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Table 4. Non-canonical introns (NN represents any dinucleotide)

Type Number
GC-AG 453
NN-AG (not including GC-AG and GT-AG) 99
GT-NN (not including GT-AG) 80
AT-AC 25
GC-NN (not including GC-AG) 14
Others (26 patterns. each with less than 6 hits) 67
Total 738

The intron types were assigned by the terminal intron dinucleotides based on high-quality spliced

alignments.
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CHAPTER 6. IDENTIFICATION, CHARACTERIZATION AND
MOLECULAR PHYLOGENY OF U12-DEPENDENT INTRONS IN THE
Arabidopsis thaliana GENOME

A paper has been submitted to Nucleic Acid Research'

Wei Zhu® and Volker Brendel®

ABSTRACT

Ul2-dependent introns are spliced by the minor U12-type spliceosome and occur in a variety of
eukaryotic organisms, including Arabidopsis. In this study. a set of putative U12-dependent introns
was compiled from a large collection of cDNA/EST-confirmed introns in the Arabidopsis thaliana
genome by means of high-throughput bioinformatic analysis combined with manual scrutiny. A total
of 158 distinct U12-type introns were identified based upon stringent criteria. many more than the
total number of U12-type introns previously reported for plants. Of particular note is the discovery
that the distance between the branch site adenosine and the acceptor site ranges from 10 nt to 39 nt.
significantly longer than the previously postulated limit of 21 bp. Further analysis indicates that, in
addition to the spacing constraint. the sequence context of the potential acceptor site may have an
important role in the 3’ splice site selection. Several alternative splicing events involving Ul12-type
introns were also captured in this study, providing direct evidence that U12-dependent acceptor sites
can also be recognized by the U2-type spliceosome. Furthermore, phylogenic analysis accurately
dated the fusion event of the two spliceosomes as occurring one billion years ago. subsequent to the
divergence of AtNHX1-4 (Arabidopsis Na+/H+ antiporter 1-4) and AINHX5-6.
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INTRODUCTION

Ul2-dependent introns, initially discovered by (Jackson 1991) and (Hall and Padgett 1994), are a
class of low-abundance introns which are spliced by the minor class (U12-dependent) spliceosome
and are distributed in vertebrates. insects and plants (Burge et al. 1998). This rare class of introns is
characterized by highly conserved consensus sequences at the donor and branch sites (Hall and
Padgett 1994), in contrast to the much degenerate splice signals in the major class (U2-type) introns
that are spliced by the U2-type spliceosome (recently reviewed by Burge et al., 1999; also see Krainer
and Wu, 1999). Correspondingly. the U12-type spliceosome consists of specific U4atac. U6atac. Ul 1
and U12 snRNA-s that recognize the U12-type splice signals (Hall and Padgett 1996; Tarn and Steitz
1996a; Tam and Steitz 1996b). In addition, U12-type introns lack a polypyrimidine tract between the
branch point sequence (BPS) and the 3’ splice site (3'ss). Despite these differences. the Ul2-type
spliceosome resembiles the conventional spliceosome in many ways (reviewed by Burge et al. 1999).
For instance, irrespective of the lack of sequence similarity. Ul 1. Ul2. U4atac and U6atac snRNAs
are likely to have roles in the U12-dependent spliceosome that are analogous to the roles of Ul. U2.
U4 and U6 snRNAs in the U2-dependent spliceosome, respectively. Recent experimental data proved
that the stem-loop structure within the U6 snRNA can functionally substitute the U6atac snRNA
stem-loop (Shukla and Padgett 2001). Moreover. not only is US snRNA common in each of the two
spliceosomes. a growing number of proteins have been confirmed to be shared by both spliceosomes
(Will et al. 1999; Luo et al. 1999; Will et al. 2001:; Schneider et al. 2002). U12-type introns typically
coexist with U2-type introns in alternate patterns in the same gene (Burge et al. 1998; Levine and
Durbin 2001), and the splicing efficiency of U12-type introns can be promoted by splicing the
flanking U2-type introns via the exon definition mechanism (Wu and Krainer 1996; Hastings and
Krainer 2001; Dietrich et al. 2001b). U11/U12 di-snRNAs were found to bridge the 5’ splice site and
the BPS in the initial recognition of U12-type introns, suggesting that the mechanism of intron-

definition also functions in the splicing of minor introns (Frilander and Steitz 1999).

The Ul2-dependent spliceosome might have coexisted with the conventional spliceosome in the
common ancestor of higher eukaryotes (Wu et al. 1996). The fact that vertebrates and higher plants
share conserved features in the functional regions of U6atac and U12 snRNAs also provides evidence
indicating an early origin (Shukla and Padgett 1999). The difference of the two splicing machineries

implies that the two spliceosomes evolved parallel to each other in separate lineages and then
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merged together prior to the divergence of the animal kingdom and the plant kingdom (Burge et al.
1998).

Another distinguishing feature of U12-type introns is that the distance between the branch site
adenosine and the acceptor site (DistBA) is unusually short, between 10 bp and 20 bp (Sharp and
Burge 1997), while the DistBA of the U2-type introns can be over 100 bp (Smith and Nadal-Ginard
1989). It has also been experimentally confirmed that spacing mutations with the DistBA less than 10
nt or more than 20 nt would strongly activate cryptic 3’ splice sites (Dietrich et al. 2001a). Asa
result, Dietrich et al. (2001) proposed a local diffusion model to explain the acceptor site selection of

the U12-type intron.

The initial recognition of the U12-type introns arose from its non-canonical dinucleotide termini
AT-AC (Jackson 1991), distinct from the conventional GT-AG intron borders. Further research
indicated that GT-AG introns can be spliced by Ul2-type spliceosomes, and. conversely, AT-AC
introns can be spliced by U2-type spliceosomes (Wu and Krainer 1997; Dietrich et al. 1997).
Therefore, intron type cannot be simply determined by the dinucleotide termini. This raises the
question of how to distinguish U12-type introns from U2-type introns. Based on conserved motifs of
the donor site and the branch site in the U12-type introns, Burge et al. (1998) designed a computer
program, named Ul2Scan, to address the issue of the identification of Ul2-type introns and
conducted a survey in a variety of species based on the GenBank gene structure annotation. Later,
Levine and Durbin (2001) adopted a slightly different strategy to recognize human U12-type introns.
They predicted U12-type introns in the human genome first, and confirmed the hypothetical introns
by expressed sequence data, requiring a 64 bp perfect match between a transcript sequence fragment
and the 32 bp flanking sequences of a predicted Ul2-type intron in both directions. The latter
approach did not suffer from the incompleteness or likely errors in the GenBank annotation, but has
its own problems. For example, any U12-type intron flanked by exons shorter than 32 bp would not
be located. In addition, both analyses restricted their search of DistBA within the region [8. 21}.
under the presumption that no U12-type introns have DistBAs shorter than 8 nt or longer than 21 nt.

In a recent study, we mapped 176,915 Arabidopsis ESTs on the Arabidopsis genome, and 45
Ul2-type introns were identified in the EST-confirmed introns (Zhu et al., 2003). A more
sophisticated analysis was undertaken in this study including 26,961 Arabidopsis full-length cDNAs
in addition to the EST set used in the previous study. A total of 158 distinct U12-type introns were
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identified, including 50 AT-AC introns, 1 AT-AA intron and 107 GT-AG introns, comprising many
more than the overall number of U12-type introns previously reported in plants. Subsequent analysis
indicates that Arabidopsis U12-type introns not only share similar features with Arabidopsis U2-type
introns in intron length distribution and low GC content relative to the flanking exons, but also share
almost identical splice signals with U12-type introns from other species. One significant discovery is
that 5 Ul2-type AT-AC introns and 7 Ul2-type GT-AG introns have DistBAs longer than 21 nt, the
longest observed distance being 35 nt. When further extending the BPS search region, another novel
Ul2-type GT-AG intron was identified with a DistBA of 39 bp. The presumed 21 bp maximum limit
appears incorrect, even though the distribution of DistBAs of the Ul2-type introns shows a peak at 12
nt. Several alternative splicing events involving Ul2-type introns were also found in this study and
provide direct evidence that U12-dependent 3’ss could be recognized by the U2-type spliceosome.
Analysis of the cases of alternative splicing combined with dinucleotide preference analysis also
demonstrates that the sequence context of the potential acceptor site may have an important role in
the 3’ splice site selection, in addition to the spacing constraint. Furthermore. phylogenetic analysis
dates the fusion event of the two spliceosomes as subsequent to the divergence of AtNHX1-4
(Arabidopsis Na+/H+ antiporter 1-4) and AINHXS-6.

MATERIALS AND METHODS

cDNA/EST- confirmed introns in the Arabidopsis thaliana genome

The A. thaliana genome sequence (released on Aug. 20, 2002) was retrieved from GenBank
(http://www.ncbi.nih.gov/GeneBank/), with accession numbers NC_003070, NC_003071,
NC_003074, NC_003075 and NC_003076 for the five chromosomes respectively. Arabidopsis full-
length cDNA sequences were also downloaded from GenBank (dated 11/04/2002), and Arabidopsis
ESTs were downloaded from the NCBI dbEST (http://www.ncbi.nim.nih.gov/dbEST/) in December.
2002. All 27.288 putative Arabidopsis proteins (data label: ATpep, version: July 25, 2002) were
downloaded from The Institute of Genome Research

(ftp://ftp.tigr.org/pub/data/a_thaliana/ath l/SEQIENCES/ATH 1 .pep), which represented the

annotation of the same Arabidopsis genome release as the one used in this study.

A total of 26,961 full-length cDNAs and 176,915 ESTs were aligned with the Arabidopsis
genome sequence using the GeneSegqer spliced alignment program (Usuka, et al.. 2000) at high
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stringency in order to generate a reliable dataset of Arabidopsis introns. The cDNA/EST-confirmed
introns originated from the putative cognate spliced alignments with local similarity scores higher
than 0.9 (Zhu, et al. 2003), and qualified introns were merged into a non-redundant intron set for
subsequent analysis.

Identification of Arabidopsis U12-type introns

The identification procedure used follows that established by Burge et al. (1998). A simple
description is repeated in the following. First, weight matrices for the splice sites of U12- and U2-
type introns were derived from subsets of the transcript-confirmed Arabidopsis introns. 47 confirmed
introns with AT-AC termini and two introns with AT-AA termini were selected as the training set of
Ul2-type introns according to their splice signals. The weight matrices for the recognition of Ul2-
type introns in the subsequent analysis were generated with the MEME program (Bailey and Elkan
1994). In addition, 70,189 cDNA/EST-confirmed GT-AG introns which lack the sequence ATCC in
positions +3 to +6 relative to the 5’ splice site (5'ss) were utilized as a training set to construct the
corresponding weight matrixes for the U2-type introns. The probabilities of the splice signals were
then computed as the products of the corresponding position-specific probabilities. based on the
observed residue frequencies derived from the transcript-confirmed introns. The log-odds ratio of the
score derived from the Ul2-type splice signals versus that from the U2-type splice signals was
computed for the 5’ss and the BPS of all the transcript-confirmed introns including the training sets.
The log-odds ratios were further z-normalized as S,, where x is d or b, denoting the donor site and the
BPS, respectively. Thus, the introns with large values for both S, and S, were selected as Ul2-type
introns (see Fig.1; also see Burge et al., 1998). Because one of the Ul2-type likely AT-AC introns
has DistBA as long as 35 nt, we set the search region for the branch-site motif as [-42, -5] relative to
the confirmed 3’ splice sites, corresponding to DistBA in the range [6, 35]. The region [-5, +5]
relative to the 5’ss was also scanned for possible ambiguities in case the exon-intron junction cannot
be determined unambiguously by spliced alignment because of sequence repeats, and the ambiguous

cases are thereby corrected after the further confirmation.
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Dinucleotide relative abundance in the proximity of the acceptor site of U12-type
introns

Let f; and f,, represent the frequency of the nucleotide x and the frequency of the dinucleotide xy.
respectively. The dinucleotide relative abundance is defined as p,,=f/f.f.. as a common assessment
of dinucleotide bias (Burge. et al., 1992). Dinucleotide relative abundances were calculated for the
region between 10 bp downstream of the branchpoint adenosine and one bp upstream of the 3'ss and
also in the equal size region immediately downstream of the 3'ss within the exon. As a control,
dinucleotide relative abundances were also derived for the U2-type GT-AG intron sequences in the 10
bp regions immediately preceding and succeeding to the 3’ terminal dinucleotide. Hence. if the 5'-
most AC downstream of the BPS is almost always selected as the 3'ss in Ul2-type AT-AC introns.
the dinucleotide AC should be under-represented between BPS and 3’ss. that is. p,c should be

sufficiently smaller than 1.

Gene Duplications

A recent study suggested that the Arabidopsis genome has undergone at least two large-scale
duplications and identified 3,044 gene pairs divided into 91 chromosomal blocks (Blanc et al. 2003).
The authors concluded that one event was a recent polyploidy which occurred 24-40 mya (millions
years ago) and that the other event was an older one which happened after the monocot/dicot
divergence. The 3,044 gene pairs and the related information were downloaded from
http://wolfe.gen.tcd.ie/athal/dup and used to study the fate of the Ul2-type introns after gene

duplication.

RESULTS

Identification and Characteristics of Ul2-dependent introns

There are 53 introns with AT-AC terminal dinucleotides and six introns with AT-AA termini in

the non-redundant transcript-confirmed Arabidopsis intron set that were identified as candidate U12-
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type introns. Because of the absence of the typical motifs for both the donor site and the branch site,
six AT-AC introns and four AT-AA introns were removed. The remaining 49 introns were utilized to
build weight matrices for 75,717 transcript-confirmed introns were computed (see Methods),
projecting these introns into points in the two-dimensional plane (Fig. 1). As expected, the 49 Ul2-
type like AT-AM introns from the training set map in the upper-right comer in the plot, accompanied
by one GT-AT introns and hundreds of GT-AG introns. Consistent with the manual inspection
mentioned above, six AT-AC introns and four AT-AA introns map close to the origin in the plane and
thus predicted to be spliced by the U2-type spliceosome. One AT-AC intron and one AT-AA intron
included in the training data set have relatively low values in either Sq or S, when compared to the
other 47 U12-type AT-AM introns (enclosed in the yellow rectangle in Fig. 1). We conservatively
excluded these two introns in the further analysis. The remaining 47 AT-AM introns were selected as
authentic Ul2-type introns for reference. Because there is not an obvious cluster to separate the
putative Ul2-type introns from U2-type introns, the determinant of Ul2-type introns versus U2-type
introns was empirically defined with respect to the standardized scores of the 47 introns in the
reference set, such that the Ul2-type intron should satisfy the following conditions: Sq and Sy, are no
less than the minimum value of S, and S, from the 47 U12-type AT-AM introns. respectively. The
qualified introns roughly enclosed by the yellow rectangle in Fig. | include 110 GT-AG introns. 46
AT-AC introns, one AT-AA intron and one GT-AT intron.

All 158 predicted U12-type introns and related information are listed in Table 1, together with
another four U12-type AT-AC introns identified by a BLASTP search (Altschul et al. 1997) described
in the next section. As shown in Table 1, there are four Ul12-type GT-AG introns that are
alternatively spliced with cryptic acceptor sites in the proximity of the normal 3'ss, which leads to
ambiguity in the DistBA. Thus, the analysis of the DistBA distribution was based on the 154 distinct
introns after excluding the four pairs of introns involved in alternative splicing. As shown in Fig. 2,
the DistBA distribution of the Ul2-type AT-AM introns seems similar to that of the Ul2-type GT-
AG introns. In particular, both distributions have the mode at 12 nt, and in both sets the shortest
DistBA is 11 nt. Interestingly. 12 Ul2-type introns (five AT-AC introns and seven GT-AG introns)
have distances longer than 21 nt, the maximum distance previously reported (Levine and Durbin
2001; Dietrich et al. 2001a). To be conservative in assessing the authenticity of the U12-type introns
in this study, the introns with long DistBA (>21 bp) were left out in the subsequent analysis of the
sequence characteristics of U12-type introns.
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Thus, 51 Ul2-type AT-AM (including the four novel Ul2-type AT-AC introns identified in the
next section) and 103 Ul2-type GT-AG introns are under further analysis. The Arabidopsis U12-
dependent splice signals display similar base composition to that of previously identified Ul2-type
introns from various species (Burge et al. 1998). There is no significant difference in the length
distribution between the U12-type introns and U2-type introns in Arabidopsis (Fig. 3), in contrast to
reported lack of short Ul2-type introns relative to U2-dependent introns in human (Levine and
Durbin 2001). Furthermore, plant introns are characterized by low GC content when compared to the
flanking exons (Goodall and Filipowicz, 1989), and our analysis shows that U12-type introns have
this trait in common with the U2-type introns in Arabidopsis (data not shown).

Gene Duplications and Molecular Phylogeny Analysis

Of 3,044 pairs of duplicated Arabidopsis genes (Blanc et al. 2003), 24 pairs of genes have at least
one Ul2-type intron in one or the other gene (Table 2). Based on our stringent criteria. the candidate
Ul2-type introns are highly likely to be authentic U12-type introns. but the remaining transcript-
confirmed introns may not necessarily be spliced by the major spliceosome. On the other hand, lack
of transcript evidence may also cause some U 12-type introns not to be identified either. Thus. introns
paired with Ul2-type introns were examined and thereby three U12-type AT-AC introns and three
Ul2-type GT-AG introns. Of the remaining unidentified introns. two U12-type introns have no
paralogous introns in the paired genes, presumably due to intron loss/gain. In addition. two GT-AG
introns lost Ul2-specific splice signals and are recognized as U2-type introns. whereas the
classification of five GT-AG introns is not certain because their Sy and S, scores are big but not large
enough to satisfy the criteria. There are only two gene pairs derived from ancient large-scale gene
duplications as listed in Table 2, and the two cases of U12-type GT-AG introns converted into U2-
type GT-AG exactly come from the two pairs. Excluding the five ambiguous cases, 15 of the
remaining 19 pairs U12-type introns were stably conserved since the divergence about 24-40 mya
(Blanc et al. 2003). Thus, U12-type introns seem to be very stable in recent gene duplication, but are
likely to be converted into U2-type introns in the long run.

Because occasional (random) gene duplications occur in addition to the large-scale segmental
genome duplications, we searched all the genes containing U12-type AT-AM introns against ATpep
using BLASTP, and thus identified another novel Ul2-type AT-AC intron in the gene Atlg76170
based on the non-cognate EST gi:23303104 from its paralogous gene At2g44270. The BLAST



105

search also revealed more cases of the conservation of Ul2-type introns. First, the gene Atlg79610,
which encodes a low abundance Na+/H+ antiporter (AtNHXS) in shoots and roots in Arabidopsis
(Kmieciak et al. 2002), contains a total of two Ul2-type AT-AC introns, one Ul2-type GT-AG intron
and 17 U2-type introns (Table 1). AtNHXS shares it’s a highly conserved sequence and gene
structure with another family member, AtNHX6 (from gene Atlg54370), which has two
corresponding Ul2-type AT-AC introns (listed in Table 1). The intron type of the counterpart in
AtNHXG6 of the U12 GT-AG intron of AtNHXS is uncertain, because the intron has a strong U12-
dependent donor site but a relatively weak Ul2-dependent branch signal (TTCATGAC) withan 11
bp DistBA (indicated by the yellow hollow arrow in Fig. 1). However, the intron has a strong U12-
dependent branchpoint signal (TCCTTGAC) with a 39 bp DistBA. whereas the branch site of the
corresponding Ul2-type intron in AINHXS has a DistBA of 32 bp. Whether the intron is an authentic
U12-type intron and whether the high score branch site is functional in in vivo may have to be
determined by experimental methods. It would be the longest DistBA for the U12-type introns
identified to date, if confirmed. There are four other members of Na+/H+ antiporter in Arabidopsis
(AtNHX1-4), and AINHXS and AtNHX6 have more sequence similarity with the human Na+/H+
exchangers HSNHE6 and HsNHE7 (Kmieciak et al. 2002). Interestingly, there are two Ul2-type GT-
AG introns and one Ul2-type AT-AC intron in HSNHEG6 (Levine and Durbin 2001). Further analysis
indicates that there are no U12-type introns in AtNHX1-4 and HsNHE?7, and the latter have
completely different gene structures when compared to AINHXS5-6 and HsNHES®, respectively. With
respect to the cladogram of Na+/H+ antiporters from Arabidopsis, human, rice, E. coli. yeast, and
other species (see Fig. 2 in Kmieciak et al. 2002), we can infer that the appearance of the Ul2-type
introns is dated prior to the divergence of AINHX5-6 from HsNHEG-7, but after the divergence of
AtNHX5-6 and AtNHX 1-4.

As a second example, the genes Atlg02750, At1g56280, At3g05700, At3g06760. At4g02200,
At5g26990 and At5g49230 that encode drought-induced like proteins, all have one Ul2-type AT-AC
intron in the same location. The only exception is the gene At4g02200, which has a Ul12-type GT-
AG intron instead. After correcting annotation errors based on the transcript sequence data, the
protein sequences of the seven genes and a homologous gene (accession number AA033770) from
rice were aligned by ClustalX (Fig. 4A; for ClustalX see Shukla et al. 2002) and a neighbor-joining
tree was constructed based on the multiple alignment using MEGAZ2.1 (Fig. 4B; for MEGA2.1 see
Kumar et al. 2001). Detailed analysis indicates that the gene structures are highly conserved among
the seven Arabidopsis genes and the rice gene. The identified U12-type introns are all in coding
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phase 0 and the same position starting after the conserved lysine (K103. highlighted in green in Fig.
4A), where a U2-type GT-AG intron is located in the rice homolog. We were particularly interested
in this example to find out how the U12-type AT-AC intron switches to the Ul2-type GT-AG intron
in the gene Atdg02200 since the divergence from the gene At1g02750. The multiple alignment of
At4g02200, At3g05700 and Atlg02750 suggests that the conversion was probably initiated by the
mutation of the 5’ terminal AT to GT, with subsequent activation of an AG downstream of the

original acceptor site as the canonical 3'ss (Fig. 4C).

The BLASTP similarity search increased the number of identified U12-type AT-AC introns by
four, suggesting that paralogous transcripts could also be very helpful in the identification of U12-
type introns. And, the high conservation of the U12-type introns among paralogous genes were also
observed in other studies (Burge., et al., 1998; Levine and Durbin, 2001).

Alternative splicing

Seven cases of alternative splicing events related with U12-type introns were captured in this
analysis. Four of them. as highlighted in Table 1, involve alternatively activated cryptic acceptor
sites in the proximity of the normal splice sites. In detail, the U12-type introns in the genes
At2g26430 and At3g13460 both have minor isoforms utilizing CAG/. seven and nine nt downstream
of the cognate acceptor site TAG/, respectively ( where / denotes the exon-intron junction). It
suggests that the distal AG with the favored sequence motif may compete with the first AG
downstream of the BPS in the selection of the acceptor site of U12-type GT-AG introns. The “leaky”
scan revealed by the two altemative splicing events also implies that the spacing constraint might not
be as strong as presumed in the 3’ss selection in the U12-type intron splicing. Differing from the
previous two examples, the Ul2-type GT-AG intron in At3g52180 has a cryptic acceptor site 28 nt
upstream of the wild type acceptor and 14 bp preceding the normal U12-dependent branch site. The
motif search of U12-type branchpoint signals indicates that the most “likely” branch site signal is
TCCTTCGC with the DistBA 28 bp. However, it is uncommon for a guanosine to be bulged at the
branch site. It is likely that the upstream GTTTTCAC is employed in splicing with the DistBA of 38
bp. The alternative explanation is that the isoform might be spliced by the U2-type spliceosome
rather than the minor spliceosome. The U12-type intron in the gene At4g09720 has a cryptic and
unusual acceptor site AT/ (five nt ahead of the cognate 3’ splice site) with the DistBA of 10 nt which
is the shortest DistBA found in this study.
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Of the remaining three instances of altemative splicing not listed in Table 1, one alternatively
utilized the wild-type donor site /GC (with six transcript evidences; see supplemental material) three
nt preceding to the cryptic U12-dependent donor site /GT (with two transcript evidences) in the gene
At2g44680. Further analysis revealed that the Ul2-type GT-AG intron in the paralogous gene
At3g60250 is also alternatively spliced with the cryptic 5’ss /GC (with one transcript evidence) three
nt prior to the cognate U12-type donor site /GT (with three transcript evidences). It is of particular
note that the major isoform is the Ul2-type 5’ss /GT in the gene At3g60250 and becomes the U2-type
5’ss /GC in the gene At2g44680. The last example is an exon skipping event in the gene At1g49160.
a putative serine/threonine protein kinase. The Ul2-type GT-AG intron in At4gl60 is alternatively
spliced using the donor site of the upstream U2-type GT-AG intron, whereas there is no evidence to
confirm whether the exon skipping also occurs in the U12-type GT-AG intron in its paralog (the gene
At3g18750, listed in Table 2). The above three intron isoforms all have U2-type donor site and are
likely to be spliced by the U2-type spliceosome. suggesting that U12-type 3'ss can also be recognized
by the major spliceosome. These examples also reveal a potential pathway for the conversion from

Ul2-type GT-AG introns to U2-type introns.

Additionally, retention of the Ul2-type AT_AC intron was recorded in the genes Atlg73350 and
At5g63700. The alternative intron retention might be a step preceding the loss of the U12-type AT-
AC introns.

Selection of the acceptor site of Ul2-type introns

It was noted that only four combinations of the terminal dinucleotides were observed in this large
scale analysis on the Arabidopsis genome, and GT-AG and AT-AC take the majority while only one
Ul2-type AT-AA intron and one Ul2-type GT-AT intron were identified (the latter belongs to a
splicing isoform as mentioned above). It seems that the selection of the 3'-terminal dinucleotides of
Ul2-type introns is highly correlated with the selection of the 5’-terminal dinucleotides of U12-type
introns, that is /GT is typically matched with AG/, and /AT paired with AC/ or AA/ occasionally. In
order to find out the whether the scanning model is applicable in the selection of the acceptor site of
Ul2-type introns, the dinucleotide preference was computed for the regions in the proximity of the
U12-type acceptor site (see Methods; also see Fig. 5). The results indicate that all dinucleotides
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starting with adenosine are underrepresented prior to the Ul2-dependent acceptor site, and it is
interesting that AC is not the least preferred among U12-type AT-AC. Further analysis revealed that
there is a total of six AC occurrences between the BPS and 3’ss in the total 51 AT-AM introns. All
six AC are located in introns with DistBA less than 18 nt, each of them is immediately prior to the
3'ss AC/, and not one contains C immediately upstream. Thus, CAC/ is strongly preferred as the
acceptor site of UlL2-type AT-AC introns in addition to the DistBA constraint. It seems that the
selection of the Ul2-dependent acceptor site neither follows a simple scanning mechanism (that is,
the first AC following the branch point is selected as the acceptor site). It is likely that the sequence
surrounding the 3’ splice site also plays an important role in the selection of Ul2-dependent acceptor
sites, and the selection might be mediated via exon definition. In addition, the five Ul12-type AT-AC
introns with DistBA larger than 21 nt all have CAC/ as the acceptor site, further indicating the

importance of the surrounding sequence in the selection of U12-type 3’ splice site.

AG is strongly avoided in the proximal region prior to the donor site in either of the two classes
of introns, but is a little more preferred in the exon regions immediately succeeding to the Ul2-type
introns versus the U2-type introns. Excluding the U12-type introns involved with altemative
splicing, only one dinucleotide AG immediately prior to the cognate 3’ss CAG/, in the gene
At4g02200, is found in the similarly defined search region for the U12-type GT-AG introns. It seems
that the scan model is more applicable to the U12-type GT-AG introns than to the Ul12-type AT-AC

introns.

DISCUSSION
Identification of Ul2-type introns

In this study, we identified a total of 162 U12-type introns, including one AT-AA, 50 AT-AC,
110 GT-AG and one GT-AT introns by following the procedure proposed by Burge et al. (1998).

Burge et al. also provided the test statistics £ = S; + S in their study, to discriminate U12-type
introns against U2-type introns, such that introns with ¢-scores higher than 20 are likely to be U12-
type introns. This criterion implies that an intron with a strong U12-dependent donor site signal (i.e.,
S4>y20 = 4.47) will still be spliced by the Ul2-type spliceosome, in spite of the weak branch site

signal. This may be reasonable on the basis of experimental evidence which revealed that the donor
site and the branch site are simultaneously interacting in a U11/U12 di-snRNA complex in the initial
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recognition of the U12-type intron by the minor spliceosome (Frilander and Steitz 1999). However,
this scheme is not consistent with the observation that the normal Ul2-dependent intron splicing was
abolished by the mutations of the BPS (Dietrich et al. 2001b). Therefore, a more conservative
criterion was set for the minimum cut-off values of S; and S, in this study, with respect to the Ul12-
type AT-AM introns. Compared to Arabidopsis U12-type introns reported in the earlier study (Burge
et al., 1998), 10 out of 11 were also recovered in this study with the exception of one AT-AA intron
(represented by the green upside-down triangle below the yellow rectangle in Fig. 1) in the gene G5p.
On the other hand. introns with high prediction scores might be actually excised by the major
spliceosome. For example, the U12-type intron in the gene At3g52180 alternatively activates the
cryptic acceptor site 28 bp prior to the wild-type acceptor site, and the predicted BPS is TCCTTCGC
with the normalized score 1.66, slightly higher than the minimum requirement. However, there is no
adenosine in the sequence TCCTTCGC., therefore it is more likely that the “weaker” BPS
GTTTTCAC in the upstream is utilized or the intron isoform is alternatively spliced by the U2-type
spliceosome. On the whole, the statistical significance may not be necessarily equivalent to the
biological significance. Our predictions, even under stringent criteria, may still need additional
biological experiments to confirm, and a more appropriate method will come out for the Ul2-type
intron recognition with the accumulating experimental data in the future. Nonetheless. this research
will enrich our understanding of the U12-type introns in Arabidopsis, and may also shed light upon
studies on the Ul2-type introns in other species.

Characteristics of Arabidopsis Ul2-dependent introns

The identified Arabidopsis U12-dependent introns display patterns almost identical to the motifs
of the U12-type introns from various other species (data not shown), which is in accordance with the
postulated early common origin of Ul2-type introns predating the divergence of animals and plants
(Wuet al. 1996; Burge et al. 1998). Different from the characteristics of the U12-type introns
recently identified from the human genome (Levine and Durbin 2001), however, our results illustrate
that there is neither an appreciable difference in the distribution of the intron length between the U2-
type intron and the U12-type intron in Arabidopsis, nor is there a significant difference in the
distribution of the DistBAs between the U12-type AT-AM introns and U12-type GT-AG introns (see
Fig. 2 and 3). Such contrast may arise from the organism difference between humans and

Arabidopsis or be caused by differences in the analysis method and criteria as discussed above.
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The distance between the branch site and the 3’ splice site and the selection of the
acceptor site of Ul12-type introns

Both of the two previous large scale computational scans for Ul2-type introns were restricted to
DistBA between 8 bp and 21 bp (Burge et al. 1998; Levine and Durbin 2001), based on the
distribution of the DistBAs of naturally occurring U12-type introns (Sharp and Burge 1997).
Experimental evidence mainly came from the recent study on the spacing mutants of the human P120
gene, in which the unfavorable dinucleotide UU with the DistBA of 12 nt was selected as the 3’ splice
site rather than the downstream AC with the DistBA of 27 nt as demonstrated by the construct +27
AC (Dietrich et al. 2001a). However, the conclusion that the DistBA constraint is extremely strong in
U12-type intron splicing seems less convincing, because the uncommon guanosine immediately prior
to the +27 AC might disable the dinucleotide as a functional acceptor site in that construct. Also, our
results indicate that this model is not generally valid, or is at least not valid in Arabidopsis, based
upon three observations. First, at least 12 U12-type introns have DistBAs larger than 21 bp. even
though the mode of the DistBA distribution is 12 nt (see Table 1 and Fig. 2). Second, only one AT-
AA intron and one GT-AT intron were found in addition to the Ul2-dependent GT-AG and AT-AC
introns, suggesting that the combination of GT-AG, or AT-AC is strongly preferred in nature among
U12-type introns. Each of the two observations indicates that the DistBA constraint is not as strong as
the preference for the terminal dinucleotide combination. Finally, as mentioned above. there are six
cases in which the dinucleotide AC is located immediately prior to the confirmed 3’ splice sites in the
U12-type AT-AC introns, indicating that the 3’ss surrounding sequence also plays an important role
in the selection of the acceptor site of Ul2-denpendent introns. Similar results were also observed in
the U12-type GT-AG introns. Furthermore, the alternative 3’ss events in the U12-type GT-AG
introns also confirm that distal acceptor sites with the favored sequence can compete with the

proximal wild type 3'ss in U12-type intron splicing.

A caveat concerning the existence of long DistBAs is that there might be a weak BPS actuaily
functioning in the downstream of the most likely predicted BPS. Another possible argument is that
the introns with long DistBA (>21 bp) might actually be spliced by the U2-type spliceosome. Neither
of the two arguments has any experimental support thus far, therefore it is more reasonable to assume
that a small number of U12-type introns have longer DistBAs than previously thought.
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This conclusion results in a new question: does any Ul2-type intron have a DistBA longer than
35 nt, out of the searching region [6, 35] in this study? To address this issue, we extended the
searching region from 35 bp to 45 bp DistBA, to see whether new Ul2-type introns were discovered.
Only one intron in AtNHXG6 (the gene Atlg54370) has a stronger BPS with the presumptive DistBA
as 39 nt, as discussed above. Nevertheless, there are few introns with a DistBA longer than 35 nt in

Arabidopsis, and the upper limit may be easily tested experimentally.

High conservation was observed in the functional regions of U6atac and U12 snRNAs between
human and Arabidopsis (Shukla and Padgett 1999). so we believe that the long DistBA observed in
the Arabidopsis U12-type introns in this study is likely to also apply to humans or to other species.
Hence, rescanning the genomes of humans and other organisms with an extended searching region

may reveal more novel Ul2-type introns.

Evolutionary origins and fates of U12-type introns

To date, the fission/fusion model proposed by Burge et al. (1998) is well accepted for the origin
of the U12-dependent spliceosome and the excised introns. For the first time, the phylogenetic
analysis of the Na+/H+ antiporter family dated the likely fusion event as being prior to the divergence
of the plant kingdom and the animal kingdom and subsequent to the divergence of AINHX1-4 and
AWINHXS-6. It also gives the first evidence that the U12-type introns are evolutionarily stable over
one billion years. This amazing stability likely results from the unusual conserved Ul2-dependent
S'ss and BPS, so that any mutation in the splice signal sequences may gasily disrupt the normal
splicing of the Ul2-type AT-AC introns and thereby is strongly selected against. The alternative
splicing examples, however, also demonstrate that Ul12-type AT-AC introns can be lost by intron
retention, which is probably caused by mutations in the Ul12-dependent splice signals. In addition to
the experimental evidence indicating that the Ul2-dependent 5'ss can be exploited by the major
spliceosome (Dietrich et al., 1997), the alternative splicing events captured in this study also indicate
that the 3’ss (probably as well as the BPS) of the Ul2-type GT-AG introns can also be utilized the
major spliceosome. Therefore, mutations that corrupt the conserved U12-dependent splice signals
may easily trigger the conversion from the U12-type GT-AG introns to the U2-type GT-AG intron,
while the reverse process is highly improbable.
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Besides stability or loss, the fate of Ul2-typte AT-AC may also involve switch to U12-type GT-
AG introns. A plausible mechanism of the switch is as follows. The 5’ terminal dinucleotide /AT
mutates to /GT and then the first AG or the distal AG with the favored surrounding sequence in the
downstream of the BPS is selected in the Ul2-type intron splicing. Under this model, the mutation is
likely to cause the downstream exon to be truncated or extended with the broken reading frame.
Another mechanism of the switch proposed by Burge et al. (1998) is from AT-AC to AT-AG and
then to GT-AG. However, because it requires two mutation events and the occurrence of natural AT-
AG introns is extremely low, the pathway seems not plausible either. At any rate, the switch between
Ul2-type AT-AC intron and U12-type GT-AG intron should be much rarer than the conversion from
the Ul2-type GT-AG intron to the U2-type GT-AG intron. However., it is difficult to explain why the
Ul12-type GT-AG introns outnumber the Ul2-type AT-AC introns. We are forced to infer that Ul12-
type GT-AG introns did not originate from U12-type AT-AC introns but appeared together with the
latter 1 billion years ago. Another more plausible explanation is that there is some kind of selection
against the conversion from U12-type GT-AG to U2-type GT-AG intron. It was noted that most of
the genes containing U12-type introns function in information processing (Burge et al. 1998). In this
study, some of the genes containing U12-type introns were found to be stress reaction related. such as
the drought-induced like proteins (Fig. 4) and AtNHXS5, whose expression level increases in response
to salt treatment (Yokoi et al. 2002). It is possible that the U12-dependent spliceosome system might
be activated and therefore regulates the expression level of target genes which contain U12-type
introns via changing the speed of U12-type intron splicing (Patel et al. 2002) in response to stresses in
plants or the analogous situations in vertebrates or insects. In this scheme, the potential role of the
U12-dependent spliceosome system may result in selective pressure against the conversion from U12-
type GT-AG introns to U2-type GT-AG introns.

In spite of the high stability and possible selective advantage, it is likely that the number of U12-
type introns has been slowly but continuously reduced by accumulating mutations. Gene duplication.
however, may help the Ul2-type introns propagate within the gene families, for example, the
drought-induced like protein family and dTDP-glucose 4-6-dehydratease like proteins (Zhu et al.
2003).
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SUPPLEMENTARY MATERIAL

All spliced alignments are interactively accessible at AtGDB (Arabidopsis thaliana
genome database, http://www.plantgdb.org/AtGDBY/).
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Figure Legends

Figure 1. Identification of U12-type introns. Each transcript-confirmed intron is projected into the
two-dimensional plane with the coordinate (Sy, Sy) in this figure (see Methods), that is approximately
distributed as a standard bivariate normal distribution (Burge et al., 1998). The determination of
Ul2-type introns versus U2-type introns is empirically defined with respect to the standardized scores
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of the U12-type AT-AC introns, which are clustered in the upper-right comer. The qualified introns
are enclosed by the yellow rectangle in the figure. In addition, a yellow arrow indicates a Ul12-type
likely GT-AG intron not included in the selection (see text for the details).

Figure 2. Branch site to acceptor site distance of Ul2-type introns. The Ul2-type introns contained
in the genes At2g26430, At3g13460, At3g52180 and At4g09720 are not included in this analysis to
avoid the uncertainty caused by alternative splicing (Table 1). The remaining 51 U12-type AT-AC or
AT-AA introns (black bars) and 103 U12-type GT-AG introns (gray bars) listed in the Table 1 are
contributed to this analysis. It is of particular note that 12 Ul2-type introns (5 AT-AC introns and 7
GT-AG introns) have branch site to 3’ splice site distances that are longer than 21 bp.

Figure 3. Length distribution of the U12- and U2-type introns. The density of the length of U2-type
introns was derived from 70, 189 transcript-confirmed Arabidopsis introns (plotted in green line). The
histogram of the 154 Ul2-type introns is represented by the filled columns (see Fig. 2 legend for the
details of Ul2-type intron set).

Figure 4. Drought-induced like proteins. A) Alignment of the protein sequences from Arabidopsis
and rice. There is a phase O intron conservatively located immediately after the green colored column
K103 in all of the genes. At that location, the rice gene AA033770 has a U2-type GT-AG intron and
the Arabidopsis gene Atdg02200 has a U12-type GT-AG intron. whereas the remaining 6 genes each
have a Ul2-type AT-AC intron. B) Neighbor-joining tree derived from the alignment in the part A.
The branches are colored in green, yellow, and red, for the U12-type AT-AC intron, U12-type GT-
AG intron and U2-type GT-AG intron, respectively. C) Alignment of the U12-type intron sequences
in the genes At4g02200, At1g02750 and At3g05700. Only terminal alignments are displayed. and
the splicing signals of those introns are highlighted in shadow.

Figure 5. Dinucleotide relative abundances in the proximity of the 3’ splice site of U12- and U2-type
introns. The dinucleotide relative abundance between the branchpoint sequence and the acceptor site
versus the equivalent size region immediately succeeding to the acceptor site were plotted for U12-
type AT-AM introns (red fonts with underline), Ul2-type GT-AG introns (green fonts with underline)
and U2-type GT-AG introns (blue fonts). The details were described in Methods.
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Table 1. The list of U12-tvpe introns.

_Location
GenelD IChe Start Termini| Donor Site | Branch Site Acceplor Site DistBA
11902750 | aaglatatcctt | ttcettgac JaatgtgatttatttgaaattccttgAccgataattttac|agtgagcagal 14
11004130 | 1 atglatatcctt | ctecttage ltgttcaatgegetttatgtcectecttAgegetctaaac]atgttttcag] 12
11906890 | 1 att|gtatccta | tatcttaac |aaccaattcgatgctgttatcttaAccaattgtacacag|atgacaaatal 15
11911110 { 1 agc|gtatcctc | ttccttaac JttatctggtctctgttatttccttaAcaagaaacagcag|aagtaggtgt] 14
11911880 | 1 cca|gtatcett | ttccttgac |agaccagatatgtatgettccttgAccagaaaactttagjttacatcatal 15
{1017145 | tcalgtatcett | ctecttate |gaaaatgtctacttttgagtectccttAtcatatgtaaglatgecetttt 12
11018090 | 1 acclgtatcctt | ctctttgac JtttgcagttetgttctetttgAcacattaaacttatcaglagatctgtegl 18
11923800 | 1 acajgtatcctt | aaccttaag JaaatagatttgttcctgtttaaccttaAgtcacgtgcag|agatcttaat] 12
1124050 | 1 ttgjatatcctt | atcctrgac JcctgaattgtgttatccttgAcgagttattggttattac|aagagggtac) 19
11924706 | 1 ccclgtatcett | ttecttgac fccaaatccaagaatagcaatttccttgAcattgetctag|aatctatgac] 12
11926660 | 1 act]gtatcctt | ttccttgac jgaaatattcttgtttccttgAcggttactcccactccag|ctetgacttgl 19
11928630 | 1 ccclatatcctt { tttcttaac jaattaattaacatctaattgatttcttaAcataattcaclatcgatgecaj 11
11929840 | gcalatatcctt | ttccttgac JtgtttgtgttgtgtetgatttecttgAcaagtatgatac|tttggttagal 13
1131660 | 1 att]atatcctt | ttcettgac |grtratgecatgtratgetatttccttgAcaacaagtecac]ttgecccagt] 12
11932400 | 1 tgc|atatecta | ttecttaat |ctaaaagtcttaacctttcatttccttaAttgagaatag|tactetette] 11
11948050 | 1 act |gtatcctg | ttetttaac JgtttcgoctaccattttcttggttctttaActggettcag|ttcttgatge] 11
11049160 | 1 agt |gtatccct | ttctttaac laattcattatttctttaActctcttgaacaaataatcag|ttttaagggal 22
11950510 | 1 caajgtatcctt | trccttrac |cagcattgtaaaaccttgagttcctttAcacatttccag)acattgeget) 12
TGRS 1 ttalatatcctt | aatcttaac |atggccaaaaatgtattgtaaaatcttaActcagaacac|ctctttaagt] 11
SETERYO | att|atatcctt | ttccttgac tggatgtcattrtccttgAcatcattcatttgtttgaac|ccagtcaggt] 21
11954460 | 1 ctc|gtatcctt | atccttage JtctaaccactaaaggacttttatccttAgccatatataglatcagectacal 12
At1956280 | 1 aag|atatcctt | ttccttaat |gaatcacattcctctgttgaattccttaAtgagttitac|ttgcagecgaa 11
11960070 | 1 gcalgtatcctt | aaccttgac |ttttaagttcatcttgtgagaaccttgActtacgtctag|agatctgaat] 12
11061160 | 1 aac|gtatcctt | ttcecttate |gettatctactccttrtgaacttccttAtcgagaaacag]cagagatagal 12
11961210 | 1 tac|gtatcctt | taacttaac |tgggtttgtttataacttaActtgattttggaaacttag|aggagtteee] 20
11067960 | 1 caalatatcctt | gtccttaac |ccaacatctttattctgttgtgtecttaActgtcttecac|ttctecattef 11
11973350 | 1 aaalatatcctt | tttcttgac |ctagatgtttttttgtaatctttcttgAccatatatcaclaaagctgcaal 12
11976170 | 1 cat|atatccet | gaccttaac |tcaacagaagatattcgttagaccttaAcatagttacac|gtatgettat] 12




Table 1. (Continued)

Location

chel st | End [Terminil DonorSite | Branch Site Acceptor Site DistBA
1 | 28504478 28504 ctcfgratccta | ttecttaac jggaaactatttetctccactttecttaAccgatgtctagjatatattteg 12
1 ] 281087 29106891, ag |tcajgratcecrt | cteettgac jgggtrttttcecttttgtgtectecttgAcatttatgag|gtgeecttet 11
1 ] 29 29555341 attjgtatcctc | ttccttaac fttccttaActrtettttcatccttggtgacgaaccteag|ttatttateg 32
1 | 20556223 295561371 at ac |ctc|atatcctt | agecttaat catacacatagacgagttgttagccttaAtgtaaagcac|ctattcaagt 11
1_|] 20557 29557 at ac |att|atatccte | ttccttgac laacaaaatatgttgttttccttgAcgtacttgtttgeacjccagtcagge| 16
1 | 297661 207! at ac fgat|atatcctt | ttccttcac JcaagagtgttttgtagtcttecttcActaatttcgacac|agaatgacga 14
1_| 2987 20873186 at_ac gcc[atatcctt ttccttaat jcagttgtaaatatctgtttcettecttaAtttatcaacac|atacccgact 12
2 867 86751 ag |ttr|gratcctt | teccttgac JaatgggtrtgttgeggtttttccecttgAcagttttaaag|tactctatte 12
2 9274381 92742 ag ltcalgtatcctt | aaccttgac |gatctgtgtttctgcggtaaccttgActtgcgacttaag|atatgtgtac 14
2 | 10726 1072671 ag [tttjgtatcett | gtccttgac JtcttactttttgeggtecttgActaattggtttgtaaag|teatgaagtg 18
2 | 1119381 11193727 gt _ag act|gratcett | trtcttaac gtgattttctcaActtagactgtctacc‘tt!accacag[gcagttatgg 27
11193734 gt _ag cgtagctgtgattttcttaActtagattgcttattg!laccacaggca 20
2 ] 1126271 11262477] gt_ag lgatjgratcctc | cteccttgac cagttacgaagttttctccttgAccatacctatttatag|gatcaaattg 17
12 2 | 11811 11811501 at_ac act|atatcctt | atccttgat |ccttgAttttgttttgetetgettttttctgatgetcac|ggatgaggag 34
12, 2 | 12931 12931 ag laaalgtatcett | tatcttaac |gacttctggtgactcattgtttatcttaAcaaattctag|tttgaatttg 11
2 | 1311950. 13119751 gt ag ccalgtaceccc teccttaac {gectcottgeccattttecttaActctgtetttttetttcag{attctttagt 20
12 10 | 2 ] 15071167 15071261 ag lact]gtatcctt | atccttaac |cataagatataaatacgcaatccttaActctagcaaaag]ctggtatcga 13
12 10 | 2 ] 153781 1537801 ag lgct|gratcctt | taccttaat |tgctettggtgtattactgettaccttaAtcacatgaagjatatctgcac| 11
12039070 | 2 | 16259192 162 at ac {tac|atatcctt | ctectgaac |gaagatttgagcattatgtttctcctgaActttttatac|acagaaactal 11
12939810 | 2 | 16562023 165623071 gt ag Jatt|gtatcctt | ctcettgac |ggatgcatagttgacatctccttgAcagaaaattaatag|atatcaccaal 15
12939960 | 2 | 16631631] 16631379 at_ac |attjatatccrt | gtccttgac |aattctgaagaagatgtttggtccttghctatatgacac|gtatgtagtg] 12
12, 2 | 16994801 16994 at ac |caalatatcctt | gttcttaac JtatgctttctgcatgttgggttcttaAcgattctttcac|atatagatac 13
12041740 | 2 ] 17365209 1736517. ag lacc|gtatcctt | aacctraac |ggactgtttgagcttgtgaaccttaActtttgttattagjagggactgaal 14
12 45 | 2 | 17547 \7547894M gcajgtatcctt | tgacttaac JcaccgctttccgaaaaactgacttaAcaagcaatattag|atatgctagal 14
12, 10 | 2 | 179099 1791013y gt ag tatjgtatcctt | gatcrttac acgtgtgaatgcaataggytcttthcaccagtttctaglacccatattc 14
12044150 | 2 | 18207 18207643 gt_ag |acalgtatcctt | ggccttgac |getttgatcaagatttgttttggecttgActtgttaaag|atatatactt 11
12044270 | 2 | 18247293 18247211] at_ac |cat]atatcctt | taccttaac |gtcaacaaaagatattgtgataccttaAcgtagctttac|gtatgettat| 12
12, 2 | 18375661 18375494 ag lacalgtatcctt | ttccttaat |ccacttgtcttagtgttctttecttaAtgettattgecaglacattgatgg] 13
12045240 | 2 | 18606 186070_22[t;: caalgtatcctt | gtccttaac JagtctattccagtgtaaacgtccttaAcctcaaaatcag|gaaacaaage] 13
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Table 1. (Continued)

Location
chr| st | Ena _[Termini Donor Site | Branch Site Acceptor Site DistBA
2 | 19489197] 19489084 at ac [atc|atatcctt | gtccttaac JectrgettgetcttgteccttaActctgtgtgtgtggatac|aagacgaatg 19
3 7869 787254 gt ag laga|gtatcctt | tgctttaac JttetetttccactecctgtgttgetttaActegeccttag|ataccgagaa 12
3 12596648 1259776 @t ag lttc|gtatcett | ttccttaac JacagaatcgatattgtttecttaAcgttatttaccacag|cgttgcaact 16
3 16877 : gt ag [gtc|gtatcctr | atctttgac JetttctatatatgetttgttatctttgActctatttcag|ccaacgtecee] 12
3 1683177 1683077] at ac |aag|atatcctt | gttcttgac atagtctgttat:taagttgtgttcttgAcaaaatattaclatgcaccgca 12
k] 2133770 2133904 at _ac |aaglatatcctt | ttceottgat tggtagaacttgtgtttattccttghtgagaggctttac]gtacagcgaa 14
3 21526800 2152669 at ac |gat|atatcctt | ttccttaac JgagtgttttgttgteottccttaActaacctctctgacac |agaatgacga 17
3 2246958 22468711 gt ag |act jgtatcctt | atcctraac JcacatcatttagettttagtaatccttaAcagaactaag|atatacegee 11
3 | a3se198 4387911 Qt_ag atc|gtatcctt | ttcettgac ctttgcttccttgActcaccttgtttgclaagctacagIatccgttjca 26
43879181 gt_ag tgtgtaattcct;gqcttccttgActcaccttgtttgtjlaagctacaga 17
3 5498599 5490696 gt ag latc|gtatccta | ctetttaac JtatgcaagtgcttctgaactctttaActctctagtttagjatgttatcat 14
3 6456511 ot ag ftgt lgtatcett | taccttaac lgcatcttttttggtttgtaccttaActcaaggaaatcag|ttataaggca 15
3 7381 m ot _ag Jttc|gratcctt | trctttaac |attatctgttacaaaaacttttcrttaActccaatcecag|acagecgaaca 12
3 | 7443078 7442982 at_ac |ccajatatcctt | cttcttaac jrrtttcttttctgtttgattcttcttaAcccaatgatac|atattcaaag 12
3 | 870338 8703771] at ac Jctc|atatcctt | ttctttaat jtctttaAttcttgcttttgttatgattgcgaatttgcac|gaggaagtcal 33
3 1 10623 10623507 at_aa taglatatcctt | ttcctrgac |ccattctttcaaaagaatagtttcecttgAcaaaaaacaalgcagacttct 11
3 | 16206655 16206748 at_ac Jaag|atatcctt | atccttgac JttcctctgagaatcccgtaatccttgAccagtttctcac|attagacata 13
3 | 16985855 gt ag |tct]gtatccet | ttecttgat |cagttrttgetgetttrtcecttgAttcaattetgtttagfcttctaccat 16
3 |7 : ot ag [tgt|gtatcctt | ttccttaat |tctccatttegtttccttaAtggttatttigegtegtag|aatcattgtal 20
3 | 17883035 ot_ag agt|gtatcctt ttctttgat cagtcactaaagggtttctttgAtcagagagttcttcag|atacagagca 17
3 |} 183344800 18334587] at_ac laag|atatcctt | gtccttage lagagctgtatttgecttggtetgtecttAgetttcaatac|agatcccaaa 12
3 | 1878359 18783701 &t ac jtcalatatcctg | atccttaac |atgctcattgactattgaaaatccttaActtatgegtac|tttagatcte 12
3 | 191023071 19102404 at _ac ggalatatcctt | ttccttaac |tttatttgtaaaataaatctttcecttaAccctgattcac{getttaatag 12
3 | 1936048 19360367] gt_ag gga|gtatccte tgccttgac JatgatctgcagtgcagaatgccttgAccaatccetecaglatattttgga 14
1936039 8 ttcettege |cactrtcctteogecattgagtgaggaagaatgatctgcag|tgcagaatge ?
3 | 19850244 19850491| at_ac |atc|atatccer | atccttaac JgatatgatgattctggttgatccttaAccatagttttac|aagacaaatg 13
3 acc|gtatcctt | aactttaac [ttactgctgtctgagatgttgaactttaAcatttcttag|aggtactgaal 11
3 ggt |gtatcctt | ggccttgac JatatttttcagctaaggecttgActtcacttgtccatag|aagtatactt 17
3 gat|gtatcctt | ttcectgac JcttaaacttctatgaacattttccctgActtgttcatagaagcatattt] 12
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Table 1. (Continued)

Location
Chr| Stat | End Terminl| Donor Site | Branch Site Acceptor Site DistBA
3 | 21937700 21937699 gt ag lggt |gtatcett | ttcettaac tatgcacattctcgttgacgttccttakcccgtctacagIagccat‘.attc 12
3 | 2227896 3836 gt_an lgcajgtatcctt | ttccttaaa tcattgtatcttagcgttttccttahatgacttgtgcagIatattgatgg 14
3 | 22648274 22048171| gt _ag tcalgtatcett | atccttgac |gtatatgaagtttatccttgAccagtaacccettttaag]atgtcaagtt 19
3 | 23241148 23241229 at ac jatc|atatcctt | trccttgac aattgttgtttgtgtttgttccttgActttgattgatac|aagacgaatg 14
4 '::m ot ag lact |gtatcctt | atccttaac aatgtttgggttaggtatccctahccctattactgacagltctgataaga 16
4 62647, m gt ag lact|gtatcctt | atctttaac |accatttcttttttgctatctttaAccaaaatataacag|acaagaagaa 15
4 97, n:m gt ag laaglgtatcctt | ttccttgac |ttgtgttccttgAcgaatacttaccttgaacaaaagcag|agactttacal 27
4 108655 1086414 gt ag tatlgtatcctt tttcttaac jtcagtgtcttrtggtaaaaatttettaAccatcttetaglatatttcaac 12
4 1124966 1124733 gt 8Q lcgt|gtatcctt | ttccttage |atccttcacttcaaagttagtttccttAgetttcageag|ataacaaaga 12
4 1583661 1583814 gt ag jtga[gtatcctt | tttcttgac JttttcagtataagatcgtttcttgAcgggaaaaactcag|ctaccttttg 15
4 248 2494184 at ac |ctglatatcctt | gaacttaac jtcatttatttcgatttttgtgaacttaActggtgattac|tggacatgga 12
4 3161270 534 gt ag Jtct]gtatcert | trtcttaat JtctcrgrttragttttttcttaAtgttacgccgatataglatattgeget 17
4 | 3182104 3162204 gt ag lgcajgtatcctt | ttcctcaac |ctttatagaaagetgttgttttcctcaAcctttttgtaglttcttacgag] 12
o | so082es 508 ot_at tca|gtatceet | gretrraat atcgattatgtgattatgtgaagtctcta»ttggtgatttagatatg 10
5008373 Ot _ag ttatgtgattatgtgaagtcttt:ahttggtgaﬁttgglacatgtgcat 15
4 | 6483467 64833249 gt ag |gga|gtatcctt | agccttaac |atgatatgttttggattagccttaActtttaatccatag|gtatcttgagl 15
4 | 6732628 6732714 gt ag ftttgtatccet | ctctttaac |atgccttcagagagatgttrtctttaActatttctetag|ttgttctate] 13
4 6889350 6889654 at ac fctcl|atatcctt | ttcrttaat |tttaAttcaagettttgatttttgatgcgtaatcgtcac|gtggaagtca 35
4 | 754486 7544970 gt_ag laga|gtatcctt | ctccttgac |gtggataagtgcatgtctgttetccttgActgtttgaag|atactgtatal 11
4 795242 at_ac faga]atatcctt | ctccttgac JtrtgatctccttgActttgattttgatttgatgggtcac|ttgatgacat| 26
4 :u:.;.m gt_ag |tga|gtatccre | aaacttaac |atttcttattgtgtgttttcaaacttaActgaatatcag|acctctgaaa 12
4 879171 gt_ag jgaa|gtatcctt | ttcettaac |tcrttggttittgtcattctttaAcacacaaaaaaacag|acatagatg 16
4 8905841 8905948 gt ag lactjgtatccet | atccttaag [ttatgagatgcattttgatttatccttaAgctgtcacag|atttttcace 11
4 9437524 9437157 gt_ag |tcc|gtatcctt | gtccrtaac JerrtrttgtecttaAcatcatgatctcttggggaaatagactacattta 25
4 1 11158191 111583200 gt_ag ggﬂ_gtatcctt atccttaat |agaaatttgttctagaatccttaAtaaatcaatctgcag|aaagcacctg 16
4 | 11907098 11907018 Qt_ag |aca|gtatcctt | taccttaat jatattgaagatagtgagattaccttaAtacacataatag|tctcgagace| 13
4 | 1927004 11926966 gt ag ttc|gtatcctt | aatcttaat |tttagaaatcttaAtgttttcattgcgactatattataglagatggtatt 26
4 | 12763787 12763637 @t_ag |taalgtatcctt | ccctttgac jagtccatgcgatacttgtctecctttgActcaataccag|atattttggt 12
4 | 127651 12765098 gt_ag |acc|gtatcctt | ctccttaac |acaagaaaccritttatgecteccttaActaacttataaglctacctcgag 13
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Table 1. (Continued)

Location
GenelD IChe| Stant sm_’ Terminil Donor Site | Branch Site Accepior Site DistBA
P!4928770 4 | 131779 13177846 ttcfgtatcctt | atccttgat |actattcagttgtgatgtttaatccttgAtaggtcttagjtattcaattc 11
14020330 | 4 | 13411668 134117 ggt |gtatcett | taccttgac |agtttttgttttgetgttgtaccttgAcattctcaacag)taataaaatc 13
At4030160 | 4 | 13719584 ggg[gtatcctt ctccttgac |tgaaatatctacatgatgttctccttgActataagttagltggtattgag] 12
14030860 4 gca|gtatcectt | ttccttgac |ttcacaacattagtgtgtettttccttgActgagttaagatatttacct 11
14030800 4 gct|atatcett | tretttgac |atatatcagtattttggttttctttgAcaagctgectac|acatteccaac 13
036850 | 4 trt|gtatcctt | taccttaat jggttgagctttgctaccttaAttcgaaaaatcaaaacag|ataatactgel 19
14037210 | 4 att|gtatcctt | tatcttaac JattcagttgttggattatatcttaActtgaacgtttcaglaaacttccgel 15
14038240 | 4 ggclatatcctt | tttcttaac agtttgacgtttctaagacttttcttaAcaaatatccac|ttactgggat 12
p03740 | 5 tccjatatectt | ttecttgac JtgctttactctgtttttgacttccttgActetatctcac)cgagectgagl 12
15006590 | & tct|gtatcett | ttccttaat |aatgttgttctggatgatttttccttaAtgttttcttag|tctagataat] 12
p06620 | 6 ctt|gtatcctt | gttcttaac lgttatctctttgectatttacagttcttaAcatccagaag|ttctgacaaa 11
15008390 | 5 tcclgtatcett | agccttgac jgtattgecttageccttgActtatgtgatacattttataaglaggaattegt] 23
15008430 | & 2718763 at_ac Jagajatatcctt | ttccttgat JctttgtttataagttttccttgAtttcatgagttgtaac|getgtecgagl 17
t5908500 | 5 | 274958 2749947] gt_ag |ctt|gtatcctt | ttcctttac JggrccatatctgetctttcctttActtaaatattggcag|acttactggt] 16
gU8630 | § tcalgtatcett | ttgcttaac |tgccgtgtcagaactatttgtttgcttaAcataaaataglattgtacttg 11
At5g09820 { 5 trclgtatcett | ttcettgat [ttatggattggattcettgAttetgagaaattattgcag|atacttagac 20
15009820 | 5 3096831 aga|gtatcctt | ttccttaac jtttgtgagaatatgctatteccttaActcaacttttgeag|aatactaage 15
At5910060 | 5 3147974 aaajgtatccte | tttcttgac jrttttcgatgtttggtttcttgActcttttggaatcaag|ctctgtcacal 17
15011580 | 5 3719% 37196 tttfgtatcctt | atccttgac jactctccattggttgettcaatcettgActggtaaataglatggecaact 12
013570 | & tct]gtatcett | ttecttgac |ttgttttetgtggatatttttccttgAcgtggeetatag|tattcaacagl 13
5014850 | 5 OJ tctjgtatcett | ttccttaac fgeattttattctggattgettcettaActtttttagtag]ctettttgte] 13
17440 | 5 aga|gtatcctt | tgctttaac JatttcgetcctctactgttttgetttaActegtetttag/atataaagat] 12
A15g20520 | 5 gaa|gtatcctt | gaccttgac |atactttgtcttgttacgaccttgAccttagaatcccaglacatcgetcal 15
150922220 | 5 aat|gtatcctt | ctcettgac JtgatatctgtttagagetccttgActetttcatcattag|ctggaccagal 16
15022370 | 5 acc|gtatcctt | trtcttgac JaaattgcaggtgtatgttgtttcttgAcattgattttag|ttatgagtgt] 13
15022650 | 5 gcalatatcctt | ttcettaat JggttgtgtattccttaAttettgttgattgagtttccac|ggatgactte| 23
15023575 | 5 | 7925927 ctclgtatcctt | gtacttaac JcaatttgttatatgttggtacttaActttagatttgcaglacttactggt] 15
15024450 | 5 | 8328174 aagjatatcctt | gtcetrage JrcattrtggatatctttgatcagtecttAgecattcatac|agatcccaaal 11
15¢25270 | 5 | 8739 atc|gtatcctt | ttccttaat JtccttttaccggtaaaattccttaAtggttecatcttaylatgttgaagal 15




Table 1. (Continued)

End (Termini] Donor Site | Branch Site Acceptor Site DistBA

ccalgtatcctt | tttcttaat {tgtccgtctatgagggettttcttaAtgeccaatttgtag|atatcgaagt| 14
g g

g
[]
%

aaglatatcctt | ttccttaac JttttatctctaacagttacattccttaAcaaaatattac|gtgacgeggal 12

aag|atatcctt | ttecttaac JagatacttaggttttgtttgttccttaActcttgattac|gttagagate| 12

aaalatatccte | ttecttage |cacaaaaaatggtgttgttcttccttAgecttcagaacac|gecataatataj 13

tttjatatcett | taacttaac {ttttaatggtgtggatagtttaacttaAcaacaagctac|caacaaaagal 12

ctg|atatcctt | ttecttaac |ccgecaatccatgtgttttttecttaActcattgattac|ctagaggtggl 13

agt |gtatcctt | caccttaat |aaaaatgtctcaaatcaacaccttaAtgagacatataag|atatgtagtt| 14

ctt|gtatcett | atccttaac JgttrctttatatgaattggttatccttaAccaatcacaglattttecate] 11

gtt]gtatcctt | ttccttaaa JagagactcttgttttccttaAaagaagacaaaacaatag|actatccaaal 19

aag|atatcctt | ttecttgac |agagtcattttgtgtattccttgAcgtgagagattttacjgtgcagegaa 16

gac|gtatcctt | ttecttaac ctctgtttgtctcagtaggtttcctta&caatggagtaqlatttgcgtat 12

cca|gtatcctt | ttccgtaac |ageattgaaaggetgtgtttccgtaActgtataaattag|atatgatate| 14

ttt|gtatcctt | caccttgac JatactatattgttctttaccaccttgAcaaatctaacag|attttgttaal 13

gtt|gtatcett | ttecttgac JacgactttagaaatattattttccttgAccctgtactaglatgttgectr] 12

cgajgtatcctt | atccttgat JtttatttgctagtgttaatatccttgAttcagaaacaag|ataaaaagac] 13

agajatatcctt | caccttaac JgttacatttgaaacaccttaActctatccatttgtttac]attagaggag] 19

aaalgtatcctt | gtccttgac jgattgtttggtccttgAccatttgttitgttgggataag|ctttgtcacal 23

n (o fon (O O O {Or M O O O OO0 [0 O [0 O8O0 IO0

ggalatatcctt | ttccttaac JgatcatcacttcagacaattttccttaAccctgeatcac|gttttcatagl 12

The information for all of the Ul2-type introns identified in this study is listed in the order of their genomic location, including the gene
identifier (GenelD), genomic location, the termini dinucleotides, the donor site sequence ([-3, 9] relative to the donor site, where *|" denotes
the exon-intron junction), the branch site (the position is lubeled from | to 9) and the acceptor site ({-40,+10] relative to the acceptor site,
where | denotes the intron-exon junction), and the distance between the putative branch site and the acceptor site (DistBA). The branchpoint
sequences have the consensus sequence TTTCTTAAC, and the position 8 is chosen as the presumptive branch site if the adenosine is in that

position or the position 7 is selected otherwise. If neither of them is adenosine, a question mark will be put in the last column (DistBA). Only
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one case is found in the gene At3g52180 (highlighted by the underline, see the text for details). The assignment of the branch site may not be
accurate in the case of two consecutive adenosines in the positions 8 and 9 (Mcconnell et al., 2002), but this should not have a significant
effect on the analysis of the distribution of the distances between the branch site and the corresponding acceptor site. Of the total 162 introns
listed in this table, 4 introns (including one GT-AT introns and three GT-AG introns) share the common donor site with other 4 GT-AG
introns, in the genes A12g26430, At3g13460, At3g52180 and At4g09720 (the gene identifiers are shaded in the table), respectively. 50 AT-
AC introns, 1 AT-AA intron, and 107 GT-AG introns are contained in the non-redundamt Arabidopsis Ul2-type introns (alternative splicing
transcript isoforms are excluded). Note that 4 genes (that is, Atlg54370, Atlg79610, At4g07390, At4g27640 and At5g57160) have multiple
distinct U12-type introns in different locations.
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Table 2. The fate of Ul2-type introns after large-scale segmental duplications in the Arabidopsis

130

genome
Bilock ID Age | Genet Gene2 Ks

0102031203980 | recent | Atfy 0.7299

0103319703610 | recent | At1g49160 18750 | 1.205

At4g02480 | 0.5794

-ASIGOA10 0 | 3.7616

0104000102440 | recent [ 1.122

;ASTG010808 480 | 0.7543

0.8186

| A12044680 | A13960250 | 0.7847

0203257711080 | recent | At2gé1740 | At3g57410 | 0.5008

150 F-At3g50000. | 0.9011

0204107902160 | recent | AMg28770 | 1.0095

0204153002470 | recent 10 | A14g32130 | 0.6263

0204341201650 | oid A12946860 | At4g01480 | 1.8172

0305000103160 | recent | , 17440 | 0.6363

0305033201380 | recent 0.9514

0305052001580 | recent 0.9555

0305290000580 | recent 1.0943

0305328300280 | recent 0.6644

0305331801560 | recent 0.6112

0405128403640 | recent 7640 7080 | 0.8517

0405237901400 | oid 60 320 | 1.6217

0505065400320 | recent | : 0.5045

0.9469

0505069001350 | recent 0080 180 | 0.9116

The list of gene pairs (Genel and Gene2) and the linked synonymous substitution rates (Ks) were
subtracted from the recent analysis of the Arabidopsis gene duplications (Blanc et al., 2003;
downloaded from http://wolfe.gen.tcd.ie/athal/dup). Those gene duplications might have arisen from
large scale segmental duplications in the Arabidopsis genome in different ages (“recent” or “old”; see
Blanc et al., 2003). The genes containing the U12-type introns (Table 1) are highlighted in green and
yellow, for AT-AC and GT-AG termini, respectively. We manually checked introns paired with the
U12 introns in the paralogs. 3 novel Ul2-type AT-AC introns (added to Table 1), 3 novel U12-type
GT-AG introns and 2 U2-type GT-AG were determined based upon the non-cognate transcript
spliced alignments and the U12-type prediction scores, and are highlighted in dark green, blue and
white, respectively. S GT-AG introns with “weak™ Ul2-type splice signals are indicated in gray.


http://wolfe.gen.tcd.ie/athal/diip
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CHAPTER 7. GENERAL CONCLUSIONS

General Discussion

Features and problems of GeneSeqer

The GeneSeqer program is distinguished from other spliced alignment programs in its accuracy.
which stems from its splice site prediction model. GeneSeger originally had a logitlinear model
incorporated with GC contrast between introns and flanking exons (Kleffe et al.. 1996: Brendel and
Kleffe, 1998), with respect to the feature of low GC content in plant introns (Goodall and Filipowicz.
1989). This model relies on the plant-specific characteristic, therefore the earlier version of
GeneSeger is only applicable for plants. In the current version of GeneSegqer, the splice site
prediction is implemented by Markov models (Zhang and Marr, 1993: Salzberg. 1997). which are
applicable to a variety of species including human. mouse, Arabidopsis. maize. and yeast. The
sophisticated splice site prediction enables GeneSeqer to accurately identify the exon-intron
boundaries even in the instances of low sequence similarity or a very short exon (Haas et al.. 2002).
In contrast, most other spliced alignment programs only check the dinucleotide termini of the
presumptive intron (Gelfand et al.. 1996; Huang et al.. 1997; Mott. 1997; Florea et al., 1998). This
causes the sequence similarity to be overvalued by those spliced alignment programs, which is why
they cannot identify mini-exons or accommodate low similarity. On the other hand, GeneSeqer does
not overweight splice site prediction scores, thus it is still able to identify non-canonical splice sites
on the basis of sequence similarity. Overall, the two functional components, splice site prediction and
sequence similarity, are closely integrated by dynamic programming so as to generate the optimal
spliced alignment (Usuka and Brendel, 2000; Usuka et al., 2000). Furthermore, the genomic
localization is built in GeneSeqer based on the suffix array algorithm (Manber and Myers, 1993).
This makes GeneSeqer not only fast but also easy to manipulate. In addition, the current version of
GeneSeqer can also run in parallel computing mode on clusters.

However, the massive volume of data is still a challenge for GeneSeqer. Mapping 176.915
Arabidopsis ESTs on the Arabidopsis thaliana genome (released on Aug. 20, 2002; 117,276,964 bp
in total) with GeneSeger produced 355,349 alignments (including non-cognate spliced alignments) in
120 hours on a 1 GHz Pentium Pro III processor CPU. It takes an average of 0.8 seconds for
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GeneSegqer to make one EST spliced alignment. Ignoring the genome size difference and paralogous
loci, it would take at least 46 days to generate 5 million cognate alignments for human ESTs. In
reality, the time for each alignment is much longer because introns in the human genome are much
larger than those in Arabidopsis. This problem becomes even more serious when aligning full-length
cDNAs.

User interface of GeneSeqer

GeneSeger is a C program with standard command line arguments and simple text/html output.
For the convenience of most users, several web sites (accessible at
http://bioinformatics.iastate.edu/cgi-bin/gs.cgi and http://gizmo | .zool.iastate.edu/cgi-
bin/PlantGDB/GeneSeqer/PlantGDBgs.cgi) were established with the pre-processed EST sets for
plants. Drosophila and C. elegans. The online service also includes an elaborate image map to
indicate the locations of alignments. as well as the putative gene structures and open reading frames.

The JAVA program MyGYV was also developed for local users to interactively browse the
GeneSeqer output. MyGV can also load GenBank annotations and gene predictions to compare with
spliced alignments from GeneSeqer. Additionally. MyGYV is capable of running external programs
such as GENSCAN (Burge and Karlin, 1997). or remote web service like GeneMark.hmm
(http://opal.biology.gatech.edu/GeneMark/eukhmm.cgi). and display the results directly on the
MyGYV panel.

For some species, such as Arabidopsis. the genome and the transcript sequence data are relatively
stable. Hence. it is very useful and efficient to share the spliced alignment data with the community
after creating the final map of the cDNA/EST to the genome. To demonstrate this, AtGDB
(Arabidopsis thaliana Genome DataBase, accessible at http://www.plantgdb.org/AtGDB/) was
established at Iowa State University, allowing users to easily query. browse and analyze the spliced

alignment data of their interest without needing to leam how to use GeneSeqer.

Application of spliced alignment in Arabidopsis thaliana

We did not restrict our work to the development of bioinformatic tools. but also applied the
GeneSegqer program to the solution of practical biological problems. One of these efforts was to
improve the A. thaliana genome annotation using Arabidopsis transcript sequence data as mentioned
above. A. thaliana is the first plant genome completely sequenced (The Arabidopsis Genome
Initiative, 2000), and the genome annotatior is well maintained by TIGR (The Institute of Genome


http://opal.biology.gatech.edu/GeneMark/eukhmm.cgi
http://www.plantgdb.org/AtGDB/
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Research). Despite this, our analysis still detected at least 1,000 incorrect gene structures in the
recent Arabidopsis genome annotation.

The EST-confirmed data, in turn, can be also utilized to further improve splice site prediction and
gene prediction. For instance, more than 400 GC-AG introns confirmed by ESTs in the previous
study provide a good training data set for the prediction of GC-AG introns. We also made a detailed
analysis of the U12-type introns in the Arabidopsis genome. The results suggest that the sequence
context of Ul2-dependent 3' splice sites (3'ss) may play an important role in the 3'ss selection in
addition to the space constraint. This implies that in addition to considering the conserved donor site
and branch site signals, the ab initio prediction of Ul2-type introns should include acceptor site
signals even though their information content is weak. Interestingly, there is a small portion of GT-
AG introns with low prediction scores for their donor sites or/and their acceptor sites. That is. those
introns do not have U2-type splice signals typical of most GT-AG introns, which include some but
not all Ul2-type GT-AG introns. We may term the introns other than Ul2-type GT-AG introns as
*weak” U2-dependent GT-AG introns or “weak” introns. It will be interesting to find out whether the
*“weak” introns are spliced efficiently in vivo or whether the splicing of “weak” introns requires the
involvement of some specific trans-acting elements. The collection and the analysis of the “weak™
GT-AG introns may reveal features and potential biological roles of the “weak™ introns and improve

the prediction of those uncommon splice signals.

Recommendations for Future Research

Improve the performance of GeneSeqger

Full dynamic programming is the main reason why GeneSegqer cannot handle the human genome
or other long gene structures, and is unnecessary when the target sequences have near-perfect matches
with the exon sequences in the genomic DNA. To reduce the computing effort but keep the accuracy,
we can use a blast-like approach (Altschul et al.. 1997; Kent, 2002) to identify the high-scoring
segment pairs (HSPs), and then only apply the GeneSeqer dynamic programming algorithm to fill in
the dangling region between the neighboring HSPs.

Comparative genomics and spliced alignments
The comparison of genomic DNA sequences is becoming more important with a growing number

of genomic sequences from different species available. Correspondingly, many bioinformatic
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techniques have emerged to address this issue in the last few years (Miller, 2001; Mathe et al., 2002).
Some of them aim to identify genes based upon the assumption that protein-coding regions are more
conserved than other flanking regions in the course of evolution and thereby the structure of
homologous genes is conserved. Nevertheless, intron gain/loss and conserved non-coding sequences
(Mural et al., 2002) contradict this assumption and cause difficulties for the techniques based upon it.
Alternatively, we could compare genomic sequences mediated by spliced alignments in order to get a

better understanding of the evolution of gene structures and then devise an appropriate strategy.

Knowledge-based gene prediction

Spliced alignment is one important method for the identification of gene structures based on
sequence similarity and splice site prediction. EST is the major data source, however, EST spliced
alignments may usually only reveal partial gene structures. Therefore. as discussed in the first
chapter, one solution is to combine spliced alignments with ab initio gene prediction. A tentative
algorithm is described as follows. First. generate the “knowledge” sequence for the corresponding
genomic sequence according to GeneSeqer output. Then. establish rules that specify how to utilize
the knowledge sequence. For example, start codon and stop codon cannot occur in the confirmed
intron regions, intron cannot be predicted to overlap with confirmed internal exon region. and so on.
Based on the knowledge-rule, we could make knowledge-based gene predictions. In practical
implementation. the rule is a conditional probability of the prediction based on the available
knowledge, that is. a value between O and 1. This eliminates a large number of incompatible states
(that is. the conditional probability is zero), and seeks the optimal prediction among compatible
solutions. On the other hand, the knowledge-based gene prediction will behave as the ab initio gene
identification if there is no knowledge available. Certainly, the knowledge does not necessarily have
to come only from spliced alignments or sequence similarity. It may improve the gene identification
to adopt helpful information whenever possible, which is beyond the ability of most gene prediction
programs to date. To address this issue, knowledge-based gene prediction can be designed to accept
multiple knowledge sequences in different forms from different resources with specific corresponding
rules. For example, one piece of valuable information may come from RepeatMasker (Smit, AFA &
Green, P.; RepeatMasker at http://ftp.genome. washington.edw/RM/RepeatMasker.html) to mark the
repetitive or low complex regions, which typically contain few genes. Promoterinspector (Scherf et
al., 2000) or other promoter prediction programs can be another knowledge resource to provide a
better prediction for the diverse promoter rather than the simple TATA position weight matrix
exploited in GENSCAN (Burge and Karlin, 1997).


http://ftp.genome.washington.edu/RM/RepeatMasker.html'
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This design also brings another advantage. Users can interactively change the knowledge and the
related rules and generate a more reasonable gene prediction in connection with available
information. Therefore, knowledge-based gene prediction is not only used in the automated genome
annotation, but is also utilized with a graphic user interface to allow human interaction.

Overall, almost all gene prediction programs attempt to make good gene predictions based on
general gene features and limited information. which may be applicable to a large portion of genes
but not all. Knowledge-based gene prediction can be applied to improve the prediction of genes
pertaining to specific external knowledge.
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