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Expressed sequence tags (ESTs) currently encompass more entries in the public databases than any other form of sequence
data. Thus, EST data sets provide a vast resource for gene identification and expression profiling. We have mapped the
complete set of 176,915 publicly available Arabidopsis EST sequences onto the Arabidopsis genome using GeneSeqer, a
spliced alignment program incorporating sequence similarity and splice site scoring. About 96% of the available ESTs could
be properly aligned with a genomic locus, with the remaining ESTs deriving from organelle genomes and non-Arabidopsis
sources or displaying insufficient sequence quality for alignment. The mapping provides verified sets of EST clusters for
evaluation of EST clustering programs. Analysis of the spliced alignments suggests corrections to current gene structure
annotation and provides examples of alternative and non-canonical pre-mRNA splicing. All results of this study were parsed

into a database and are accessible via a flexible Web interface at http://www.plantgdb.org/AtGDB/.

The efforts of an international collaboration to ob-
tain the complete genome sequence of the flowering
plant Arabidopsis resulted in the release and anno-
tation of 115.4 Mb of the genome (estimated at 125
Mb) in December of 2000 (Arabidopsis Genome Ini-
tiative, 2000). At that time, 25,498 protein-coding
genes were identified in the five haploid chromo-
somes, but only 9% of these genes had been charac-
terized experimentally, and only 69% could be func-
tionally classified by similarity to proteins of known
functions. In the interim, sequencing and annotation
has progressed. The most current release of the Ara-
bidopsis genome available at GenBank provides
117.3 Mb and 27,288 annotated protein-coding genes
(see Data Sets in “Materials and Methods”). Annota-
tion of the Arabidopsis genome and functional char-
acterization of all the genes is an ongoing effort.
Initial, high-throughput computational gene struc-
ture prediction has likely been successful in identi-
fying most gene locations; however, these methods
still suffer from limitations in predicting the precise
gene structure for an entire gene, detection of inter-
genic regions, and identification of non-coding exon
sequences (Pavy et al., 1999; Brendel and Zhu, 2002).
Recent studies have concentrated on sequencing of
full-length ¢cDNAs to improve genome annotation
(Haas et al., 2002; Seki et al., 2002).

Expressed sequence tags (ESTs) are single-pass se-
quencing reads of cDNA clones that have become a
widely employed method for gene identification, ex-
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pression profiling, and polymorphism analysis.
Presently, more than 13.4 million EST entries have
been deposited into the National Center for Biotech-
nology Information (NCBI) dbEST public database,
including Arabidopsis with 176,915 ESTs and 21
other species with EST sets of more than 100,000
entries (http://www.ncbi.nlm.nih.gov/dbEST/
dbEST_summary.html). In the absence of a whole-
genome sequencing project for a particular species,
clustering of ESTs into contigs that represent unique
genes is one of the most promising strategies to
glimpse the gene space of that organism. Challenges
of EST clustering arise from poor average sequence
quality, incomplete EST sampling, polymorphisms,
alternative transcript isoforms, representation of
highly similar transcripts from distinct members of
multigene families, and cloning artifacts. Different
strategies for EST clustering and the associated gene
indexing databases have been reviewed by Bouck et
al. (1999); for a recent method for EST clustering on
parallel computers, see Kalyanaraman et al. (2003).
For Arabidopsis, up-to-date EST clusters are avail-
able in form of the UniGene clusters at NCBI (http://
www.ncbi.nlm.nih.gov/UniGene/) and as a The In-
stitute for Genome Research (TIGR) Gene Index
(AtGL http://www. tigr.org/tdb/tgi/agi/; Quacken-
bush et al., 2001). The current UniGene build (no. 28)
comprises 27,248 clusters derived from 220,191 se-
quences (including 55,519 mRNAs). The current AtGI
(release 9.0) comprises 38,462 clusters from 232,136
sequences. Whereas UniGene clusters are meant to
represent all transcript isoforms derived from a gene
locus, different transcript isoforms should split into
distinct TIGR clusters. In either case, the clusters are
constructed on the basis of mRNA sequence compar-
isons only. Of course, this is necessary for most spe-
cies for which only limited genome sequence data are
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Figure 1. Classification of Arabidopsis ESTs based on spliced align-
ment quality. Of a total of 176,915 ESTs, 2,059 ESTs have no
significant hits in the Arabidopsis genome, 4,968 ESTs have only
low-quality spliced alignments (IqEST), and the remaining 169,888
ESTs have hqSPAs. The latter category consists of 146,527 ESTs that
match a unique (i.e. their cognate) locus in the genome (unique
high-quality ESTs [uhqEST]) and 23,361 ESTs that have multiple
hqESTs (mhqESTs), representing different loci of duplicated genes or
multigene families.

available. Here, we present results of Arabidopsis
EST clustering based on direct spliced alignment of
the ESTs onto the Arabidopsis genome. This ap-
proach has significant advantages when applicable
(e.g. Kan et al., 2001; Yeh et al., 2001). First, accuracy
should be greatly increased because cognate EST
genomic locations can be easily identified for most
ESTs, and clusters can be determined by proximity of
EST locations on the genome scaffold. Second, the
spliced alignments provide a rich data source to
probe the extent and characteristics of alternative
splicing, non-canonical splice sites, and other fea-
tures of gene structure. We provide different sets of
genome-confirmed EST clusters that can serve as
standards for the comparison of programs and pa-
rameter settings for mRNA-based EST clustering. We
discuss differences between current Arabidopsis
gene structure annotation and EST-based gene anno-
tation. All alignment results were imported into a
relational database that is accessible via the Web at
http:/ /www.plantgdb.org/AtGDB/and includes ex-
tensive tools for visualization and further analysis.

RESULTS
EST Spliced Alignments

The Arabidopsis EST (ATest) data set employed in
this study consists of 176,915 entries. As shown in
Figure 1, only 2,059 EST sequences (1.2%) did not
show any significant alignments with the genome.
Further investigation based on BLASTN (Altschul et
al., 1997) searches against the nonredundant nucleo-
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tide database at NCBI (E value < 1le-10) showed that
about 40% (822) of those unmatched ESTs have no
hits, about one-fifth (401) resulted from contamina-
tion (matching sequences from clone vectors, insects,
fungi, etc.) or low-complexity sequences, and another
27% (557) came from the organelle genomes (mito-
chondrial and chloroplast). Surprisingly, most of the
remaining sequences were found to have significant
hits against sequences from Arabidopsis. Failure of
these sequences to produce a valid spliced alignment
could be attributed to either of two causes. First, the
matching genomic sequences have not yet been as-
sembled into the published Arabidopsis genome se-
quence. Thus, some ESTs clearly match with Arabi-
dopsis bacterial artificial chromosomes (for example,
EST gi:19837354 matches with bacterial artificial
chromosome gi:18149207 derived from the centro-
mere region of chromosome four) but do not match
with the released Arabidopsis genome sequence. Sec-
ond, with default parameters, GeneSeqger does not
detect weak matches that may arise from poor se-
quence quality (for example, EST gi:9783909) or low-
complexity regions (for example, EST gi:9787792).
Such failed alignments are expected because no re-
peat masking or quality clipping was performed to
preprocess the EST sequences before aligning them
with the genome.

Of the ESTs, 96.0% have at least one high-quality
spliced alignment (hqSPA; see “Materials and Meth-
ods”) with the Arabidopsis genome (such ESTs de-
noted as high-quality ESTs [hqESTs]), and about
13.2% have more than one hqSPA with the genome
(such ESTs denoted as mhqESTs; see Fig. 1). The
distribution of the number of hqSPAs per hqEST is
shown in Table I. The majority of the ESTs have only
one or two hqSPAs, but there are 38 ESTs with at
least 10 hqSPAs. These ESTs were found to be asso-
ciated with transposon families and other highly pro-

Table I. Distribution of the no. of hqSPAs per hqEST

All hqESTs (Figure 1) were classified according to their no. of
hqSPAs. The chromosomal distribution of the 170 hqSPAs of EST
gi:9787698 is displayed in Figure 2.
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lific genome elements. For example, EST gi:9787698
(with 170 hqSPAs) appears to be derived from an
Arabidopsis putative retroelement polyprotein gene,
clustered around all five centromeres of the Arabi-
dopsis genome as shown in Figure 2.

Overall, about 82.8% (146,527 entries) of the ATest
data set are uhqESTs (see “Materials and Methods”),
which align with a single locus in the genome. To
properly position the remaining ESTs, which display
multiple hqSPAs, we make the assumption that for
each EST the alignment with maximal score (similar-
ity score X coverage score) identifies the true cognate
location of that EST. Such alignments are designated
putative cognate spliced alignments (pcSPAs; see
“Materials and Methods”). In this way, 172,137
pcSPAs were generated from 169,888 hqESTs and
206,833 hqSPAs. Because of virtual equalities among
the scores of some hqSPAs for certain mhqESTs (Fig.
3), there are more pcSPAs than hqESTs.

We should emphasize that our restriction on
hqESTs largely eliminates typical problems of EST
clustering and EST-based gene annotation, as caused
by chimeric clones, for example. Thus, chimeric se-
quences would typically lead to alignments with cov-
erage score below 0.8 because in any given genomic
location, only one part of the sequence would match
(or if the foreign sequence were only very short, it
would not be used in the GeneSeqer spliced align-
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ment, which optimizes the local alignment score).
According to the aforementioned assumption, the
similarity and coverage scores for each pcSPA corre-
late with our confidence in the prediction of cognate
transcript origin for the hqEST in question. Higher
alignment similarity and coverage scores denote
greater confidence. The vast majority of pcSPAs have
similarity and coverage scores in the 0.99 to 1.0 range
(Fig. 4). This implies high confidence in the classifi-
cation of these alignments as cognate. The designa-
tion of “putative” cognate is formally accurate, how-
ever, because the matched ESTs and genomic
sequences were not isolated from the same plant.
When considering the alignment of ESTs not derived
from the Columbia ecotype on which the genomic
sequences are based, cognate position implies the
cognate origin of the most probable transcript or-
tholog to the aligned EST. According to dbEST anno-
tation, about 98% of the Arabidopsis ESTs were de-
rived from the Columbia ecotype. Three hundred of
the 337 ESTs annotated as derived from ecotype
Landsberg have pcSPAs with average similarity
score 0.93 and average coverage score 0.94. Thus, the
different Arabidopsis ecotypes appear to have such a
high degree of sequence conservation that correct
mapping of the ESTs onto the Columbia ecotype
genome is unproblematic (see also Haas et al., 2002).

ny
i

Figure 2. Distribution of the 170 hqSPAs for EST gi:9787698 on the Arabidopsis genome. Each chromosome is represented
by two dark-green bars, with the centromere marked by a space between the horizontal bars. Locations of the spliced
alignments are shown by red bricks. Almost all hits are around the centromeres. Alignment scores suggest that the EST
originates from the 12,075,567- to 12,075,806-bp region on chromosome three (marked by the green arrow). This EST shows
high similarity with Arabidopsis gene At1g38360 (gi:18426880), a putative retroelement polyprotein gene. This display is
shown as an example of the visualization tools at Arabidopsis Genome Database (AtGDB) that will dynamically generate
similar graphics for any set of GenBank gi accessions or genes matched by common descriptions.
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Figure 3. Distribution of the score differences
between maximal and submaximal scoring 800
hqSPAs for mhqESTs. Each hqSPA is scored by
the product of similarity and coverage values
(see “Materials and Methods”). Most of the score
differences fall in the range 0.08 to 0.20. Based critical value (0.015)
on the displayed distribution, a critical value 800 '
0.015 was set such that each hqSPA with a score [Las '
difference smaller than 0.015 compared with mﬂ_ il i
the maximal scoring hqSPA for a given EST is £ }
designated pcSPA, representing the likely origin s 4o04| | i
of this specific EST in the genome. b L
E :
z2 |
200 4ll;
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EST Clustering and Assembly

EST assembly refers to the problem of finding the
correct orientation and order of EST sequences in a
tiling path covering the cognate mRNA. Because EST
sequences are typically generated by single-pass se-
quencing and, thus, contain a fair number of errors
and ambiguous bases, this assembly can be difficult
in the absence of genome sequence data. However,
when the entire genome sequence is available, the
spliced alignment of ESTs gives reliable assemblies
and can be used for prediction of gene structure and
alternative splicing (Kan et al., 2001; Yeh et al., 2001).

Because of the relative facility of EST sequencing,
EST projects have outpaced genome sequencing
projects for many species. EST clustering is typically

Figure 4. Histogram showing the distribution of
pcSPA similarity, coverage, and combined
scores.
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the first analysis step in deriving a “unigene” set
representing the transcriptome of the species. By
clustering, EST sequences that share significant se-
quence similarity are partitioned into presumed
gene-specific contigs, thus reducing the redundancy
of the EST set. Such reduction is often dramatic,
especially in the case of EST sets not derived from
normalized libraries. Cluster-based reduction may be
a practical necessity before EST assembly for large
EST sets. Here, we are particularly interested in eval-
uating the utility of ESTs in gene identification. pc-
SPAs, representing putative cognate gene locations,
were clustered based on chromosome location. Each
cluster contains ESTs from a single gene provided
that the intergenic regions between neighboring

m Similarity score * Coverage score
B Similarity score
O Coverage score
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genes are sufficiently long compared with the maxi-
mal allowed gap (negative overlap) set by the clus-
tering parameters (see “Materials and Methods”). Be-
cause genome-based EST clustering does not depend
on pair-wise EST sequence overlap, which is a nec-
essary requirement for comparison-based assembly
programs, small gaps in local genome coverage can
be allowed, thereby joining partial gene annotations
through a genome scaffolding scheme. In addition,
high coverage as required for the pcSPAs excludes
erroneous alignment of chimeric clones, which typi-
cally pose annoying problems for comparison-based
assembly.

Figure 5 provides an example of the possibilities
and difficulties of gene structure annotation by EST
clustering. Full-length cDNA evidence indicates four
genes in alternating directions in the displayed re-
gion of chromosome four. Current GenBank annota-
tion misses the second gene, the 5 end of which is
overlapping the 5" end of the third gene transcribed
on the opposite strand. Genome-based EST clustering
without using clone pair information would give the
three clusters that are bounded by ESTs gi:19864852
and gi:19802435, gi:19822861 and gi:19863255, and
gi:8732113 and gi:19863376, respectively. If clone pair
information is used, the clusters resolve to four clus-
ters that correctly identify the four genes. For com-
parison, Figure 5 also shows the alignment of TIGR
Arabidopsis Gene Index tentative contigs (Quacken-
bush et al., 2001). Note the erroneous concatenation
of ESTs in TC159466 and TC160975, resulting from
clustering based on significant overlap only (but not
coding strand identification).

Choosing various clustering parameters from
50-bp overlap to 100-bp gap was shown to alter the
number of clusters by less than 12% (Table II). The
following results are based on the 27,611 clusters
obtained by allowing a maximal gap of 60 bp (other
criteria give similar results; data not shown). About
one-half of the clusters contain only one or two
pcSPAs (Table III). Large clusters correspond to
highly expressed genes (e.g. Fernandes et al., 2002),
including Rubisco, PSII type I chlorophyll a/b-
binding protein, seed storage protein, and ribosomal
proteins (for descriptions of all clusters with at least
100 pcSPAs, see http:/ /www.plantgdb.org/AtGDB/
prj/ ZSBO3PP /virtualNorthern.html). More than
64.5% (17,609) of the annotated genes have at least
one pcSPA within their annotated boundaries, with
an average of about seven ESTs supporting each of
these annotations (range: 1-1,014). Of the 27,288 an-
notated gene-coding regions, 22.5% (6,141) are fully
covered by an EST cluster, and for 44.8% (12,226) of
the annotated genes, clone pair-joined clusters con-
firm the annotated extent of the coding region.

Gene Identification by ESTs

As described in the next section, some of our spliced
alignment results contradict particular gene models in
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the most recent Arabidopsis genome annotation. To
safeguard against possible errors in our employed
methods, we exploited a set of 5,000 nonredundant
full-length cDNAs derived in a Ceres/TIGR collabo-
ration (Haas et al., 2002; ATcdna; see “Materials and
Methods”) for benchmarking. In particular, we sought
to determine, first, whether the cDNA spliced align-
ments were consistent with the genome annotation
and, second, how the EST spliced alignments and
assemblies compared with the cDNA spliced align-
ments. It should be noted that the Ceres/TIGR full-
length cDNAs were derived from the Wassilewskija
and Landsberg erecta, rather than Columbia, Arabi-
dopsis ecotypes; however, Haas et al. (2002) reported
more than 99% average identity between the three
ecotypes, confirmed by our spliced alignment results.

The results showed that 4,999 of the cDNAs have
at least one hqSPA. The only unmatched ¢cDNA
(g1:21405014, Ceres identification no. CT23693)
matches mitochondrial DNA. Generally, the pcSPA of
a full-length cDNA is regarded to be the most decisive
experimental evidence to define gene structures.
Therefore, the cDNA-derived pcSPAs provide a reli-
able set to assess EST-based gene prediction. Overall,
the 4,999 cDNAs have 4,691 uhqSPAs, 308 mhqSPAs,
and 5,013 pcSPAs. Surprisingly, 1,100 (21.9%) of the
pcSPAs are embedded in longer EST clusters (see
http:/ /www.plantgdb.org/AtGDB/prj/ ZSBO3PP /
extendedCoverage.html). This discrepancy may result
from alternative transcription initiation and termina-
tion sites or systematic biases in the cDNA cloning
process (Haas et al., 2002). Alternative transcription
initiation and termination sites may also reflect poly-
morphisms among different Arabidopsis ecotypes. Of
the pcSPAs, 91.0% (4,563) are at least partially covered
with ESTs, with an average of 10 EST-derived hqSPAs
supporting each (partially) covered gene (range:
1-652). On the intron level, 81.8% (13,980) of 17,091
introns (including low-quality introns) deduced from
pcSPAs of full-length cDNAs are supported by EST
alignments. The majority of the annotated introns are
consistent with the high-quality introns derived from
cDNA spliced alignments as we expected, but there
are still 28 annotated introns that are contradicted,
associated with 23 distinct annotated genes (see
http:/ /www.plantgdb.org/AtGDB/prj/ZSBO3PP/
geneAnnotationVScdna.html).

Because the cDNA-covered gene set is not repre-
sentative of the entire Arabidopsis gene set (highly
expressed genes have a greater chance to be cloned
and sequenced both as ESTs and full-length cDNAs),
the 91% fraction of pcSPAs from full-length cDNAs
covered also by the EST-derived pcSPAs is an upper
bound of the estimated fraction of genes identified by
ESTs. The comparison confirms that both ESTs and
cDNAs were accurately mapped to the genome with
our method and that these approaches provide
both alternative and complementary paths to gene
discovery.
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Figure 5. Visual assessment of EST clustering and gene characteristics for a region of the Arabidopsis genome. In the display,
which is available for all genomic regions at http://www.plantgdb.org/AtGDB/, pcSPAs originating from EST spliced
alignments are shown in red and non-pcSPAs in pink. For multi-exon alignments, the arrow indicates the direction of
transcription, inferred from the implied splice site patterns (Usuka et al., 2000). Multi-exon 5’ ESTs are marked by green color
at their 5’ terminus, and multi-exon 3’ ESTs are marked by blue color at their 3’ terminus. Single-exon ESTs have
corresponding 5'/3" labels at the center of their representations. Pairs of 5" and 3’ ESTs from the same clone are grouped by
green boxes. PcSPAs originating from cDNA spliced alignments are shown in light blue, and non-pcSPAs are shown in gray.
Dark-blue gene structures represent the current GenBank gene annotations for this region. The 5" and 3’ boundaries of the
corresponding coding regions are indicated by green and red triangles, respectively. Note that the current annotation misses
the gene represented by clone pair ESTs gi:19867004 and gi:19822861 and gi:19878951 and gi:19799838. The purple
structures represent the spliced alignments of TIGR Arabidopsis Gene Index tentative contigs. The figure also shows an
alternatively spliced internal mini-exon. This exon of 16 nucleotides occurs in the 5’-UTR of At4g38510, an H *-transporting
ATPase (EC 3.6.1.35). The transcript isoform including this intron is supported by ESTs gi:9785303 and gi:8722457. In the
same region, EST gi:9787070 supports a different internal exon of 73 nucleotides, and EST gi:19867985 (equal to
RAFL-15010615) indicates an alternative transcription start. Note that all sequence records at AtGDB are identified by their
unique GenBank gi identifiers. The Riken Arabidopsis full-length (RAFL) cDNAs (Seki et al., 2002) thus indicated as
RAFL-15451093, RAFL-18377451, RAFL-20268790, RAFL-21689814, RAFL-15010783, RAFL-14517367, RAFL-16323357,
RAFL-15010615, and RAFL-19699257 correspond to clones RAFLO5-11-M12, U16016, RAFL06-81-F18, U11966, RAFLO3-
01-G10, RAFL04-09-A19, U12748, RAFL0O7-17-H08, and U12937, respectively.

AtGDB parsed and imported into an MySQL relational data-
Spliced alignments of ATest and ATcdna and the base, which was named AtGDB. An elaborate Web
recent annotation of the Arabidopsis genome were interface was designed for the database to allow us-
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Table Il. Effect of clustering criterion on the no. of EST clusters

ESTs were clustered based on their genomic locations, derived
from pcSPAs. Several clustering parameters were tested, ranging from
requiring a minimum of 50-bp overlap between clustered ESTs to a
maximal gap of 100 bp between clustered EST ends.

Clustering Criterion No. of Clusters

=50-bp overlap 30,154
=0-bp overlap 28,883
=50-bp gap 27,787
=60-bp gap 27,611
=100-bp gap 26,956

ers to browse the genome and query the database by
sequence similarity, identifiers, or description
(http:/ /www.plantgdb.org/AtGDB/). In general,
the Web interface is composed of three parts: the
genomic context view, the query view, and the se-
quence view. The genomic context view allows users
to browse a specific genomic region in the context of
multiple annotation resources. The region graphic
displays these multiple sources of alignment infor-
mation relative to one another. Each is colored with
respect to its specific annotation source (see Fig. 5).
The query view allows users to view and interact
with the results of a user query. Stored EST/cDNA
alignments and annotated transcripts each have an
individual page, the sequence view, which glues to-
gether sequence data, analysis tools, and related ex-
ternal links. This Web interface efficiently presents
the database entries on the fly and facilitates data
access and utilization as described below.

Applications

After mapping the ESTs to the genome, we not only
acquired the genomic loci each EST originated from
but also confirmation of other annotation resources
by comparison with the EST spliced alignments.
Here, we explored several applications listed below.

Table lll. Distribution of EST cluster size

Cluster size is given in no. of ESTs. The displayed nos. are based
on the clusters derived with the criterion of a 60-bp maximal gap
(Table I).

Cluster Size

No. of Clusters

1 9,488
2 4,977
3-4 4,927
5-8 3,971
9-16 2,378
17-32 1,132
33-64 472
65-128 185
129-256 60
257-512 113
513-1024 8

Total 27,611
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However, we should emphasize that we cannot
describe in-depth analysis of these data within the
scope of this manuscript and rather wish to point
out possibilities of further studies based on the rich
data source provided by the comprehensive EST

mapping.

Consistency of Gene Structure Annotation

The annotation of the Arabidopsis genome referred
to in this study was published on August 20, 2002,
and represents the most current genome annotation
released by the Arabidopsis Genome Initiative. Be-
cause much of the annotation is still computationally
produced without human expert scrutiny, EST evi-
dence may not always have been incorporated into
the gene models. To estimate the extent of this prob-
lem, we compared annotated intron positions with
predicted intron sequences based on our EST spliced
alignments. As a result, 58,120 of the 115,949 anno-
tated introns were confirmed. Another 1,272 anno-
tated introns are inconsistent with high-quality pre-
dicted introns inferred from the spliced alignments.
These introns occur in 977 distinct gene models or
about 3.4% of the annotated genes (data available at
http:/ / www.plantgdb.org / AtGDB / prj/ ZSBO3PP /
geneAnnotationVSest.html). Although these discrep-
ancies may be caused by alternative transcript iso-
forms, erroneous gene prediction seems a more par-
simonious explanation in the absence of other
evidence.

In addition to suggesting corrections to current
gene annotations, the EST spliced alignments also
identify novel gene locations. Thus, of the 27,611 EST
contigs assembled on the basis of proximity in their
genomic locations, 129 occur in regions without any
annotated gene models and contain open reading
frames (ORFs) longer than 100 residues that show no
significant hits with annotated Arabidopsis proteins
using BLASTP (threshold 1e-10). Eighty-two of these
show no hits at the same threshold when compared
against the NCBI nonredundant protein database,
and the remaining 47 EST contigs show at least one
hit (data available at http://www.plantgdb.org/
AtGDB/prj/ZSB03PP /novelGenes.html). For example,
ESTs gi:19863912, gi:9786135, and gi:8721866 form a
cluster that supports an ORF of 108 residues between
genes At4g02400 and At4g02410; the existence of a
gene in that region is also supported by full-length
cDNAs gi:14596167 and gi:20148266. In other cases,
the novel ORFs may correspond to upstream or
downstream exons of incompletely annotated genes.
The display at AtGDB allows users to provide
updated annotation upon more in-depth analysis of
individual cases.

5'- and 3'-Untranslated Regions (UTRs) in mRNAs

Most annotated gene models correspond to the
coding portions of exons only. Although attempts
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have been made recently to predict the UTR portions
of mRNAs by genome sequence inspection (Davuluri
et al., 2000, 2001; Tabaska et al., 2001), this has proven
to be a difficult endeavor. If UTRs are annotated,
the annotations are derived mostly from full-length
cDNAs. ESTs provide a more accessible resource to
gain UTR information, provided accurate EST assem-
bly and mapping onto the genome is possible.

The gene density in the Arabidopsis genome is
high, with about one gene every 5 kb. Therefore,
intergenic regions are typically very short, which
may make accurate UTR assignments difficult. We
cataloged high-quality predicted introns that
mapped into annotated intergenic regions into poten-
tial 5’-UTR or 3'-UTR introns, depending on whether
the constituent hqSPAs extend from the flanking cod-
ing region into the upstream or downstream region,
respectively (note that in some cases the additional
exons may extend an annotated ORF; thus, the de-
rived set of potential UTR introns is a superset of
EST-confirmed UTR introns). In this way, 2,282 poten-
tial 5'-UTR introns in 2,023 annotated genes (including
199 genes with multiple potential 5'-UTR introns; all
data displayed at http:/ /www .plantgdb.org/AtGDB/
prj/ ZSBO3PP /upstreamUTRintrons.html) and 570
potential 3’-UTR introns in 487 annotated genes (in-
cluding 47 genes with multiple potential 3'-UTR in-
trons; all data displayed at http://www.plantgdb.
org/AtGDB/prj/ZSB03PP/downstreamUTRintrons.
html) were identified. Seventy-two genes have both
potential 5'-UTR and potential 3'-UTR introns. Thus,
at least 9% of Arabidopsis genes may have introns in
their UTRs. Our listing of these features at AtGDB
should provide a valuable resource to study possible
roles for these introns in the regulation of gene ex-
pression and to develop models for UTR prediction
(see also dbUTR; Pesole et al., 2002).

Non-Canonical Splice Sites

Almost all introns contain the canonical GT-AG
splice site junctions, but other varieties also exist. It
was estimated that about 1% of Arabidopsis introns
are non-canonical GC-AG introns (Brown et al.,
1996), slightly higher than the proportion identified
in mammals (Burset et al., 2000, 2001). In all other
respects, GC-AG introns seem to be analogous to the
canonical GT-AG introns, and they are processed in
the same splicing pathway (U2-type spliceosome).
AT-AC introns, with consistently low frequency in
diverse eukaryotic taxa, are another well-studied
type of non-canonical introns, which are typically
spliced by a distinct U12-type spliceosome (Wu and
Krainer, 1996, Wu et al., 1996; Burge et al., 1998).

In this study, 738 introns (1.7% of the 43,165 high-
quality predicted introns derived from EST align-
ments) were found to have non-canonical splice sites
(Table IV). GC-AG introns represent the large major-
ity of non-canonical introns (453 cases, or about 1.0%
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of all high-quality predicted introns). AT-AC introns
comprise the second largest category (25 cases).
Many of the non-canonical introns have short direct
repeats spanning the donor and acceptor sites. In
these cases, the exact intron position cannot be un-
ambiguously determined by spliced alignment; thus,
some of the classifications in Table IV may prove
incorrect. The complete listing of apparent non-
canonical introns (http:/ /www.plantgdb.org/AtGDB/
prj/ZSBO3PP /ncSpliceSites.html) should facilitate
experimental investigation of splicing in the absence
of the standard splice site features.

The 453 GC-AG introns (http://www.plantgdb.
org/AtGDB/prj/ZSBO3PP /non_canonical/gc_ag.html)
have the consensus donor sequence (non-U)AG/
GCAAGU (donor site boldfaced) exactly as reported
before for other data sets (Burset et al., 2000). These
introns exhibit a similar distribution of predicted
splice site scores as do GT-AG introns (Brendel and
Kleffe, 1998; data not shown). This suggests that the
mechanism of splicing of GC-AG introns may be the
same as that of GT-AG introns but involve more
highly conserved sequence features apart from the GC
dinucleotide.

Dietrich et al. (1997) reported that U12-type introns
are more likely to be determined by the conserved
motifs around the donor site and the branch site than
by the dinucleotide-termini of the intron. Consis-
tently, some AT-AC introns are spliced by the U2-
type spliceosome, whereas some GT-AG introns are
spliced by the Ul2-type spliceosome. In this study,
all but two of the 25 AT-AC introns (http://www.
plantgdb.org/AtGDB/prj/ZSBO3PP/non_canonical /
at_ac.html) exhibit both the ATATCCTY donor site
motif and the TCCTTRAY branch site element (Wu
and Krainer, 1996; Burge et al., 1998). The two excep-
tions (derived from the uhqSPAs of ESTs gi:931334
and gi:19874656) may not be typical Ul12-type AT-AC
introns and could also be classified as non-canonical
TT-CC and TC-CA introns, respectively. In addition,
one AT-AA intron and 17 GT-AG introns were iden-
tified as likely Ul2-type introns based on a more de-
tailed motif search (see “Materials and Methods”). All
41 likely Ul2-introns and related information are
listed at http://www.plantgdb.org/AtGDB/
prj/ ZSBO3PP /ul2Introns.html.

Table IV. Non-canonical introns (NN represents any dinucleotide)

The intron types were assigned by the terminal intron dinucleoti-
des based on high-quality spliced alignments.

Type No.

GC-AG 453
NN-AG (not including GC-AG and GT-AQ) 99
GT-NN (not including GT-AG) 80
AT-AC 25
GC-NN (not including GC-AQ) 14
Others (26 patterns, each with less than six hits) 67
Total 738
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Mutual comparison of the genes containing the
putative Ul2-type introns shows that some of them
may correspond to duplications within gene families.
For example, the genes Atl1g56280, At5g26990,
At3g06760, At3g05700, and At4g02200 all encode a
drought-induced-19 like protein. A detailed study
shows that all five genes have a Ul2-type intron be-
tween coding exons three and four (At4g02200 has a
U12-dependent GT-AG intron, whereas the other four
genes have a Ul2-dependent AT-AC intron). Simi-
larly, the genes At3g53520 (Fig. 6A) and At3g62830,
which encode a dTDP-Glc 4-6-dehydratase-like pro-
tein, also both have a U12-dependent AT-AC intron in
the same location. Inspection of a homologous rice
gene shows that the Ul2-type intron location is not
only conserved among the Arabidopsis paralogs but
also across the monocot/dicot divide (Fig. 6B). This
observation is consistent with the conjecture of the
early origin of U12-class introns (Wu et al., 1996; Burge
et al., 1998; Wu and Krainer, 1999).

The analysis of U12-type introns gives an example
of how to utilize the EST data and AtGDB resource,
and it also exposes several annotation problems. For
instance, of the 23 AT-AC U12-type introns, only four
AT-AC introns are explicitly annotated (At3g53520,
At5g22650, At5g26990, and At5g27380). One AT-AC
Ul2-type intron in gene At3g62830 is incorrectly an-
notated as a CA-TA intron, even with the presence of
six cognate full-length cDNAs. In addition, gene
structures predicted by AB INITIO methods will typ-
ically never include non-canonical introns (for exam-
ple, the gene Atlg76170). Furthermore, EST data can
provide a check on the accuracy of the genome se-
quence (Brendel and Zhu, 2002). For example, 24
ESTs supporting the AT-AC Ul2-type intron in the
drought-induced-19-like gene At1g56280 clearly sug-
gest that one adenosine should be inserted after the
20,673,745-bp position in chromosome one of the cur-
rent genome assembly. This inference is also sup-
ported by two cognate full-length cDNAs.

Alternative Splicing

Current research suggests that approximately 40%
to 60% of human genes are alternatively spliced
(Black, 2000; Brett et al., 2002; Modrek and Lee, 2002).
Identification of alternative splicing is generally
based on ¢cDNA or EST evidence (Kan et al., 2001;
Coward et al., 2002; Huang et al., 2002; Modrek and
Lee, 2002). Based on strict criteria and manual inspec-
tion (see “Materials and Methods”), we identified 327
cases of alternative splicing among Arabidopsis
genes and categorized them into five groups: (a)
alternative donor sites (102 cases), (b) alternative ac-
ceptor sites (190 cases), (c) alternative introns that are
shifted in position at both sites (three cases), (d) exon
skipping (21 cases), and (e) composite alternative
splicing (different combinations of several alternative
splicing events, 11 cases). All cases and the EST evi-
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dence are displayed at http://www.plantgdb.org/
AtGDB/prj/ZSB03PP/alternativeSplicing/. Intron re-
tention may in part result from inconsequential inef-
ficient splicing or inclusion of incompletely spliced
transcripts in EST libraries; thus, evidence for intron
retention is not discussed further here (338 cases; see
(http:/ /www.plantgdb.org/AtGDB/prj/ZSBO3PP /
alternativeSplicing/intron_retention.html). Based on
the EST evidence, we calculated a lower bound for the
fraction of alternatively spliced genes as 1.2% (327 of
27,288). Although EST sampling and coverage remains
limited, alternative splicing would seem to be much
less pervasive than observed in mammalian systems.
For example, if we assume that 5% (or 20%) of the
transcripts of an alternatively spliced gene represent
the alternative isoform, then the average of seven ESTs
per gene result in a 30% (or 79%) detection rate of this
gene as alternatively spliced. Thus, limited EST sam-
pling alone should not account for the low estimate of
the fraction of alternatively spliced genes.

Mini-Exons and Mini-Introns

Currently, there are two nonexclusive models re-
garding the mechanisms of splicing: Intron definition
purports interactions of splice site recognition factors
across the intron, whereas exon definition suggests
interactions of splicing factors at the acceptor and
donor sites from consecutive introns across the inter-
spersed exon (Berget, 1995). The latter model pro-
vides a conceptual framework for the molecular rec-
ognition of the very long introns occurring in some
mammalian genes, whereas the former model may be
the simplest model for recognition of terminal and
short introns. For either model, the existence of very
short introns and exons raises difficult questions
about the steric accommodation of multiple splicing
factors.

Based on EST evidence, we did not find any introns
less than 50 bp. According to the GenBank annota-
tion, there are 46 introns ranging from 1 to 10 bp, but
it seems likely that these are annotation mistakes.
One 27-bp intron was annotated in the gene
At3g53740, which is supported by full-length cDNA
CT267357 (gi:21405387). However, 33 pcSPAs uni-
formly support a continuous exon in that position. It
is possible that this region is polymorphic between
Columbia and other ecotypes and that the cognate
origin of CT267357 includes a standard-sized intron.

Conversely, 128 nonterminal mini-exons are sup-
ported by EST evidence. These exons range in size
from 5 to 25 bp, with 13 of them no longer than 10
nucleotides in length (http://www.plantgdb.org/
AtGDB/prj/ZSB03PP/miniexons.html). In a few
cases, these mini-exons may occur in regions of in-
creased alternative splicing activity. An example of
this is given in Figure 5. However, most mini-exons
appear to be constitutively spliced, as confirmed by
the consistent alignments of several ESTs. For exam-
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Query EST ssquence 1 (FILE: S830990+) BST sequance 4 +atzand |File: 583009041
1 3 3 1 CTOAGIATIG TTGTCACCOD T OTCATCTTOT
1 toact 61 ATCOGTAGEG GAGATGAAGT GATCOTGATT GATARCTTCT TCACTGOTAG GAAGOAGHAT
121 teg e 131 TTGGTTCATC TATTCTCGRR TCCTAGSTTT GRGCTAATTC GACACGATGT TGTTGATCCA
101 AECIECIELY AQHECHALCA SREELACCAE LEASCELOES CASCEECACE EQtEcARtac 101 ATCCTCUTTS h GRTTTACCAT TTAGCTTGTC CAGITT TGTTCATTAC
241 241 TAT T
LY g g g gaagt ct 301 CTTOCAARGA OAGTTOOOOC ARGSTTTCTG CTCACCAGCA CAAOTGAAGT CTATTCAOAT
161 361 COCCTTGAGC ATCCACAGAR RGAGACTTAC TEGEGARCT TEANTCCART CHOTGAGKEE
Predicted gens stzucture |within oONA segment 19718018 o 19738774} Predicted gens structure [within oOHA segrent 154400 to 156603) ;
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Kligemant ; Rligneent [geacmic BHA sequence = upper lines):
TAKGGATTG TTOTCACCOD TGGAGCTOAT TTCOTCOOTA GTCATCTTGT TGATARGCTT 19713078 T TCTTCACTGE ARCOTCECOC 155211
LEETELTREE FRREERETEr FEEEEERETE PELERERERE FOEPEEETEr ELTETIELI L I o A 1
TEAGGATTG TTGTCACCRG TEGAGITEGT TTOGTCGETA GTCATCTTAT TGATAAGITT a0 AGTGRTUGTS ATTGRTARCT TCTTCACTGS TAGSAMGGAG ARTTTGETTC ATCTATTCTS 137
T GATRACTTCT 18719138
TRCTELEELD LERLTEETEE EETRLLELTE FELPEETELE TIRLEELTEE ELLETTELT GRACCCCROG T an a TOGKOGTOGR 155271
ATOOETARGE GRAATAARST GATOSTAATT GATAACTTCT TOA AG GRRGERERAT 120 L o A o L I
GRATCUTABS TTTGRGUTAR TTOGACACGA THTTGTTGAT CCAATCCTCD TTGHGETOSA 197
TTGGTTCATS TATTCTOGAR TOCTAGETTT GAGCTAATTC GACACGATOT TGTTGAGOCA 19719150
LELLEEEELE DERLLRLLEE EEPEELELE LEEELTEL L TEELLELEEE FETELL L
TTGITTCATC TATTCTO T OAGCTARTTC TOTTARTOCA 180 oo 155331
L o L O o A
ATCCTCCTTG AGGTCGATCA BRTTTACCAT TTAGCTTGIC O "CACC TOTTCATTAC 13719258 TCAGRTTTAC CATTTAGCTT GTCCASCTTC ACCTGTTCAT TACARGTATA ATTCAGTCAA 257
N N R R R Ny
ATCCTCCTTG GRTTTACCAT TTAGCTIGTC CAGCTTCACS TGTTCATTAC 240
TOCTTCTCOT © T ACATTCATGT 155381
RAITATRATC CROTCARGAC TATCATATCC TTTTOATTAC GOOTOOTOAT TTOCARITTC 15715318 (RN
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T 264
ATCCTGTTGA TAGGCATITG ACAATTGRCG TGCAGCTTAG TAGRATCTCT TACARTTATT 19710430
TTTTCET 155811
264
264
GTGRTATTT GTTTCCATTS GIGTT TTTCTCTATT GTTGRTATGA 197194380
264 TTCGTTTORA A TAARTTTOCC TCCTTTTTTC AATATCAAGT 165571
TEATTCTGET TEATCCTTAA COATAGTTTT ACARGACANL TGTARTGOGC ACTCTCARTA 15719558 264
LIEPRREE FRERERELED FLIELLELLL
. RRGREARR TGTARTGGGEE ACTCTCARTA 292
TIGTT TIGAGRTCTT AGH TAGATTTG TTAGTTGTGA 188631
GOTTTCTGCT 719618
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ceTt T AGRCTTACTG (HGRRAACGTG ANTCCAATCG 19710678 TGOCATTTAT CTACAGGATT TT 185601
| TLCLE CERPTRLTEE EEEEEELTE TELLEEEEEE TEE TR L EEEELTET T
ATTCAGATOC CCTTGMGCAT CCACAGARRG REACTTACTG GOGGRACCTG ARTCCAATCO 412 264
GTGAGTTEER GAATTCTSTA TCTGCTCCTG ATTTTGTGAG ATATATARAC GRGAGETTHT 19715738
TTAGTAGTTG T TGGETGTGTA CATCCGTTTY 185781
412
264
ATCACTRATT GCTGTTATCT TTTTATAGET GASKGD 157157T4
1L T
crieres GT GAGRGE 420 SCOGGGTTET ARCCCATTTT CTARACATAC TTCUATGAAC ARTCOTTGGC AGGATTCSAT 285811
264
THGTTTETTC ATTGRAATGE © TRAGCACARAC CAGCTTCTGT TGTADGAGRA 183871
264

TTAGGARAMG AGATCACCTG AATTTTTATA AGGTACATTT ATTTTTTTTC TTRARRAGED 155531

TTTTTATGTG CTCTATOSTA ACTCARTATA TAGTTGAAGT TTTATAGTTA AATATRARAC 155591

CGTTATSTCT TTTACCTSGA TATTTGACCA ATCATGTTTT TTTGCAACTT ATTATGTTAT 156051

264

TTTCACTATT TACARTATAR CRATCTGTATA T 156111

264

ARCRRTTATT ACANGRCTRA = Th TETTGEEICT GOCAARGOGA 155171
L o e A R R A

- RAGRCARA TGTAATGGRC RCTCTCARTA TOTTGGGTCT TGCAARGACK 11z

ATTGOTOCAA BITTC T MACTAGCACA ROTGAASTTT ATGGRGATCC ACTTGAACAT 155231
L o e N N e NN AN R |

FITGRGECAR GERITTCTEOT AT T ATTCAGATCD COTTGAGCAT 31z

CCAT AGRCTTACTS ATCCTATT TT 155291

N R e e
CCACRGRAAG AGACTTACTG GGUGARCETG RATOCARTOS ....p.... 41z

TTGSTTCIGS TCAGTCCTTT GCATTTGEAT CTCCAATTAR CTAAGCCCTG ACTTCTCTOD 156351

CTTOTTCAOO TOTTAOG 156368
[l
+ 1 TGAGRGE 420

(Figure and legend continues on facing page.)

ple, a six-nucleotide exon in At5g14030 is unani- may be a more plausible splice site selection model in
mously confirmed by 12 EST spliced alignments and this case. Interestingly, most mini-exons are character-
conserved in an apparent rice homologous gene (Figs. ized by high splice prediction scores in the flanking
7 and 8). Due to steric constraint imposed by their size, exon-intron junctions (data not shown), suggesting
we find it difficult to explain the accurate splicing of that the associated spliceosome and mechanism of
mini-exons by exon definition, and intron-definition splicing involved in resolving mini-exons may be
and/or facilitation of splicing by splicing enhancers highly similar to that of normal exons.
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Figure 6 (Figure and legend continued from facing page.)

Spliced alignment of Arabidopsis EST gi:5839990 with: A, the Ara-
bidopsis At3g53520 gene encoding a dTDP-Glc 4-6-dehydratase-
like protein; and B, a rice (Oryza sativa) genomic sequence (acces-
sion no. AP003271). The two alignments reveal conserved gene
structure between Arabidopsis and rice, including a conserved
AT-AC intron. C, Pair-wise alignment of the orthologous AT-AC
intron sequences. The conserved donor site (ATATCCTY) and branch
site motifs (TCCTTRAY) are highlighted in red color.

DISCUSSION

ESTs have become the most popular method for
gene discovery in eukaryotic species without a
whole-genome sequencing project and a key technol-
ogy for genome annotation when genome sequence
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data are available. We are particularly interested in
systematic, functional, and phylogenetic compari-
sons of the gene repertoires of plants. Currently, a
near-complete genome has been assembled for only
Arabidopsis and rice. In contrast, some of the largest
species-specific EST collections are from plants, in-
cluding wheat (Triticum aestivum; more than 415,000),
barley (Hordeum vulgare; more than 310,000), soybean
(Glycine max; more than 305,000), maize (Zea mays;
more than 195,000), and Medicago truncatula (more
than 180,000; http://www.ncbi.nlm.nih.gov/dbEST/
dbEST_summary.html). Kalyanaraman et al. (2003)
present a novel algorithm and software program
(PaCE) to cluster large sets of ESTs into contigs that
represent distinct gene fragments and its application
to 22 plant species EST sets. Our motivation for the
mapping of Arabidopsis ESTs onto the Arabidopsis
genome was in part derived from the need for a
confirmed standard of proven EST clusters against
which to gauge the success of EST clustering pro-
grams that do not incorporate genome sequence data.
Here, we derived a number of different standards
from uniquely mapped Arabidopsis ESTs depending
on the minimal overlap required between different
EST spliced alignments. All spliced alignments are
displayed at a novel Web resource, http://www.
plantgdb.org/AtGDB/, which was specifically de-
signed to view and explore all Arabidopsis gene struc-
ture annotation and evidence.

In comparison with other indexing methods such
as UniGene or the TIGR Gene Indices that work
entirely on the mRNA level, genome location-based
clustering not only has the advantage of accuracy but
also allows using low-quality ESTs more effectively.
For example, EST gi:8332684 has a uhqSPA with a
similarity score marginally higher than 0.8, but the
GeneSegqer spliced alignment still accurately reveals
the exon-intron boundaries of the gene Atlg20620
(catalase 3). This EST is clustered with hundreds of
other cognate ESTs located in the same region. How-
ever, although labeled as weakly similar to
At1g20620, it is clustered as a singleton in the TIGR
Arabidopsis Gene Index.

Surprisingly, the complete EST mapping revealed a
large number of discrepancies between the current
gene structure annotation and assignments of exons
and introns indicated by the spliced alignment. Previ-
ously, Haas et al. (2002) reported that 1,591 Arabidop-
sis genes were incorrectly annotated at the time of
their comparison with the 5,000 full-length Ceres/
TIGR cDNAs, and an additional 240 putative novel
genes were identified by the same set of cDNAs. This
suggested that full-length cDNA data should greatly
improve genome annotation efforts. The most recent
release of Arabidopsis genome annotation from TIGR,
used in this study, does incorporate full-length cDNA
spliced alignments, thereby reducing the number of
contradictory annotations compared with prior anno-
tations. However, there are still about 1,000 genes
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Figure 7. Visualization of an annotated, normally expressed internal mini-exon. The exon of six nucleotides found in the
3’-coding region of At5g14030 (encoding an unknown protein) is supported by 12 different EST spliced alignments.
Strikingly, this miniature exon is also conserved in what appears to be a rice homolog of this gene (see Fig. 8). Symbols are
as in Figure 5. The three cDNAs identified by GenBank gi as CT-21404330, RAFL-14517445, RAFL-22136543 correspond
to Ceres/TIGR full-length cDNA 16313 and RAFL clones RAFL02-05-J08 and U12778, respectively.

inaccurately annotated according to our analysis. Fur-
thermore, GeneSeqer alignments using the same full-
length cDNA data set as Haas et al. (2002) indicates
that for 23 matching genes the current annotation re-
mains erroneous (http://www.plantgdb.org/AtGDB/
prj/ZSBO3PP / geneAnnotationVScdna.html), suggest-
ing that even with full-length cDNAs, gene identifica-
tion is still not trivial. Interestingly, about 20% of the
gene locations of this representative set of full-length
cDNAs are embedded in longer EST alignments
(http:/ / www.plantgdb.org / AtGDB / prj /ZSBO3PP /
extendedCoverage.html). Haas et al. (2002) also re-
ported length differences between the Ceres/TIGR
full-length cDNAs (ATcdna set, from ecotypes Was-
silewskija and Landsberg erecta) and RIKEN full-
length cDNAs (ecotype Columbia; Seki et al., 2002)
that may reflect alternative transcription initiation
and termination sites, possibly polymorphic among
different ecotypes. However, these differences are
minor and do not in any other way obscure gene
structure prediction. In particular, our comparison
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with EST spliced alignments show that, except for a
few cases, the cDNA confirmed introns are identi-
cally predicted by the EST alignments, about 98% of
which are with ESTs from the Columbia ecotype. The
current sampling of ESTs from different ecotypes is
insufficient to assess differences in gene expression
or splicing patterns between the ecotypes.

In addition to providing the standards for EST
clustering and data for refining basic gene structure
annotation, the spliced alignments also provide a rich
resource for more in-depth analysis of pre-mRNA
processing, including assessment of the extent of al-
ternative splicing and use of non-canonical splices
sites. Based on very stringent spliced alignment cri-
teria, we established alternative splicing (excluding
possible intron retention) for only about 1.5% of the
Arabidopsis genes. The majority of alternative splic-
ing occurs at either the donor site or the acceptor site
of an intron but not on both ends simultaneously (292
of 327 cases). We also observe that most alternative
splice sites are within 50 bp of the common splice site
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(220 of 292). Specifically, in 134 cases, the distances
between the alternative splice site and the common
splice site are less than 10 bp. Such transcript iso-

forms

looked in conventional EST clustering and transcript
assembly. For example, the gene At1g02500 has two
alternative isoforms with a difference of only 3 bp in
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with minor difference may be easily over-
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Figure 8. Evolutionary conservation of a mini-
exon. A, Spliced alignment of the translated
ORF (bottom lines) originating from the EST
cluster shown in Figure 7 with a rice genomic
clone (GenBank accession no. AP003727); the
alignment was made with the GeneSeqer pro-
gram (Usuka and Brendel, 2000). B, Alignment
of the Arabidopsis mini-exon and its flanking
introns with a homologous region of the rice
genome. The mini-exon is highlighted in red
characters, the intron donor sites in green, and
the intron acceptor sites in blue.

the location of the acceptor site of its sole intron. Each
of the isoforms has at least six ESTs to support its
unique gene structure. However, all of these ESTs are
assembled into one index in the TIGR Arabidopsis
Gene Index (Cluster ID:TC149272).

Most certainly, these estimates of the occurrence of
alternative splicing are very conservative. First, these
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estimates were based on only very good spliced
alignments that leave no doubt as to the origin of the
respective ESTs. Second, the ATest collection is still
very small compared with the human collection, for
example, which is about 30 times larger. However,
we still estimate the occurrence of alternative splicing
in Arabidopsis much lower than the reported 40% to
60% of human genes (Black, 2000; Brett et al., 2002;
Modrek and Lee, 2002).

Currently, most gene identification efforts rely
heavily on ab initio gene prediction programs (Pavy et
al., 1999). However, few ab initio gene identification
programs successfully make alternative splicing pre-
dictions, consider non-canonical splice sites, or allow
other exceptional cases. For example, a special situa-
tion where the start codon (ATG) of a gene is inter-
rupted by an intron would confuse almost every ab
initio gene prediction algorithm currently available.
Similarly, mini-exons (EST confirmed examples of
which are displayed at http://www.plantgdb.org/
AtGDB/prj/ZSB03PP /miniexons.html) will generally
be neglected due to their small coding potential, espe-
cially if the length of the mini-exon is a multiple of
three. Thus, it would seem imperative that spliced
alignment be a key technology of genome annotation.
The GeneSeger program (Usuka et al., 2000) is very
convenient for that purpose.

To facilitate refined genome annotation and further
study of pre-mRNA processing based on the spliced
alignment data, all of our results were stored in a
MySQL database and are visually presented on a
special Web site, AtGDB (http:/ /www.plantgdb.org/
AtGDB/). Several established and comprehensive
Arabidopsis databases are already available to date,
such as TAIR (http://www.arabidopsis.org/), Mu-
nich Information Center for Protein Sequences
(http:/ /mips.gsf.de/proj/thal/), and the TIGR Ara-
bidopsis Database (http://www.tigr.org/tdb/
e2kl/athl/). All displays in AtGDB are linked to
the corresponding entries in those databases. AtGDB
adds a convenient sequence-centered view of the
genome. Users of AtGDB can easily find the distri-
bution of target sequences in the genome, see their
related annotations, and exact genomic coordinates
(based upon the most recent release of Arabidopsis
genome annotation) of ESTs and cDNAs. Analytical
tools are linked to the displays to allow further anal-
ysis with additional data, for example spliced align-
ment with ESTs from sources other than Arabidopsis.
We hope that this analysis and the new Web tools
will contribute to more complete and accurate ge-
nome annotation.

MATERIALS AND METHODS
Data Sets

The five chromosome sequences of Arabidopsis were obtained from
GenBank (http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide) as
accessions NC_003070 (chromosome I, dated August 20, 2002, 30,028,691
bp), NC_003071 (chromosome II, dated August 20, 2002, 19,646,746 bp),
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NC_003074 (chromosome III, dated August 20, 2002, 23,467,821 bp),
NC_003075 (chromosome 1V, dated August 20, 2002, 17,550,036 bp), and
NC_003076 (chromosome V, dated August 20, 2002, 26,583,670 bp). Arabi-
dopsis ESTs were downloaded from the dbEST database (http://www.
ncbi.nlm.nih.gov/dbEST/). Our analysis was based on 176,915 EST records
available October 25, 2002 (data set label: ATest). According to the GenBank
records, 111,155 non-RIKEN ESTs were derived from the Columbia ecotype.
An additional 61,481 ESTs are from RIKEN, and these ESTs also were from
Columbia (Seki et al., 2002). Only 337 ESTs are indicated as ecotype Lands-
berg, and no ecotype information is given for the remaining about 4,000
ESTs. A set of 27,288 putative Arabidopsis proteins was obtained from TIGR
(ftp:/ /ftp.tigr.org/pub/data/a_thaliana/athl/SEQUENCES/ATHI1.pep),
which represented the latest annotation of the Arabidopsis genome made by
TIGR (data set label: ATpep, version: July 25, 2002). Full-length cDNAs
(5,017) sequenced by Ceres, Inc. were downloaded from the TIGR ftp site
(ftp:/ /ftp.tigr.org/pub/data/a_thaliana/athl/ceres/Ceres.arab.cdna).
Only the subset of 5,000 sequences deposited in GenBank (Entrez search:
Arabidopsis [ORGN] AND FLI_CDNA [KYWD] AND Haas [AUTH]) were
used in this study (data set label: ATcdna, version: March 2, 2001). These
cDNAs were derived from the Wassilewskija and Landsberg erecta ecotypes
(Haas et al., 2002).

EST Mapping by Spliced Alignment

Alignment of cDNAs or ESTs to a genomic template is known as spliced
alignment because the alignment must correctly reflect the removal of introns
from the pre-mRNA copy of the genomic template. Several programs and
services are available for this task, including PROCRUSTES (Gelfand et al.,
1996), NAP (Huang et al., 1997), SIM4 (Florea et al., 1998), est_genome (Mott,
1997), Spidey (Wheelan et al., 2001), and GeneSeger (Usuka et al., 2000; Usuka
and Brendel, 2000). The alignments discussed here were derived with the
GeneSeger program. The program involves preprocessing of the cDNA/EST
set to generate a suffix array of these sequences, subsequent fast matching of
c¢DNAs/ESTs to the genome based on significant blocks of sequence identity,
and spliced alignment by dynamic programming based on predicted splice
site probabilities and sequence similarity scores. Using default parameter
settings, the entire mapping of ATest was achieved in about 120 h on a 1-GHz
Pentium Pro III processor CPU.

Selection of hqEST Alignments

The default GeneSeqer parameters are set to allow detection of gene
structure through alignment of ESTs from non-cognate ESTs derived from a
homologous gene elsewhere in the genome (or even ESTs from a homolo-
gous locus in a related species). For some of the questions studied here, it
was necessary to restrict the data to only the cognate alignments. Because of
allelic variation and sequencing errors, even cognate alignments will not
necessarily display 100% sequence matching; however, the overall align-
ment quality generally should be much higher than for heterologous align-
ments. For a given EST, GeneSeqer assesses alignment quality by two
parameters: a similarity score, defined as the ratio of the observed alignment
score over the maximum possible alignment score obtained in the absence of
any substitutions and insertions or deletions; and a coverage score, defined
as the fraction of the EST nucleotides involved in the displayed alignment
(because the GeneSeqer spliced alignment is local, any poorly matching N-
or C-terminal EST regions are culled from the displayed alignment). Here,
we define hqEST spliced alignments (hqSPAs) as alignments that give
similarity and coverage scores both of at least 0.8. ESTs with at least one
hqSPA are defined as hqEST. An hqEST is further categorized according to
the number of hqSPAs derived from the given EST. It is called a uhqEST if
the EST matches a unique locus in the genome, and it is called an mhqEST
if the EST matches multiple sites in the genome (presumably corresponding
to duplicated genes). The corresponding spliced alignments are referred to
as uhqSPAs and mhqSPAs.

The major task of spliced alignment discussed in this paper was to
identify cognate positions for each entry of ATest. Because the EST set was
not masked or filtered to remove contaminations, low-complexity regions,
or repeats, and because high-sensitivity /low-specificity default GeneSeqger
parameters were applied for the spliced alignment, we limited most of our
derived results to hqSPAs and hqESTs. The product of similarity and
coverage scores was utilized as a measure to identify the pcSPAs, based on
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the assumption that the pcSPA should have the best score among hqSPAs
for each specific hqEST. Due to recent gene duplications, possible genome
assembly errors, or other uncertain reasons, some hqESTs may have several
hqSPAs with identical or near-identical score in different locations of the
genome. Thus, the pcSPA for each hqEST is not necessarily unique. The
distribution of score differences among multiple hqSPAs for an EST is
shown in Figure 3. Based on this distribution, all hqSPAs with scores strictly
within 0.015 of the maximal score for that EST were labeled as pcSPA. With
default parameters, a GeneSeqer-reported similarity score of s corresponds
to 0.5 X (1 + s) X 100% sequence identity (for an alignment without gaps).
Thus, two alternative full-length alignments of an EST will be distinguished
as cognate and non-cognate if the weaker match has on average one addi-
tional mismatch to the genomic sequence per 100 nucleotides compared
with the better match. The average nucleotide difference between the du-
plicated genes identified by hqESTs was calculated as 11.4% * 4.6%. There-
fore, the given criterion would safely distinguish duplicated genes except
for very recent duplications that result in such minor sequence differences
that they are indistinguishable from EST sequencing error rates.

EST Clustering and Assembly

hqESTs were mapped to the Arabidopsis genome based on pcSPAs as
described in the previous section. The mapped hqESTs were clustered
according to genome coordinates derived from their pcSPAs requiring a
defined minimal overlap length or a maximal coverage gap size. Precisely,
let est1 map to region [a,b] and est2 to region [c,d], where a = c on the same
chromosome; then estl and est2 are clustered if c = b + G + 1, where G is
the clustering parameter. G could be negative (overlap required) or positive
(specifying the maximal allowed gap). For ESTs giving multiple exon-
spliced alignments, the overlap rule is superceded by the requirement for
consistency of strand orientation as indicated by GeneSeqer. Thus, ESTs
from overlapping genes in opposite transcriptional directions can be sepa-
rated into different clusters (compare with Fig. 5). In addition, ESTs from the
same plasmid (clone pairs) were used to join clusters independent of their
local map coordinates. Different sets of clusters based on alignment and
clustering parameters are available at http://www.plantgdb.org/AtGDB/
prj/ ZSBO3PP /ESTclustering.html. ESTs of each cluster were further assem-
bled by the built-in function of GeneSeqer to generate alternative gene
structures and predicted peptide sequences (PPSs) derived from long ORFs
in the alternative gene structures. The PPSs were searched against ATpep
via BLASTP to locate putative novel genes as described below.

Quality Control

The set of full-length cDNAs was aligned to the genome similarly to the
EST alignments (the GeneSeqer option —x 30 —y 50 was used, which probes
for potential gene locations by about 50-base identities in the suffix array,
thus quickly identifying cognate loci). These alignments served as quality
control in two ways. First, the results test the integrity of our analysis
method. Because these full-length cDNAs were used previously to improve
the Arabidopsis genome annotation (Haas et al., 2002), the cDNA spliced
alignments from GeneSeqer are expected to be consistent with the genome
annotation. Second, we can check whether the pcSPAs are consistent with
the cDNA alignments in regions of overlap. The 5,017 full-length cDNAs can
be regarded as a random sample of the total gene set of Arabidopsis.
Comparing the coverage of ESTs relative to these cDNAs tests the limits of
EST projects.

Database and Web Interface

The raw output of GeneSeqer occupied a total of 1.6 billion bytes of disc
space. The output was parsed and imported into an MySQL relational
database management system (http://www.mysql.com) for further analy-
sis. The database is accessible via the Web at http://www.plantgdb.org/
AtGDB/. Supplementary data for the results of this study are available at
http://www.plantgdb.org/AtGDB/ prj/ ZSBO3PP/.

High-Quality Predicted Introns

GeneSeqer gives two scores to each splice site, a prediction score and a
local similarity score. The prediction score is between 0 and 1.0, based on a
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statistical model for the probability of the site to function as a splice site.
Non-canonical splice sites receive 0 as a prediction score. The local similarity
score measures sequence matching in the 40- to 50-bp flanking exon regions
derived from the spliced alignment. This score is also normalized to 1.0 for
complete identity. For exons shorter than 40 bp, the local similarity scores of
the flanking splice sites are both set to 0. In this study, high-quality pre-
dicted introns were selected as predicted introns with: (a) splice site pre-
diction scores for the donor and acceptor sites both higher than 0, i.e. the
intron should be a canonical intron; and (b) local similarity scores for the
donor and acceptor sites both higher than 0.95 (implying that the flanking
exons should be no less than 40 bp and that at most, one mismatch is
allowed in the 40-50-bp flanking exon region alignment).

Identification of U12 Introns

The 5’ site motif ATCC in positions +3 to +6 is highly conserved in U12
introns (Wu and Krainer, 1996; Sharp and Burge, 1997; Burge et al., 1998),
where the numbering +1 to +6 denotes the first six nucleotides of the intron
starting at the 5" splice site. On the basis of this observation, we selected one
AT-AA and 153 GT-AG introns as potential Ul2-class introns among all the
EST-confirmed introns (in addition to the 23 U12-dependent AT-AC introns
discussed in the text). To further classify these sites, we used a procedure
similar to those described by Burge et al. (1998) and Levine and Durbin
(2001). First, MEME (Bailey and Elkan, 1994) was used to define motifs for
the donor and branch sites of the 23 manually verified Ul2-class AT-AC
introns. These motifs were then used to query the additional 154 candidates
via the MAST application (E-value threshold set to 1.0; Bailey and Gribskov,
1998), and 18 introns with motif E-values less than 1.0 for both motifs were
characterized as likely Ul2-introns.

Analysis of EST Spliced Alignments

The mapped ESTs provide a rich data set for studying many aspects of
genome and gene structure. Here, we have explored the following issues.

Consistency of Gene Structure Annotation

EST spliced alignments reveal partial or full gene structures; thus, they are
helpful to check and refine ab initio gene predictions (Brendel and Zhu, 2002).
Distinct introns derived from all EST alignments were utilized to identify
what fraction of annotated introns is supported by EST evidence. Only
high-quality predicted introns were used to identify annotated introns that
are not supported but contradicted by EST evidence. Even in the well-
annotated Arabidopsis genome, there may still be some genes that are not yet
described. We defined putative (partial) novel genes as EST-derived concep-
tual transcripts with an ORF longer than 300 bp (PPSs with more than 100
amino acid residues) but displaying no significant similarity to proteins in
ATpep (threshold 1e-10 using BLASTP) and have no overlap with annotated
genes.

5'-and 3'-UTRs in mRNAs

We used the EST evidence to identify UTR exons and introns.

Non-Canonical Splice Sites

Non-canonical splice sites obtain a prediction score of 0 in the GeneSeqer
spliced alignments. Therefore, it is very simple to identify potential non-
canonical introns. To exclude questionable spliced alignments and remove
redundancy, only distinct introns with flanking exons of at least 40 bp and
local similarity score greater than 0.95 were selected for further analysis and
categorization according to the observed intron borders.

Alternative Splicing

All high-quality introns were mutually compared with find overlapped
but nonidentical introns, indicating different types of alternative splicing
(except intron retention, cases of which were identified separately).
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Mini-Exons and Mini-Introns

Mini-exons were selected from hqSPAs containing at least one exon of at
most 25 bp, with 100% alignment identity over the entire exon region and
canonical splice sites as boundaries. Similar criteria were also applied to
seek mini-introns not exceeding 50 bp in length.
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