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Identification of Rat Genes by TWINSCAN Gene
Prediction, RT–PCR, and Direct Sequencing
Jia Qian Wu,1 David Shteynberg,2 Manimozhiyan Arumugam,2 Richard A. Gibbs,1 and
Michael R. Brent2,3

1Human Genome Sequencing Center, Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas
77030, USA; 2Laboratory for Computational Genomics, Washington University, St. Louis, Missouri 63130, USA

The publication of a draft sequence of a third mammalian genome—that of the rat—suggests a need to rethink
genome annotation. New mammalian sequences will not receive the kind of labor-intensive annotation efforts that
are currently being devoted to human. In this paper, we demonstrate an alternative approach: reverse
transcription-polymerase chain reaction (RT–PCR) and direct sequencing based on dual-genome de novo predictions
from TWINSCAN. We tested 444 TWINSCAN-predicted rat genes that showed significant homology to known
human genes implicated in disease but that were partially or completely missed by methods based on
protein-to-genome mapping. Using primers in exons flanking a single predicted intron, we were able to verify the
existence of 59% of these predicted genes. We then attempted to amplify the complete predicted open reading
frames of 136 genes that were verified in the single-intron experiment. Spliced sequences were amplified in 46 cases
(34%). We conclude that this procedure for elucidating gene structures with native cDNA sequences is cost-effective
and will become even more so as it is further optimized.

The publication of a draft sequence of the rat genome provides
an exciting opportunity to find orthologs and novel paralogs of
known human genes that can be studied in a well established
physiological and pharmacological model (Rat Genome Sequenc-
ing Project Consortium 2004). It also suggests a need to rethink
genome annotation. New mammalian sequences will not receive
the kind of labor-intensive annotation efforts that are currently
being devoted to human, and thus high-quality, automated ge-
nome-wide annotation will be required. The primary automated
method used in the initial publication of the rat genome (as well
as the public human and mouse genomes) was the Ensembl an-
notation pipeline (Hubbard et al. 2002). The core of Ensembl is
GeneWise (Birney and Durbin 2000), an algorithm which (1)
aligns known rat proteins from RefSeq (Pruitt and Maglott 2001)
and SWISS-PROT (Bairoch and Apweiler 2000; Gasteiger et al.
2001) to their source in the rat genome, and (2) aligns known
proteins from other mammals to the regions of the rat genome
that could produce similar (orthologous or paralogous) proteins.
In this paper, we describe a complementary approach: reverse
transcription–polymerase chain reaction (RT–PCR) and direct se-
quencing based on dual-genome de novo predictions from
TWINSCAN (Korf et al. 2001; Flicek et al. 2003; http://
genes.cse.wustl.edu/). To test this method, we chose TWINSCAN
predictions in rat with significant similarity to a well character-
ized set of human genes—those in the Human Gene Mutation
Database (HGMD, Stenson et al. 2003)—but which were partially
or completely missed by Ensembl.

Systematic RT–PCR and direct sequencing of many novel
gene predictions was first reported three years ago (Miyajima et
al. 2000; Das et al. 2001). Earlier this year, we published the first
report of high success rates with RT–PCR and direct sequencing
from hundreds of mammalian gene predictions (Guigó et al.
2003). We tested multi-exon mouse genes predicted by TWIN-
SCAN and/or SGP2 (Parra et al. 2003) but not by Ensembl. The
predictions that showed homology to a human gene prediction

with an intron in a conserved location had excellent rates of
verification. For TWINSCAN, 44% of the mouse predictions that
showed homology to a human prediction without an intron in a
conserved location were also verified. The experiments reported
by Guigó et al. 2003, Miyajima et al. 2000, and Das et al. 2001
focused on verifying the existence of predicted genes, rather than
their complete structures. Thus, they used primers in adjacent
exons flanking a single intron and judged the verification suc-
cessful if a spliced product was amplified and sequenced from the
primer pair. In the present study, we advanced this approach by
attempting to amplify the complete open reading frame (ORF) of
a subset of the genes we can verify with primers flanking a single
intron. To simplify the procedure we pooled RNA from multiple
tissues and sequenced all product mixtures. Finally, we devel-
oped software to automate the sequence analysis.

RESULTS

Summary of RT–PCR Results
We obtained spliced sequence from RT–PCR products for 59% of
predictions for which we designed primers in adjacent exons
flanking a single intron. For a subset of the single-intron suc-
cesses, we designed primers in exons at or near the end of the
predicted ORF to amplify most of the ORF and in the presumed
untranslated regions (UTRs) to amplify the complete ORF. The
success rates were 70% and 34%, respectively (Table 1).

Predictions
TWINSCAN predicted 24,490 genes comprising 182,013 exons
on build 2.1 of the rat genome (January 2003). These and other
statistics were similar to those obtained from the TWINSCAN
annotation of human (Flicek et al. 2003)—the 8% reduction in
predicted exons relative to human is not surprising given the
incompleteness of this early draft of the rat genome. Our first
goal was to identify a set of TWINSCAN predictions that (1) are
not predicted by Ensembl, (2) are homologous to human HGMD
genes, and (3) can be shown experimentally to be transcribed.
Our plan was to test a single intron using primers in the flanking
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exons (Fig. 1). We therefore used BLAST to divide the TWIN-
SCAN-predicted exon pairs into two sets: those that, when joined
by splicing out the intron between them, were highly similar to
an mRNA predicted by Ensembl (BLASTN E<10�6), and those
that were not (predicted single exon genes were not used). This
yielded 129,757 predicted exon pairs that were similar to En-
sembl mRNAs and 52,256 that were not. After translating the
exon-pairs that were not similar to Ensembl mRNAs in the pre-
dicted reading frame, we identified the non-Ensembl exon pair
that was most similar to each of the human genes in the HGMD
database. We found that 859 of the HGMD genes (73%) had a
highly significant match (E<10�10) to one or more predicted
exon pair that did not match Ensembl predictions. This does not
imply that Ensembl missed 73% of the HGMD orthologs—the
non-Ensembl exon pairs we identified by this method had sig-
nificant similarity to HGMD genes, but could have come from
paralogous family members rather than orthologs. To narrow
this set still further, we took only those predicted exon pairs that
were the best match for one and only one HGMD gene.

Single-Intron Experiments
Of the 554 remaining exon pairs, we were able to design primers
that met our criteria for 444 (see Methods for details). All 444
primer pairs were synthesized and used in RT–PCR with pooled
rat RNA from diverse tissues and developmental stages. PCR
products were purified and sequenced using both forward and
reverse primers (see http://genes.cse.wustl.edu/rat-data-03/ for
sequences and accessions). As a control for genomic DNA con-
tamination, the reverse transcription reaction was performed
without reverse transcriptase, and the subsequent PCR procedure
was carried out using primers in exons 3 and 4 of rat p53
(NM_030989). Gel analysis did not reveal any amplification, and
therefore no genomic DNA contamination is indicated.

The resulting sequences were then analyzed to determine
whether the primers amplified a spliced product from the target
region. If so, the experiment was categorized as successful. From
the 444 experimental wells, the analysis revealed 196 successful
amplifications of spliced sequences (44%). Products from an-
other 142 experiments failed to yield 20 consecutive bases of

high-quality sequence, either because nothing was amplified or
because sequencing failed. The remaining 107 primer pairs
yielded sequences that did not provide a reliable indication of
whether the product was spliced. Repetition of this experiment
using the same primers but adding DMSO and glycerol to the
PCR mixture yielded an overlapping set of 166 successes. Com-
bining the two experiments, the total number of verified introns
was 260 (59%). Among these successes, the intron boundaries
were exactly as predicted by TWINSCAN in 189 (73%).

Each 96-well plate contained two tests with primers in exons
3 and 4 of rat p53, an intron splicing test with primers in exon 3
and intron 3, and an intron splicing test with primers in introns
7 and 8. In the initial experiment, tests with primers in exons 3
and 4 of rat p53 yielded spliced sequence in eight cases and fail-
ures in two cases on different plates. In one failure there was
probably no amplification, as both the forward and reverse reads,
which were produced in different sequencing runs, contained no
high-quality sequence. The other failure yielded a short sequence
that matched one exon but did not cross the splice boundary.
During the repetition of the experiment, three of the five positive
controls did not yield sequences. This could be due to failure
during high-throughput PCR amplification, purification, or se-
quencing. In both experiments, the intron splicing tests with
primers located in intron–intron or intron–exon amplified and
produced sequence that was not spliced. This is likely due to
unspliced pre-mRNA. Therefore, amplification should not be in-
terpreted as implying that the primers annealed to exonic se-
quence (see Discussion).

Full ORF Experiments
To learn more about the gene structures that gave rise to these
spliced products, we wanted to amplify and end-sequence the
complete predicted ORFs. Thus, we attempted to design primers
in the region between 10 and 300 bases upstream of the start
codon and downstream of the stop, in the presumptive UTRs. In
case of failure, we wanted to be able to determine whether the
predicted gene might have been only part of the real transcript,
such that most of the predicted exons were correct but the gene
boundaries were not. Thus, we also attempted to design primers
just inside the boundaries of the ORF in the outermost of the
exons with enough coding sequence to facilitate primer design
(see Fig. 1 and Methods). We refer to these as the terminal exon
(TE) primers, even though short initial and terminal exons were
bypassed in the primer design.

We attempted to design 93 UTR and 93 TE primer pairs for
predictions that yielded successful results on the first set of
single-intron experiments. Product size was limited to 4 Kb, be-
cause the efficiency of the PCR methods used was expected to
decline rapidly at greater product lengths. Because product
length was limited and primer design is not always successful, we
ended up with 93 TE primer pairs and 89 UTR primer pairs.

Figure 1 A TWINSCAN prediction (green, subsequently identified as rat aspartylglucosaminidase) in which sequences from the single intron (purple),
terminal exon (red), and UTR (blue) primer pairs all yielded spliced alignments. Primers are shown as tall pink blocks at the same level as the sequence
they yielded (the left single-intron primer did not yield high-quality sequence). TWINSCAN makes use of the blocks of alignment from the human
genome (black) and the mismatches and gaps within the blocks (red) in predicting the most likely gene structure.

Table 1. Summary of RT-PCR Success Rates

Target type
Number of

targets
Number (%)

successful

Single intron 444 260 (59%)
Most of ORF (TE primers) 152 106 (70%)
Complete ORF (UTR primers) 136 46 (34%)

Targets for TE and UTR primers were selected from the single intron
successes.

Wu et al.
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After the experimental procedure described above, sequence
analysis revealed amplification of a spliced product overlapping
the predicted gene from 64 TE experiments (69%); 13 yielded no
high-quality sequence from either primer, and 16 yielded se-
quence that did not produce a reliable spliced alignment to the
targeted region. The corresponding numbers for the UTR experi-
ments were 26 successful (29%), 22 with no high-quality se-
quence, and 41 with no spliced product from the predicted re-
gion.

After the completion of this experiment, a new assembly of
the rat genome was released in June 2003 (release 3.1). This as-
sembly included 1500 new BACs yielding a net increase of 70
million bases in the assembly. In order to determine the effect of
this improvement on the results described above, the 22 UTR
primer pairs that yielded no high quality-sequence were re-
mapped to the new genome sequence. This revealed that 19 of
the 22 lay in regions which had been extensively revised such
that the original primers would not be expected to amplify any
product in the new genome sequence. We then remapped all the
exon pairs that yielded positive results in the single-intron ex-
periment to the new genome build and extracted the full-ORF
predictions containing them. A new set of TE and UTR targets
was selected, including 22 TE and 46 UTR targets that failed on
the first UTR plate, as well as 59 new TE and 47 new UTR targets.
Six of the TE targets that had been negative before came out
positive (27%), as did 36 of those that had not been previously
tested (61%). Five of the UTR targets that had been negative
before came out positive (10%), as did 15 of those that had not
been previously tested (32%). Combining both experiments,
ORFs containing 152 distinct RT–PCR positive exon pairs were
tested with TE primers, of which 106 were successfully amplified
and end sequenced (70%). For the UTR primers, ORFs containing
136 distinct RT–PCR positive exon pairs were tested, of which 46
were successfully amplified and end sequenced (34%). All but
five of the UTR successes were also TE successes.

In order to compare our sequence-based analysis to a differ-
ent assay for RT–PCR success, we ran the products on a 1% aga-
rose gel and estimated the product sizes. Products were classified
according to whether they yielded a single band within 400
nucleotides (nt) of the expected size, multiple bands at least one
of which was within 400 nt of the expected size, or no band
within 400 nt of the expected size. Each group was divided into
those that yielded a “hit” by our sequencing and analysis method
and those that did not (Table 2). Most of the products that
yielded a single band of the right size had been classified as hits
(93%), and most of the hits yielded at least one band of the right
size (65%). However, 35% of the hits yielded no visible band of
the expected size, despite yielding high-quality spliced sequence
that matched the expected genomic location. RT–PCR successes
may have been missed by gel analysis because sequencing is more
sensitive at low template concentrations, because the accuracy of

gel sizing is limited, or because of discrepancies between the pre-
dicted size and the actual size. Most of the products that were not
classified as hits by sequence analysis yielded no band of the
expected size (80%), but 18% yielded multiple bands including
one of the expected size. Examination of sample traces from the
products that yielded a band of the expected size along with
other bands revealed that multiple templates were sequenced in
every case, regardless of whether the product was classified as a
hit by sequence analysis. This could have been the result of al-
ternative splicing or mispriming. Five of the products that were
not classified as hits by sequence analysis (2%) yielded a single
band of the expected size. All of these turned out to be cases in
which multiple templates were visible in the sequencing trace
but not in the gel analysis.

Comparison of a Sample of Confirmed Rat Genes
to Known Human Genes
Querying NCBI’s nonredundant protein database (nr) with the
UTR-confirmed gene predictions revealed that eight of them had
become provisional or curated rat RefSeqs since we picked them
as targets on March 28, 2003. In all eight cases, the name of the
rat RefSeq matched that of an HGMD human gene. To get a sense
of the kinds of genes we had verified, we investigated the 38 that
had not become rat RefSeqs (Table 3). In 33 cases the rat predic-
tion appeared likely to be the true ortholog of the top human hit
in nr. Of these, 31 were known genes and two were predictions.
Of the 31 known genes, 17 were in HGMD. Most of the rat pre-
dictions were about the same length as their putative human
orthologs, although alignments sometimes suggested a missed
splice site or exon or an alternative splice. In six cases, however,
the prediction was more than 100 amino acids shorter than the
putative ortholog. Because the high-quality portions of the reads
did not include both the predicted start and stop codons in these
cases, the primer may have annealed to a coding exon or an
intron, rather than a UTR. In five cases, the verified rat prediction
did not appear to be orthologous to a known human gene, and
may therefore have been a novel paralog.

DISCUSSION
In these experiments we used TWINSCAN gene prediction fol-
lowed by RT–PCR and direct sequencing to confirm partial gene
structures in the newly sequenced rat genome. All 444 of the
targets had significant similarity to known human genes, but
they were at least partially missed by the April 2003 Ensembl
annotation of the rat genome. Among these, 260 were confirmed
by primers spanning a single intron, 106 of the single-intron
positives were also confirmed using primers in the outermost
predicted exons, and 46 of the single-intron positives were also
confirmed using primers in the predicted UTRs. Among the
single-intron positives we tested, 70% were positive in the termi-
nal-exon experiments and 34% in the UTR experiments.

The higher success rate with TE primers relative to UTR
primers probably results from a combination of factors. First,
terminal exon primers were designed in the outermost exons
with sufficient coding sequence; the shortest exons, which are most
likely to be mispredicted, were omitted from the TE experiment
for reasons of primer design. Second, we designed UTR primers
within 300 bp of the predicted ORF; many of these 300-bp re-
gions may have included sequence outside the UTRs or in UTR
introns. Finally, gene prediction algorithms are more accurate in
identifying exons than in grouping them into transcripts; this
makes it likely that some of the predicted initial and terminal
exons were actually internal exons, and hence the predicted UTR
regions flanking them were introns.

Table 2. Comparison of Gel Analysis Assay for RT-PCR Success
to Sequence Analysis Assay

Sequence
analysis

One right
size band

Multiple bands
≥ right size

No right
size band Total

Hit 65 35 54 154
Non-hit 5 38 166 209

Total 70 73 220 363

Products that gave high-quality sequence with a clear spliced align-
ment to the genome in the target region are classified as hits; all
others are classified as non-hits.

Verifying Predicted Rat Genes
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To the best of our knowledge, this is the first reported at-
tempt to amplify complete mammalian open reading frames
from de novo gene predictions on a significant scale. Previous
efforts to verify many mammalian gene predictions by RT–PCR
and sequencing have targeted a single intron (Miyajima et al.
2000; Das et al. 2001; Guigó et al. 2003). In Caenorhabditis el-
egans, on the other hand, an effort to amplify and clone all an-
notated ORFs was recently reported (Reboul et al. 2003). The
greater accuracy of gene prediction in compact genomes such as
that of C. elegans led to an impressive 25% success rate on pre-
dictions that were not supported by any expressed sequence tag
(EST) or cDNA evidence.

An unexpected outcome of our experiments was the ease
with which pre-mRNAs can be amplified from primers in introns.
In particular, primers complementary to introns of p53 yielded
amplification and high-quality sequence that, when aligned to
the genome, revealed no splicing. Although pre-mRNA interme-
diates of p53 are probably particularly abundant (Khochbin et al.
1992), we were also able to amplify rat hypoxanthine-guanine phos-
phoribosyl transferase (X62085) from primers in introns. This was
not the result of genomic contamination, because PCR with the
same primers did not amplify anything when the reverse tran-
scriptase was omitted. These results suggest that amplification of
an unspliced sequence provides relatively little information
about gene structure beyond the fact that the two primers anneal
to cDNA from the same primary transcript.

Much more is learned when alignment of the amplicon se-
quence to the genome reveals the locations of one or more in-
trons. Furthermore, when neither primer anneals to a particular
intron, cDNAs in which it is retained are not selectively ampli-
fied. Thus, when alignment of the amplicon sequence to the
genome reveals an aligned sequence bounded by two introns
that have been spliced out, that sequence is almost certainly an
exon of the mature mRNA. Using this analysis, the complete set
of TE and UTR experiments determined the locations of 598 com-
plete exons (both splice sites found), 743 introns, and 1486 splice
boundaries. Because each complete exon is bounded by two in-
ferred introns, the number of introns identified is necessarily
greater than the number of complete exons. TWINSCAN cor-
rectly predicted 87% of the complete exons, 83% of the introns,
and 91% of the splice boundaries.

The exon pairs we targeted were selected for both similarity
to a human disease gene from the HGMD database and lack of
similarity to an Ensembl prediction on rat. We expected that
Ensembl and its protein mapping engine GeneWise would map
known human genes to all locations on the rat genome that
could produce highly similar proteins. Therefore, we expected
that the TWINSCAN predictions that did not match Ensembl’s
rat predictions would be distant paralogs of known human genes.
However, most of the predicted ORFs that were amplified and
sequenced turned out to be orthologs of known human genes
(see Table 3). Of the predictions that were verified by TE primers,
71% were partially missed by Ensembl whereas 29% were missed
completely (no stretch of 100 consecutive nt identical to any
Ensembl predicted mRNA). For example, TWINSCAN correctly
predicted the structure of the rat aspartylglucosaminidase (AGA;
Fig. 1), deficiency of which causes the lysosomal storage disease
aspartylglycosaminuria. The rat and human proteins align over
their entire lengths with 84% amino acid identity. Ensembl only
predicts two exons from this nine-exon gene, apparently because
GeneWise aligns a fragmentary 40-amino acid rat protein
(SWISS-PROT P30919) in preference to the complete human pro-
tein. Future versions of Ensembl will likely overcome the block-
ing of complete xeno-proteins (e.g., human AGA) by fragments
of native proteins (e.g., rat AGA), but this example highlights the
importance of comparing systems for genome-wide annotation

to one another, not to the structures that could be derived by an
expert focusing on a small number of genes.

One key to the scalability of our approach is the automation
of the sequence analysis. In principle, aligning the experimental
sequence to the genome and checking for introns ought to be
relatively straightforward. When we implemented this procedure
and checked the automated analyses manually, we discovered a
number of special cases that needed to be incorporated in the
program. For example, in several of the experiments that our
program classified as failures, further inspection revealed that we
had discovered an exon within a gap in the early draft assembly
of the genome.

Optimizing the protocol for amplifying full ORFs from UTR
primers will almost certainly improve the yield. For example, the
likelihood that primers anneal to UTR exons can be increased by
optimizing the simple primer placement approach used here
and, ultimately, by incorporating UTR prediction into algorithms
such as TWINSCAN. Sequencing the entire PCR product would
eliminate failures due to end sequences that do not reach a splice
site. Finally, the success rates for products under 2.5 Kb (55%)
was much higher than for those over 2.5 Kb (23%). Thus, ampli-
fying longer ORFs in two overlapping segments would likely give
a much higher yield.

Even without optimization, our approach is attractive com-
pared to obtaining new clones by traditional library construc-
tion, screening ESTs, and sequencing promising clones to deter-
mine whether they contain a complete ORF. The number of ESTs
required to identify each new, full ORF clone has recently in-
creased dramatically, indicating that the traditional approach is
reaching saturation. On the other hand, the declining cost of
primer synthesis will likely make RT–PCR even more attractive in
the future. At the same time, the sequencing of more mammalian
genomes will improve the accuracy of comparative de novo pre-
diction methods such as TWINSCAN.

We have shown for the first time that high success rates can
be obtained in RT–PCR and sequencing of many predicted mam-
malian ORFs. There is ample opportunity to improve this
method, and trends in traditional cDNA library sequencing,
primer cost, and gene prediction accuracy will inevitably increase
its role in genome annotation. Ultimately, this will lead to a
fundamental improvement in annotation—the most reliable an-
notations will be those that are completely supported by native
cDNA sequence obtained from an experiment designed to ad-
dress a specific hypothesis—the gene prediction. The road for-
ward in annotating open reading frames is clear; the challenges
for the future are alternative splices and 5� UTRs.

METHODS

Predictions
Initial gene predictions were made by running TWINSCAN ver-
sion 1.1 on release 2.1 of the rat genome sequence (January 2003)
as repeat-masked by the University of California Santa Cruz
(UCSC; http://genome.ucsc.edu/goldenPath/rnJan2003/
chromosomes/). The informant database was human genome
Build 31. All parameters and database preparation were as de-
scribed by Flicek et al. (2003). A subsequent round of predictions
was made by running TWINSCAN version 1.2 on release 3.1 of
the rat genome (June 2003) as repeat-masked by UCSC (http://
genome.ucsc.edu/goldenPath/rnJun2003/chromosomes/) using
human genome Build 33 as the informant database. The
TWINSCAN predictions for each assembly can be obtained from
the corresponding UCSC rat genome Web sites.

Primer Design
All primer pairs used in these experiments were designed using
Primer3 (Rozen and Skaletsky 2000) in conjunction with custom
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Perl scripts that generated input files for Primer3 and parsed its
output.

The goal of the single-intron experiment was to obtain high-
quality sequence around the target intron. To achieve this, prim-
ers were designed in the exons surrounding the target intron but
no less than 30 bp away from it. Primer3 parameters were as
follows: primer optimal size 27, primer optimal Tm 70, primer
minimum Tm 67, primer maximum Tm 73, single primer maxi-
mum mispriming score of 27, primer pair maximum mispriming
score of 51.3. All other parameters were left at default values. The
mispriming library consisted of all Provisional and Reviewed Rat
RefSeqs (NM accessions) available on March 28, 2003.

The aim of the full-ORF experiment was to produce high-
quality sequence from both ends of the predictions that covered
as much of the gene structure as possible. Predictions with more
than 4 Kb of coding sequence were not considered for this ex-
periment, because the high-throughput PCR methods used here
have significantly reduced efficiency beyond this length (though
we can amplify much longer transcripts using different condi-
tions for different lengths). Two primer pairs were generated for
each targeted prediction: one pair in the outermost exons among
those with at least 75 coding bases (100 in the second TE experi-
ment), and one pair in the putative UTRs just outside the ORF.
The UTR primers were between 10 and 300 bases of genomic
sequence from the predicted start and end of translation. Primer3
parameters were as above except for: primer optimal Tm 72.5,
primer minimum Tm 65, primer maximum Tm 80, and primer
pair maximum mispriming score of 45.9. The mispriming library
was as above except that 300 bp of genomic sequence surround-
ing each RefSeq (analogous to the primer-design region of the
targeted predictions) was also included.

Primer sequences for all experiments can be found at http://
genes.cse.wustl.edu/rat-data-03/.

PCR and Sequencing
For all but the first set of UTR and TE experiments, Poly-A RNA
from 10 rat tissues (Sprague-Dawley and Wistar strains) including
10–12-day-old embryo, brain, heart, kidney, liver, lung, ovary,
spleen, testicle, and thymus (Ambion) was pooled. For the first
set of UTR and TE experiments, rat total RNA (Sprague-Dawley
and Wistar strains) from 18 tissues including 10–12-day-old em-
bryo, adrenal gland, bladder, brain (whole), brain cerebellum,
colon, heart, kidney, liver, lung, ovary, spleen, testicle, thymus
(Clontech), mammary gland, pancreas, placenta, and prostate
(Ambion) was pooled. First-strand cDNA was generated using
Superscript II reverse transcriptase by Oligo-dT priming (Invitro-
gen). RT was followed by PCR amplification using Clontech
Advantage 2 PCR Enzyme System. For single-intron primer pairs,
the PCR program was 95°C for 30 sec, followed by 35 cy-
cles of 95°C for 10 sec, 68°C for 30 sec, and concluded by an
extension cycle of 72°C for 1 min. For TE and UTR primer pairs,
PCR experiments were performed using touchdown PCR (Don
et al. 1991) combined with an autosegment extension PCR
program, with 35 PCR cycles. The initial annealing temperature
was set at 75°C. During the following 5–7 cycles, the annealing
temperature was reduced by 2°C each cycle. The rest of the am-
plification cycles used this annealing temperature. The auto-
segment extension PCR program uses auto-extend cycles: at
the 15th and subsequent cycles, the extension time is increased
by 15 sec each cycle. The full-length PCR was concluded by an
extension cycle of 72°C for 10 min. PCR products were purified
with a QIAquick 96-well PCR purification kit (QIAGEN) and se-
quenced using both forward and reverse primers for each pre-
dicted gene.

All sequencing traces were submitted to the NCBI trace ar-
chive (http://www.ncbi.nlm.nih.gov/Traces/) and given trace id
numbers 310742461–310743085 (single-intron experiments)
and 310742175–310742460 (TE and UTR experiments).

Sequences are also available on the auxiliary data Web site:
http://genes.cse.wustl.edu/rat-data-03/.

Classification of Sequencing Results
The sequence obtained from each experiment was aligned to the
genomic sequence containing the prediction by using EST_GENOME
(Mott 1997) version 5.1 (http://www.well.ox.ac.uk/∼rmott/
est_genome.shtml). Default parameters were used except for:
splice_penalty=10 intron_penalty=20 minscore=10. Sequences
lacking 20 consecutive called bases were classified as “bad.” The
remaining sequences were considered “hits” if their EST_GENOME
alignment met all of the following criteria:

1. It had at least 75% identity over the entire alignment,
2. It fell entirely within the genomic region between the primers,
3. It contained at least one intron,
4. All 10-bp sequences flanking introns in the alignment con-

tained at least eight matches, and
5. The experimental sequence did not contain 20 or more con-

tiguous unaligned bases with a quality value above 30.

When EST_GENOME produced a spliced alignment that failed
criterion 1 or 4, the alignment and sometimes the trace were
inspected manually. If a convincing explanation for the poor
alignment could be found, the experiment was classified as posi-
tive. Examples of convincing explanations include an experi-
mental exon that falls into a gap in the genome assembly or a
miscalled base near a splice site.
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