Samples
showing additional fragments are subsequently sequenced to re-
veal the molecular nature of the polymorphism. Although one
has to sequence only one representative sample for every SNP, in
this study we verified all polymorphisms in all amplicons by
direct sequencing of the PCR product. No false positives were
encountered and no novel polymorphisms were detected in the
sequencing phase, indicating that the rate of false negatives is
also very low.

In total, we screened more than 5.8 � 106 base pairs, with
40,977 base pairs of coding and 19,198 base pairs of noncoding
sequence per (sub)strain and identified 103 novel polymor-
phisms (Supplemental Table 1), that were simultaneously geno-
typed in 96 rat strains and substrains (Fig. 2). SNPs in a single
gene that were found to cosegregate in our data set are repre-
sented as a single polymorphic locus in Figure 2.

The average failure rate per amplicon was found to be only
1.3%, and is most likely due to pipetting errors and inaccuracies
introduced by the automated robotic setup of the PCR and CEL I
reactions. No inconsistencies were observed between the CEL
I-based and the resequencing results. Taken together, this strat-
egy is an efficient and reliable approach for high throughput SNP
discovery and simultaneous genotyping in medium to large
sample sets.

SNP Characteristics and Frequency
Although the focus of this study is on polymorphisms in coding
regions, we did identify 38 SNPs in noncoding regions as a result
of the PCR-based strategy with primers designed in exon-flanking
sequences. The calculated SNP frequency in exon, intron and
untranslated (UTR) regions is one in 630, 555, and 345 base pairs,
respectively (Supplemental Table 1). Generally, SNP frequencies
are found to be higher in noncoding sequences compared to
coding sequences. The difference in our set might be due to the
method of screening, for which it has been reported that it does
not efficiently detect polymorphisms close to the ends of the
amplicon (Till et al. 2003). Rather crude correction of this effect

by subtraction of 30 base pairs from either end of the amplicon,
would result in SNP frequencies in exon-flanking intronic re-
gions of one in 367 nucleotides (29 SNPs in 10,638 bps) and one
in 269 nucleotides for UTR sequences (nine SNPs in 2419 bps),
which are more in line with expectations.

Completely random mutations will be divided into transi-
tions and transversions in a 1:2 ratio. However, biological data
sets tend to have a strong bias toward transitions due to DNA
methylation, chemical differences between bases, and differences
in DNA repair efficiency for different types of nucleotide mis-
matches. As for the mouse (roughly 66.7% transitions; Lindblad-
Toh et al. 2000) and for human (64% transitions; Halushka et al.
1999), our data set shows a similar bias towards transitions
(78.4%). It is not likely that this bias is a result of a decreased
sensitivity of CEL I for certain mismatches, since results obtained
by others (Oleykowski et al. 1998) and by us (Wienholds et al.
2003; E. Cuppen, unpubl.) show that all possible heteroduplex
mismatches are recognized efficiently by CEL I.

SNPs Between Inbred Strains
Previous analysis on microsatellites suggested that Brown Nor-
way (BN) was genetically most similar to wild rats and furthest
away from laboratory rat strains (Canzian 1997; Thomas et al.
2003). Although the current genotyping data is not sufficient to
build a reliable phylogenetic tree, our results confirm that Brown
Norway is clearly most distant from the other inbred strains
tested. Furthermore, some clear relationships between strains can
be observed. For example, DA/Han and LEW/Cub have 96% (77
of 80) polymorphic loci identical (Fig. 2), which indicates that
these strains are closely related. In rat strain databases, the DA
strain is suggested to be closely related to the COP strain (http://
rgd.mcw.edu/strains/; http://www.mh-hannover.de/institute/
tierlabor/da.html), but in our set DA and COP share only 85% of
the alleles. Of course, many more polymorphic loci should be
explored to reliably trace the history of rat inbred strains, as
illustrated by the results of Canzian (1997) and Thomas et al.
(2003), showing close relationship between DA and COP using
995 and 4800 microsatellite markers, respectively.

SNPs Within Inbred Strains
Individual animals from inbred strains are commonly considered
to be genetically homogeneous and are called isogenic. However,
our genotyping results using independent isolates of inbred
strains, revealed significant heterogeneity (Figs. 2, 3). Statisti-
cally, at least 98.6% of the loci in each animal from an inbred
population should be homozygous (Davisson 1997; Beck et al.
2000). We have genotyped 14 Brown Norway substrains and
found that five of the 80 loci were variable, representing 6% of
genetic variability on single-base level. In three substrains of ACI,
we found variation in nine of the 80 loci, representing 11% of
genetic variation. Remarkably, in the widely used Lewis (LEW)
strain, 16 out of the 80 loci were found to be polymorphic, rep-
resenting genetic variation of 20%. In Figure 3, variation percent-
ages were plotted for nine inbred strains, for which multiple in-
dividuals were typed.

The observed genetic variation within inbred strains may be
the result of spontaneous mutations that occurred during breed-
ing, inaccuracies in breeding programs, or a reflection of resid-
ual heterogeneity at the time of splitting breeding populations.
The first possibility would result in novel SNPs, unique to the
(sub)strain, whereas the latter two possibilities would result in
nonunique SNPs shared with other strains. We only identified
SNPs shared with other inbred strains, excluding spontaneous
mutations as a source.

It should be noted that from these results no conclusions
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can be drawn about the degree of isogenicity within specific
breeding colonies of inbred strains, but it illustrates the potential
variation between different isolates worldwide that should be
taken into account when comparing experimental results from
different labs using the same inbred lines.

Effect of SNPs
For the 65 SNPs in coding regions, we find that about 26% of the
polymorphisms (17) result in the replacement of an amino acid
in the encoded protein product (nonsynonymous; Supplemental
Table 1). A recent study showed that functional polymorphisms
(nonsynonymous) are overrepresented in a set of human SNPs
that have a minor allele frequency lower than 6% (Wong et al.
2003). Because a selection of inbred strains and substrains, as
used in this study, does not resemble a random (outbred) popu-
lation and is limited in the number of individual samples, we
used another approach to investigate if there is correlation be-
tween SNPs being nonsynonymous and their minor allele fre-
quency. We defined three bins with minor allele frequencies be-
tween 15% and 50%, between 5% and 15%, and below 5%, simi-
lar as used by Cargill et al. (1999). In line with human functional
SNP data, nonsynonymous SNPs appear more frequently in the
latter class (47.1%) when compared to synonymous SNPs
(27.1%) and noncoding SNPs (37.1%; see Supplemental Table 2
for details).

For estimating the direct effect of SNPs, we checked the im-
pact of all nonsynonymous SNPs on the subsequent protein
product by SIFT (Ng and Henikoff 2001) and PolyPhen (Ramen-
sky et al. 2002). These programs use phylogenetic conservation of
protein (domains), chemical properties of the polymorphic
amino acids, and predictions on secondary protein structure to
estimate the potential effect of a polymorphism on protein func-
tion. Although results produced by these prediction programs
should be used with care, SIFT correctly distinguishes between
deleterious and neutral alleles for 18 out of 22 SNPs in five known
human disease genes (Ng and Henikoff 2002). One of the 17
nonsynonymous SNPs in our study (C3177G of XM_237485 in
NCBI database, changing His to Gln) was predicted to be dam-
aging by both methods and four others were found to be prob-
ably/possibly damaging by PolyPhen (CT1157/1158AC of
XM_219840, C1277A of NM_017140, A671G of M36074, G646A
of AF130341), but were called tolerant by SIFT, of which two were
diagnosed at low confidence by SIFT. The other 11 SNPs were not
predicted to be dramatically deleterious for the protein. The five
polymorphisms that are predicted to potentially affect protein
function were found in the FSH receptor (FSHR), G protein-
coupled receptor 50 (Gpr50), dopamine receptor 3 (Drd3), min-
eralocorticoid receptor (Mr), and melatonine receptor (Mt1), re-
spectively. Interestingly, four of these SNPs have minor allele
frequencies lower than 6%, but the SNP in Mr is abundantly
present with a minor allele frequency of 43.5%. Since these SNPs
may impair the function of the protein, the strains harboring

Figure 1 Schematic overview of the polymorphism discovery strategy.
PCR on genomic DNA of 96 testing strains and on a set of 96 samples of
the reference strain Brown Norway (BN/Cl) produces two sets of 96 PCR
products that contain different fluorescent labels at either end (IRD700
and IRD800, indicated by red and blue stars). Pooling of tester samples
with reference samples, followed by denaturing and reannealing, results
in the formation of heteroduplex DNA in the case of polymorphisms
between the strains used. Heteroduplex DNA is specifically cleaved by the
CEL I nuclease at the site of the mismatch and the resulting fragments are
separated on a denaturing polyacrylamide gel with fluorescence detec-
tion. Subsequently, representative samples for a specific polymorphism
are sequenced to reveal the molecular nature of the polymorphism.
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them might have aberrant characteristics in processes in which
the corresponding genes are involved. Although it is currently
difficult to prove that these polymorphisms account for pheno-
typic differences between the strains, it is clear that (combina-
tions of) genetic polymorphisms in general do influence experi-
mental results. For example, in the human population, the in-
terindividual variability in drug response is a major problem for
effective drug treatment and it is believed that this is caused by
heritability of certain uncharacterized functional polymor-
phisms (Nebert 1999). Pharmacogenomic approaches in model
organisms are expected to contribute considerably to the under-
standing of the function of specific genes in relation to drug
response (Watters and McLeod 2002). Characterization of the
naturally occurring genetic variation at such loci, for example in

the many rat inbred strains that are now known, could contrib-
ute equally to such understanding.

METHODS

Genomic DNA Isolation and Origin of Genomic DNA
Genomic DNA from reference strain BN/Crl was isolated using
QIAGEN DNeasy 96 Tissue Kit (4). Genomic DNA from 96 inbred
strains and substrains was made available through the Depart-
ment of Laboratory Animal Science, Faculty of Veterinary Medi-
cine, Utrecht University, The Netherlands. More detailed infor-
mation on the origin of these strains can be found in Supple-
mental Table 3. Five microliters of genomic DNA (concentration
of ∼2 ng/µl per sample), was gridded-out in 384-well plates. In

Figure 2 Genotype of the identified polymorphisms for 96 rat inbred strains and substrains. Polymorphisms are typed in reference to the Brown
Norway strain (BN/Crl). The green squares represent the allele in accordance with BN/Crl. The red squares represent the presence of the alternative
allele. The white squares represent genotyping failures. Different isolates of the same inbred strain are grouped together, separated by thin lines. Thick
lines separate different inbred strains. SNPs that are present in the same gene and cosegregate in our data set are represented as a single locus, reducing
the number of polymorphic sites to 80. The polymorphic loci are ordered on the horizontal axis in line with the map position based on the June 2003
rat genome assembly (UCSC version rn3). The map position of the last two genes is unknown.
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total, two sets of 96 testing strains and two sets of 96 reference
strain DNA (BN/Crl), were transferred into a single 384-well plate
using a 96-channel pipettor (Hydra-96).

Primer Design
Genomic organization and exon-flanking intron sequences of
Rattus norvegicus target genes were determined using GENO-
TRACE. The published cDNA sequence was used as input. Nested
sets of oligonucleotides for amplification of exon sequences were
automatically designed using a PRIMER3-based Web application
(http://primers.niob.knaw.nl) with optimal melting tempera-
tures of 58°C. For this study we have designed amplicons for only
the large exons (>300 bp) in genes of our specific interests. As a
result, coding regions for some of the genes are fully covered,
whereas others are only partially screened, resulting in an aver-
age coverage percentage of about 56%. Detailed primer informa-
tion can be obtained from the authors upon request.

CEL I-Based Polymorphism Detection
All PCR, pooling, and CEL I digestion pipetting steps were done
on a Genesis Workstation 200 (Tecan). Target sequences were
amplified by nested PCR in 384-well plates. The first PCR was
done with gene-specific primers and carried out using a touch-
down cycling program (92°C for 60 sec; 30 cycles of 92°C for 20
sec, 65°C for 20 sec with a decrement of 0.5°C per cycle, 72°C for
60 sec; followed by 10 cycles of 92°C for 20 sec, 58°C for 20 sec,
and 72°C for 60 sec; 72°C for 180 sec; GeneAmp9700, Applied
Biosystems). PCR reaction mixes contained 5 µl genomic DNA,
0.2 µM forward primer, and 0.2 µM reverse primer, 200 µM of
each dNTP, 25 mM Tricine, 7.0% Glycerol (w/v), 1.6% DMSO
(w/v), 2 mM MgCl2, 85 mM Ammonium acetate (pH 8.7), and 0.2
U Taq Polymerase in a total volume of 10 µl.

Of the first PCR reaction, 1 µl was used as template for the
second PCR reaction. The second PCR reaction contained gene
specific primers, at their 5� end elongated with universal M13
adaptor sequences (forward 0.08 µM and reverse 0.04 µM). Ad-
ditionally, the reaction mixture contained corresponding univer-
sal M13-forward primer (5�-TGTAAAACGACGGCCAGT, 0.12
µM) and universal M13-reverse primer (5�-AGGAAACAGCTAT
GACCAT, 0.16 µM). The universal M13 primers were labeled
with fluorescent dyes, IR Dye 700 and IR Dye 800, respectively.
Furthermore, the nested PCR mixture contained 200 µM of each
dNTP, 25 mM Tricine, 7.0% Glycerol (w/v), 1.6% DMSO (w/v), 2
mM MgCl2, 85 mM Ammonium acetate (pH 8.7), and 0.2U Taq
Polymerase in a total volume of 5 µl. Standard cycling conditions
were used for the nested PCR reactions (30 cycles of 92°C for 20
sec, 58°C for 40 sec, and 72°C for 60 sec).

After the second PCR reaction, 2.5 µl of each sample of the
96 testing strains was mixed in a fresh 384-well plate with 2.5 µl
of the reference strain PCR, followed by heteroduplex formation
(99°C for 10 min and 70 cycles of 70°C for 20 sec with a decre-
ment of 0.3°C per cycle). Specific heteroduplex cleavage was per-
formed by adding to each sample 10 µl of CEL I mixture, con-
taining 10 mM HEPES (pH 7.0), 10 mM MgSO4, 10 mM KCl,
0.002% Triton X-100, 0.2 µg BSA and 0.01 µl CEL I enzyme so-
lution (isolated from celery according to Oleykowski et al. (1998)
with minor modifications; protocol available at http://
www.niob.knaw.nl/researchpages/cuppen) and incubation at
45°C for 15 min. The CEL I reactions were stopped by addition of
5 µl 75 mM EDTA (pH 8.0).

Fragments were purified using Sephadex G50 (medium
coarse, Sigma) mini-columns in 96-well filter plates (Multiscreen
HV, Millipore) and eluted into plates prefilled with 5 µl for-
mamide loading buffer (37% [v/v] de-ionized formamide, 4 mM
EDTA, pH 8.0, 90 µg/ml bromophenol blue) per well. Samples
were concentrated to about 1.5 µl by heating at 85°C for 45 to 60
min without cover. Three-tenths of a microliter (0.3 µl) was ap-
plied to a 96-lane membrane comb (The Gel-company) and
loaded on 25-cm denaturing 6% polyacrylamide gels on LI-COR
4200 DNA analyzers. Raw TIFF-images produced by the analyzers
were modified and visualized using Adobe Photoshop and poten-
tial polymorphisms were detected and scored manually.

Verification and Identification of Polymorphisms
by Sequencing
PCR reactions for polymorphism identification were done by us-
ing the same conditions as for CEL I mediated polymorphism
detection. In the nested PCR, universal M13 oligo’s were omitted
and only gene specific primers were used, both in the concentra-
tion of 0.2 µM. Nested PCR products were diluted with 30 µl
water and 1 µl was used as template for the sequencing reactions.
Sequencing reactions, containing 0.5 µl DYEnamic ET Termina-
tor (Amersham Pharmacia Biotech), 3.5 µl ET Terminator dilu-
tion buffer (Amersham Pharmacia Biotech) and 0.5 µM nested
gene specific forward primer or reverse primer in a total volume
of 10 µl, were performed using cycling conditions recommended
by the manufacturer. Sequencing products were purified using
Sephadex G50 (superfine, coarse, Sigma) mini-columns and ana-
lyzed on a 96-capillary 3700 DNA analyzer (Applied Biosystems).
Sequences were analyzed for polymorphisms using polyphred
(Nickerson et al. 1997).

SIFT and PolyPhen
To predict the impact of the nonsynonymous SNPs we found, we
used two different applications, SIFT (v2.0; Ng and Henikoff
2001) and PolyPhen (command-line version; Ramensky et al.
2002), both stand-alone versions. To be able to compare the data,
the same databases (SWISS-PROT+TrEMBL+TrEMBL_NEW,
downloaded from ftp://ftp.expasy.org) and BLAST parameters
(expectation cut-off = 1E-04) were applied for the analysis.
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