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Abstract. Although the sequencing of the human genome islength cDNAs with genomic sequences should provide the most
complete, identification of encoded genes and determination ofeliable way of identifying genes and determining their whole
their structures remain a major challenge. In this report, we introstructures.

duce a method that effectively uses full-length mouse cDNAs The number of coding exons and their sizes are fairly well
to complement efforts in carrying out these difficult tasks. A total conserved between orthologous mouse and human gene pairs. Bat-
of 61,227 RIKEN mouse cDNAs (21,076 full-length and 40,151 zoglou et al. (2000) studied 117 orthologous gene pairs and re-
EST sequences containing certain redundancies) were aligned wifiorted that the number of exons is identical for 95% of the pairs
the draft human sequences. We found 35,141 non-redundant gend that the lengths of corresponding exons are identical for 73%
nomic regions that showed a significant alignment with the mouseof the pairs. The coding regions tend to show 85 + 7% identity at
cDNAs. We analyzed the structures and compositional propertiethe nucleotide and protein levels (Makalowski and Boguski 1995).
of the regions detected by the full-length cDNAs, including cross-In contrast, corresponding introns show only a weak identity—
species comparisons, and noted a systematic bias of GENSCABApproximately 35%, which is nearly the background sequence
against exons of small size and/or low GC-content. Of the cDNAsdentity rate for random sequences (Batzoglou et al. 2000). Thus,
locating the 35,141 genomic regions, 3,217 did not match anyt is quite feasible that nearly all the exons of human genes in the
sequences of the known human genes or ESTs. Among those 3,2héman genome can be detected by using full-length cDNAs of
cDNAs, 1,141 did not show any significant similarity to any pro- their mouse counterparts as probes.

tein sequence in the GenBank non-redundant protein database and

thus are candidates for novel genes.

Materials and methods

Introduction The mouse cDNASIo detect genes in the human genome, we used
21,076 full-length mouse cDNAs and 40,151 EST sequences. Details of the
Identification and annotation of genes in the human genome ard1,076 full-length cDNAs (corresponding to between approximately
under way, exhaustively using the resources available. While EST43:000 and 16,000 non-redundant genes) can be found in the report of
are the most abundant (more than 3 million sequences), their u wai et al. (2001). Although the redundancy of the ESTs is undetermined,

. S . .~ _..they were not expected to significantly overlap the full-length cDNAs,
is severely limited, because a large proportion are contaminatin ecause they were sampled after an effective subtraction was applied to the

Seqqences, Wh"?h .lnclude unspliced Introns, ge.nomlc ,DNA’ a_n issue libraries by using previously sequenced cDNAs as drivers (Carninci
spurious transcriptions. Only those genomic regions aligned withet al. 2000). The ESTs are single-read sequences to be used for full-length
ESTs that show clear signals, such as splice junctions, are ann@assembly. The read lengths given by the three sequencers we used are 600
tated (Hattori et al. 2000; Venter et al. 2001). Althoush initio + 80 bases [RISA System (Shibata et al. 2000)], 840 + 120 bases (ABI377
methods are useful for extracting plausible genes and approximagnd ABI3700, Applied Biosystems Inc.) and 1,020 + 150 bases (Licor
ing the gene structures (Burset and Guigo 1996), their prediction®NA 4200, Licor).

require support from ESTs or protein sequences before they can be

annotated. An unknown proportion of their predictions are falsepetermination of loci.The RIKEN mouse cDNAs (RepeatMasked by
positives, while some true genes escape their scrutiny. A study dkepeatMasker) (http://ftp.genome.washington.edu/RM/
the calibration of a routinely used gene predictor, GENSCANRepeatMasker.html) were BLASTN-searched (-p blastn -e 1.0) (http:/
(http://genes.mit.edu/GENSCAN.html) reported that it correctly www.ncbi.nlm.nih.gov/BLAST) against the human draft sequences [Gold-
predicted all exons for only 20% of the human genes tested (DunenPath sequences (http://genome.cse.ucsc.edu/goldenPath/) assembled by

ham et al. 1999). Under such circumstances, alignment of ful|the Center for Biomolecular Science and Engineering, University of Cali-
' fornia, Santa Cruz]. We observed that typically aligned regions of a cDNA

- are scattered throughout the human genome, flanked by introns. For each
*These authors contributed equally to this work. aligned region, we inspected its strand and positions, on both the cDNA

. . ) and genome coordinates, and collected those that we considered to belong
Correspondence tdS. Kondo; e-mail: rgscerg@gsc.riken.go.jp to a single locus. (See Supplementary information: Table 1a—b, Fig. 1 and
The EST sequence data described in this paper have been submitted to thecus determination method.)
DDBJ data library under accession nos: BB609426-BB667065 Computer-based annotations were given to each locus, such as the total
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aligned region, number of introns, and matching of each aligned regiorsplit each single gene into two separate loci. The alignment generated 21
with exons predicted by GENSCAN. (Supplementary information: Tableadditional loci—20 corresponded to annotated loci of their paralogs and 1
1b) did not correspond to any annotated locus (Supplementary information:
While stringent thresholds for the annotated features effectively pick upTables 2d—f).
only human orthologs or close paralogs, non-stringent thresholds can be We tested the specificity by using 100 sequences chosen randomly
used to thoroughly detect even loci of distant paralogs. Since the draffrom the UniGene mouse clusters (http://www.ncbi.nlm.nih.gov/UniGene/
sequences are still incomplete and contain errors, even the known humaﬁdex.html). When we aligned those sequences with the two chromosomes,
genes could be aligned only partially, as described in the next sectiongur method located 11 loci, 7 of which did not have annotations of their
approximately 10% of them cannot yet be aligned at all (Lander et al.grthologous and homologous human genes on the chromosomes (Supple-
2001). After testing certain sets of thresholds, we found that a simplenentary information: Table 2i).
threshold of the total aligned region is sufficiently effective to guarantee a |5 summary, the sensitivity of our method is 98%, and the rate of false
high sensitivity without loss of much specificity. As a default, we consid- positives is at the most 6%. We observed fragmentation of a single gene
ered loci that aligned with cDNAs over 100 or more bases. The identityintg two separate loci in fewer than 2% of the sequences used.
was not a relevant parameter, since we consistently observed 75% or better
identity (expected from the 85 + 7% reported above) for the aligned regions
of 100 or more bases, as described later. We evaluate our method with
respect to the sensitivity and specificity in the next section. Results
A “TAKERU 2000” system (http://www.nabe-intl.co.jp), a Beowulf

PC cluster equipped with a 16 CPUs (Pentium IIl, 800 MHz), was em- . - .
ployed for the task of locus determination and annotation; searching thé\lumber of loci identified We found 35,141 non-redundant loci

61,227 mouse cDNAs against the whole human genome could be conihat aligned with the mouse cDNAs over 100 or more bases. (See
pleted within 20 h. Supplementary information: Figs. 2 and 3 for their chromosomal
distribution and correlation with the gene richness parameter.) Ow-

Sensitivity, specificity, and fragmentationo assess the sensitivity of ing to the redundancy among the mouse CDNASs, a number of the
the above procedure, we aligned 120 orthologous mouse sequences #grg' are hit by more than 1 cDNA. In such cases, we assigned to the

human genes annotated on Chromosomes (Chrs) 21 and 22 with the gi2CUS the single representative giving the largest total aligned re-
nomic sequences of those chromosomes to compare the detected locgioN (See Supplementary information: Fig. 4). We also observed
positions with their annotated positions. We could align 117 (98%) of themthat a single cDNA detected more than one locus in many in-

at the annotated positions (seven of them were aligned slightly off thestances, because it can locate its paralogs and pseudogenes (see
annotated positions, and two of them were aligned on the opposite strandBupplementary information: Tables 1a—b and Fig. 1). If a member
92 of them could be aligned over 50% or more of their lengths, and 10%f a large family exists among the mouse cDNAs, it could hybrid-
could be aligned over 30% or more of their lengths. (Accession numbers of;a \ith nearly all its members. Thus, the single cDNA could also
these sequences and the results of their alignment are provided in SUppla'etect loci of other family member genes. After assigning a single

hmj m‘:rr{ 'ngfgrrr]n eatngr;:una: :]ecs ezsa _.'3 '?hagd';{'%r}’s"\éeqalggfgblg’szeg g(mct’\ghﬁapresentative to each locus, we obtained 20,177 non-redundant

www.ncbi.nim.nih.gov/LocusLink/refseq.html). At 95% or better identity, '€Presentative cDNAs. Thus, the 20,177 representative cDNAs

we could align 8,882 of them over 50% or more of their lengths and couldform 35,141 loci. This implies that a large proportion of human
align 5,936 of them over 90% or more of their lengths. genes belong to families. This tendency remained invariant even

For two genes (Supplementary information: Tables 2b—c), our methodvhen we selected only loci that aligned at a much higher strin-
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Fig. 2. GC-content and lengths of aligned regions matching or not matchtwo top figures show the results from the loci detected by RIKEN full-
ing GENSCAN exons. Figures on the left show the distribution of alignedlength mouse cDNAs. Only the locus best matching each cDNA was
regions with given GC-contents, and figures on the right show the distri-selected. The results observed for the loci detected by human RefSeq
bution of their lengths. Solid lines indicate the regions matching GEN-sequences are shown in the two bottom figures. Loci that aligned at 95%
SCAN exons, and dashed lines indicate the regions not matching them. Ther better identity over 50% or more of their lengths were used.

gency (over 300 or more bases) with the cDNAs; i.e., 20,172 locispecies) (ftp://ncbi.nim.nih.gov/blast/db/nr). Among the 3,202
are formed by 13,148 representative cDNAs. cDNAs, 2,061 showed a significant match (25% or better identity
over 50 or more aligned amino acid residues) with sequences in the

Novel gene candidated o identify candidates for novel genes, the protein database. Of the remaining 1,141 cDNAs, 231 were full-
20,177 representative cDNAs were pairwise searched (-p blastlr(?n,glt: CDNAs S'Tjd 910fwere E?TS'I Thus, lwe present these 1,141
-e 1.0) against the four human gene repositories: RefSeq (10,2@ $ as candidates for completely novel genes.

human sequences), UniGene (2,231,796 human sequences),

GenBank dbEST (3,049,782 human sequences) (http:/Exon—intron structuresTo analyze the gene structures, we used
www.nchi.nim.nih.gov/dbEST), and Ensembl transcription dataonly loci that best matched each full-length cDNA, giving the
(36,971 human sequences) (ftp://ftp.sanger.ac.uk/pub/ensembérgest alignment (see supplementary information: Locus determi-
data/cdna/ensembl.cdna). In this search we did not include theation method). The features of exons and introns of the identified
mouse cDNAs that did not have significant alignment (100 basesoci were compared with those annotated on Chr 21 (Fig. 1). The
or more aligned bases) with the human genome. After we distengths of the exons matching the GENSCAN predictions and
carded those that showed 70% or better identity over 100 or morétrons of those loci are comparable with those of Chr 21 (Figure
aligned bases with any sequence in the above four gene databasé}, The fewer introns and shorter lengths of singleton (loci con-
3,202 cDNAs remained (817 full-length and 2,385 EST se-taining a single exon) exons of the loci identified by the RIKEN
quences). These 3,202 cDNAs were further searched (BLASTXDNAs are probably attributable to the fact that the RIKEN
with default parameters) against the GenBank non-redundant praDNAs represent relatively short genes—at 1,270 + 660 bases,
tein database (582,290 protein sequences from human and othirey are approximately 1,000 bases shorter than the known mouse
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Fig. 3. The identities observed for the aligned regions between the RIKENquences). Only the locus best matching each cDNA was seldatéthm
full-length mouse cDNAs and the human genome, and for those betweeleft: Identities vs. sizes of the total aligned regions (RIKEN mouse cDNAs
RIKEN mouse cDNAs and UniGene human sequentes. left: Depen- vs. UniGene human sequenceBpttom right: Distribution of identities
dence of identity variation on the size of the total aligned region (RIKEN (RIKEN mouse cDNAs vs. UniGene human sequences). The RIKEN
mouse cDNAs vs. human genome sequendes).right: Numbers of loci mouse cDNAs were aligned pairwise with the 2,231,796 UniGene se-
with given identifies (RIKEN mouse cDNAs vs. human genome se-quences, and the best match with each RIKEN mouse cDNA was selected.

genes (2,200 + 1500 bases). (We gave higher priority to shorbns) of the RefSeq sequences that aligned under more stringent
genes in the full-length assembly.) We observed that the exons naimilarity conditions (Fig. 2). This strongly implies that GEN-
matching GENSCAN exons are approximately 50-60 base$SCAN tends to miss exons of small size and/or low GC-content.
shorter than exons typically predicted by GENSCAN. This implies =~ We also computed the dependence of the loci density on the
a potential bias of GENSCAN against short exons. We return tadGC-content. The relative density of loci increased approximately
this subject in the next section. 10-fold as the GC content shifted from 30% to 60% (Supplemen-
tary information: Fig. 5). This is consistent with the result reported

Exon and gene density vs. GC contevite computed the GC- by Lander et al. (2001).

content of each aligned region of the human genome and observed

a large discrepancy (51 + 10% vs. 43 + 11%) in the GC-contenidentity. Nucleotide-level identity in coding regions between or-
between the regions matching and not matching GENSCAN exonthologous mouse and human gene pairs is reported to be 85 + 7%
(Fig. 2). To confirm this potential bias, we also examined the(Makalowski and Boguski 1995). The nucleotide-level identity of
GC-content of the regions aligned with the human RefSeq sethe aligned regions between the mouse cDNAs and the human
quences. We used only those regions given by the 8,882 sequenogsnome turned out to be 88 + 6% (Fig. 3), which agrees with the
that aligned at 95% or better identity over 50% or more of theirvalue reported above. Figure 3 also shows the dependence of the
lengths. The tendencies remained unchanged for the regions (eidentity on the size of the aligned regions (exons). We observed
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