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Abstract

Computational gene identification by sequence inspection remains a challenging problem. For a typical Arabidopsis
thaliana gene with five exons, at least one of the exons is expected to have at least one of its borders predicted
incorrectly by ab initio gene finding programs. More detailed analysis for individual genomic loci can often resolve
the uncertainty on the basis of EST evidence or similarity to potential protein homologues. Such methods are part
of the routine annotation process. However, because the EST and protein databases are constantly growing, in
many cases original annotation must be re-evaluated, extended, and corrected on the basis of the latest evidence.
The Arabidopsis Genome Initiative is undertaking this task on the whole-genome scale via its participating genome
centers. The current Arabidopsis genome annotation provides an excellent starting point for assessing the protein
repertoire of a flowering plant. More accurate whole-genome annotation will require the combination of high-
throughput and individual gene experimental approaches and computational methods. The purpose of this article
is to discuss tools available to an individual researcher to evaluate gene structure prediction for a particular locus.

Introduction

Modern DNA sequencing technology has revolution-
ized genetic research. Not long ago, the classical
approach of isolating and characterizing a particular
mutant would have reached a climax in the cloning
and sequencing of the affected gene. Individual groups
of researchers would contribute to our overall un-
derstanding of an organism or more general mole-
cular mechanisms through their detailed studies of
a particular gene or set of genes. This ‘one gene
at a time’ science has now been complemented by
‘high-throughput’ approaches that quickly generate
vast amounts of data on a large number of genes or
a whole genome. Sequencing of entire genomes is
the primary example of this new science, typically
conducted by large research centers coordinated by
national and international consortia. The sequencing
of the Arabidopsis thaliana genome was the result of
one such effort, culminating with the announcement
of the complete genome in December 2000 (Ara-
bidopsis Genome Initiative, 2000). The scope of such

projects necessitates industrial approaches to data ac-
cumulation and processing, relying to a large extent
on robotics and computational methods. Furthermore,
this industrial approach has consequences similar to
the industrialization of manufacturing: the goods de-
livered are produced for the entire community, and the
former close connection between the craftsperson and
his or her products may be lost. For genome projects,
those producing the sequence can, at least initially,
present only a rough overview of the features of the
genome because of the scale and speed of data ac-
cumulation. The detailed understanding of particular
aspects of the genome will likely have to continue to
rely on the ‘one gene at a time’ studies.

The primary task of genome annotation involves
identification of gene locations and precise gene struc-
ture in terms of promoter elements, transcription sig-
nals, exon/intron boundaries, and the translation prod-
uct (or possibly multiple products in case of alternative
transcription start or pre-mRNA processing sites). In
the context of the discussion above, the annotation task
can be seen as involving two stages. The first stage
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is large-scale annotation, produced as the sequenc-
ing progresses and submitted to the community along
with the publication of the genome sequence. For
Arabidopsis, a total of about 25 500 protein-coding
genes have been annotated in the five chromosomes
(Arabidopsis Genome Initiative, 2000). Necessarily,
a large number of these annotations are tentative and
refer to hypothetical proteins or putative homologues.
Thus, the second stage of annotation involves succes-
sive re-evaluation, extension, and correction of the
annotation, removing many tentative assignments on
the basis of novel experimental evidence.

The purpose of this article is to review options for
the ‘one gene at a time’ biologist who wants to use
the genome information for his or her detailed stud-
ies of particular genes. In this case, he or she cannot
rely solely on the supplied genome annotation, which
may well be incomplete or outdated. Instead, one must
evaluate the sequences from scratch, using all partic-
ular information currently on hand, as, for example,
EST evidence or potential protein homologues. We
first review the principles of three prominent ab ini-
tio gene prediction programs for Arabidopsis, then
discuss similarity-based prediction methods (‘spliced
alignment’), and lastly elaborate specific examples of
evaluation of particular loci. The computational re-
sources discussed in this article are summarized in
Table 1.

Ab initio algorithms for gene finding

A large number of gene finding algorithms have been
developed that produce species-specific gene structure
predictions on genomic DNA without explicit com-
parisons to cDNAs or protein sequences. The success
of these methods depends on the applicability of ex-
trapolation of sequence features gleaned from prior
training on known gene structures. The principles
of many such programs are eloquently reviewed by
Claverie (1997). Recently, Pavy et al. (1999) evalu-
ated programs in common use for Arabidopsis genome
annotation and found GeneMark.hmm (Lukashin and
Borodovsky, 1998) to be the most accurate program.
Also in wide use are GENSCAN (Burge and Kar-
lin, 1997) and GlimmerM (Salzberg et al., 1999). All
three programs are based on hidden Markov mod-
els. GENSCAN is built as an explicit state dura-
tion hidden Markov model. The algorithm explicitly
scores for transcriptional and translational signals. Se-
quence composition is modeled by fifth-order Markov

models, fitted according to exon phase and aver-
age C+G composition. GeneMark.hmm implements
a similar model, although the details have not been
described. GlimmerM uses dynamic programming to
determine high-scoring combinations of coding ex-
ons. Exon/intron boundaries are determined from
species-specific second-order Markov chain models,
and exons are scored by fitting 3-periodic interpolated
Markov models. On a large test set of validated multi-
gene contigs, Pavy et al. (1999) reported exon level
sensitivity and specificity of about 0.8 with the best
ab initio programs. A common approach for whole-
genome annotation is to increase the reliability of
prediction by using the consensus prediction of a num-
ber of gene prediction algorithms. The combination
of GeneMark.hmm, GENSCAN, and MZEF (Zhang,
1998) led to 97% exon level specificity on the Pavy
et al. set, albeit, with sensitivity down to 33% (Pavy
et al., 1999). At the whole-gene level, predicted mod-
els were found more often wrong than correct (Pavy
et al., 1999). The main problem occurred with correct
prediction of the proper gene boundaries. On balance,
the ab initio programs are highly successful with re-
spect to an initial annotation that can serve as a starting
point for refined analysis using methods discussed in
the next section, but such additional analysis remains
necessary if whole-gene-level annotation accuracy is
required.

Spliced alignment

Currently the most successful and direct method for
gene identification in genomic DNA relies on cDNA
sequencing with subsequent sequence alignment to
the corresponding genomic DNA region. Because
complete cDNA sequencing can be time-consuming
and costly, high-throughput EST (expressed sequence
tag) sequencing has become the practical alterna-
tive to whole-genome sequencing efforts. The pub-
licly available EST collections (GenBank dbEST,
http://www.ncbi.nlm.nih.gov/dbEST/) range in size
from over 3.5 million entries for human to several
thousands for more than 40 other species. Efficient
data mining of this resource requires fast and accurate
algorithms to screen an appropriate EST collection for
matches against a query genomic DNA input.

The alignment of ESTs (or complete cDNAs) to
eukaryotic genomic DNA typically involves long gaps
corresponding to the intervening sequences that are
spliced from the pre-mRNA transcript. In the absence
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Table 1. Some resources for computational gene structure prediction in Arabidopsis thaliana.

Program Web site Reference

Ab inito prediction

GeneMark.hmm http://dixie.biology.gatech.edu/GeneMark/eukhmm.cgi Lukashin and Borodovsky, 1998

GENSCAN http://genes.mit.edu/GENSCAN.html Burge and Karlin, 1997

GlimmerM http://www.tigr.org/tdb/glimmerm/glmr_form.html Salzberg et al.

Spliced alignment:

GeneSeqer http://bioinformatics.iastate.edu/bioinformatics2go/gs.cgi Usuka and Brendel, 2000; Usuka et al., 2000

NAP http://bioinformatics.iastate.edu/aat/aat.html Huang and Zhang, 1996; Huang et al., 1997

PROCRUSTES http://www-hto.usc.edu/software/procrustes/qpn.html Gelfand et al., 1996

Sim4 http://globin.cse.psu.edu/globin/html/docs/sim4.html Florea et al., 1998

of sequencing errors, alignment of a cognate EST
to its genomic DNA source is straightforward, and
a general alignment tool such as BLASTN (Altschul
et al., 1997) would suffice in principle. Because EST
sequences are generally less reliable, specialized al-
gorithms also take into account consensus splice site
sequences to identify introns correctly even in the
presence of mismatches and insertions/deletions in the
alignment. The sim4 program (Florea et al., 1998)
implements an efficient algorithm for such alignments
under the restriction of gap-free matching in presumed
exons. Introns are identified by adjusting the ends of
consecutive ‘exon cores’ (consistently ordered, close,
high-scoring gap-free alignment blocks) to match the
consensus 5′- and 3′-splice site signals GT and AG,
respectively (or the complementary dinucleotides CT
and AC).

The recent GeneSeqer algorithm (Usuka et al.,
2000) implements a full dynamic programming ap-
proach to derive the optimal score and spliced align-
ment. The within-exon alignment may contain inser-
tions and deletions, and potential splice sites are dif-
ferentially scored according to independent splice site
prediction methods. Consideration of predicted splice
site strength was shown to improve the performance
of the algorithm in the case of imperfect sequence
matching (as a result of sequencing errors or alignment
of non-cognate, but homologous ESTs). The power
of such ‘spliced alignment’ with protein (rather than
cDNA) targets was first demonstrated by Gelfand et al.
with their PROCRUSTES program (Gelfand et al.,
1996) and by Huang et al. with their AAT software
(Huang and Zhang, 1996; Huang et al., 1997). The
GeneSeqer algorithm was also extended to alignment
of protein sequences with genomic DNA by maximiz-

ing similarity of the inferred translation product with
the target protein (Usuka and Brendel, 2000).

Case studies

The individual Arabidopsis researcher interested in
a particular gene or gene family has unprecedented
resources because of the completed sequencing of
the Arabidopsis genome. In principle, each gene can
now be uniquely identified on the chromosomes and
studied in its genomic context. Because the genome
annotation is as yet incomplete, the initial part of such
individual research essentially involves re-annotation
of the particular loci of interest. The published data-
base annotation will provide a good starting point,
but it may not have been updated since the database
entry was originally submitted and thus it may be
outdated or incomplete. The current ab initio gene pre-
diction programs provide a second resource for such
re-annotation. But if one is interested in particular loci,
knowing that the average exon prediction accuracy of
these programs is about 80% is of little comfort. For
a five-exon predicted gene structure, one may sus-
pect that one of the exons is incorrectly predicted –
but which one? Or maybe this particular prediction
is accurate above or below average. Thus, as a third
resource, one must look at the latest evidence pro-
vided by more recently submitted matching ESTs or
potential protein homologues that may not have been
available at the time that the original annotation was
performed. This additional evidence may not always
solve the entire annotation problem, but may at least
substantiate or refute some of the predicted exons.

We discuss three typical examples drawn from the
very well annotated 1.9 Mb A. thaliana chromosome
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Figure 1. Genome annotation for a segment of A. thaliana chromosome 4 (GenBank locus ATFCA5, accession Z97340) based on ab initio
gene structure prediction programs and spliced alignment of ESTs. Results are displayed with ISUgv, a Java tool for visualization of gene
structure annotation and prediction (Zhu and Brendel, unpublished). The display is divided into five regions. 1, Toolbar. 2, Annotation List
Tree (ALT) panel. The checked boxes correspond to the GenBank GI identifiers of aligned ESTs. A ‘+’ following the GI identifier indicates
alignment of the strand corresponding to the GenBank entry, whereas a ‘−’ indicates alignment of the complementary strand. AGS, Alternative
Gene Structures, represent the consensus of overlapping ESTs, after removal of more tentative exon predictions. Details will be presented
elsewhere. 3, Annotation Overview (AO) panel. Annotated and predicted genes are represented by arrows from 5′ to 3′ extent of the coding
region. Color scheme: GenBank (GB), blue; GENSCAN (GSN), cyan; GlimmerM (GLM), pink; GeneMark.hmm (GM), gray. The vertical
green lines delineate the region of the input sequence analyzed in detail in the Annotation Scalable View (ASV) panel. 4, the color scheme in
the ASV panel is the same as in the AO panel, except that exon quality scores assigned by GENSCAN and GeneSeqer are color-coded. For
both programs, the quality scores are normalized to a maximal value of 1.0. Exons are represented by colored boxes as follows: red, score
>0.9; pink, score >0.8; cyan, score >0.7; light gray, score >0.6; gray, otherwise. Introns are shown as horizontal lines connecting the exon
boxes. Splice site scores given by GENSCAN and GeneSeqer are indicated by vertical lines of proportional lengths flanking the introns. 5,
Text Data Overview (TDO) panel. This panel tabulates details of the (predicted) exon or intron marked by the blue cross in the ASV panel.
Pd, donor site score; Sd, similarity score for the donor site flanking the 50 nucleotide exon region; Pa, acceptor site score; Sa, similarity score
for the acceptor site flanking the 50 nucleotide exon region. The evidence of seven overlapping EST spliced alignment supports the GenBank
annotation for dl4125c. The EST-derived annotation agrees with the GeneMark.hmm exon assignments in this region, but the GeneMark.hmm
prediction extends 5′ into the dl14130c region.

4 region originally described by Bevan et al. (1998,
coordinates 7.0–8.9 Mb on the chromosome). The ex-
amples illustrate several possibilities that arise when
comparing the given annotation (in this case, the exist-
ing but out-dated GenBank annotation) or the ab initio
predicted gene annotation with evidence from spliced
threading. The alignment of one or several more recent
ESTs may provide evidence for the correctness of the

given gene annotation, it may suggest re-assignment
of exon and intron boundaries, or it may indicate a
novel gene annotation in a previously not annotated
region. The examples argue for ongoing annotation
efforts that reflect current resources, including better
annotation tools, vastly increased EST collections, and
larger protein repositories.
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New EST evidence confirms the original gene
annotation

Figure 1 gives an example of supporting EST evidence
displayed by the ISUgv genome annotation viewer
(Zhu and Brendel, unpublished). The example de-
rives from the 130–137 kb region of GenBank locus
ATFCA5 (accession Z97340). The GenBank annota-
tion according to Bevan et al. (1998) indicates two
genes in this region, dl4125c and dl4130c. The aggre-
gate of seven overlapping ESTs confirms the dl4125c
exon/intron assignments. Interestingly, the GeneSe-
qer alignment for EST GenBank index (GI) 2597507
predicts the third intron (133 463 to 133 335) on the
basis of a short, weakly matching 3′-most exon seg-
ment (133 334 to 133 318). In this case, the strong
acceptor site score at 133 335 (score 0.94 on a scale
of 0 to 1) drives the optimal alignment to this solution,
and the 10-nucleotide overlap with the central ESTs
GI:5841742 and GI:1216928 results in the consensus
gene prediction consistent with the dl4125c annota-
tion. In contrast, the predictions from both GENSCAN
and GeneMark.hmm additionally combine several ex-
ons of the upstream dl4130c annotated gene with
dl4125c into a single-ene prediction (the GENSCAN
gene model also extends considerably in the 3′ direc-
tion with five additional exons up to position 126 113).
No ESTs match dl4130c, and no protein homologues
map to this region. It is possible that all matching ESTs
derive from the 3′ end of a long transcript originating
in the dl4130c region. Alternatively, the lack of ESTs
for dl4130c may reflect the low abundance of distinct
transcripts from a second gene. Without such extra
evidence, one cannot distinguish the possibilities for
the N-terminal exon assignments. Compared to Gen-
eMark.hmm and GENSCAN, GlimmerM appears to
optimize for smaller gene models. Here, the Glim-
merM model conformed to the downstream six exons
of dl4125c, but failed to identify the upstream exons
revealed by EST GI:2597507.

New EST evidence is in conflict with earlier gene
annotation

A second case is displayed in Figure 2. EST evidence
in the 190–200 kb region of GenBank locus ATFCA0
(accession Z97335) suggests a gene structure quite
different from the original GenBank annotation, but
confirms introns 1 and 6–9 of the GeneMark.hmm pre-
diction. There are three ESTs (GIs 8698471, 8682984,
8695751) that contradict the prediction of the third
intron of the GeneMark.hmm gene structure. All of

these ESTs give perfect alignment over their entire
length (intron-flanking alignment displayed in the up-
per panel in Figure 2) and match uniquely to this
location in the genome. Open reading frames are
stopped in all three frames in the upstream exon for
the predicted direction of transcription. Thus, a likely
interpretation is that these ESTs correspond to the 3′
end of a transcript and that the predicted intron is in
the 3′-untranslated region of such transcript. Because
the ab initio gene prediction programs predict coding
exons only, this intron could not have been predicted
by any of these programs. On the basis of the EST
evidence, we consider the GeneMark.hmm prediction
of exons 1–3 most likely correct, with the exception of
the GeneMark.hmm predicted 3′ end of the third exon,
which should be replaced by the assignment given
by the EST alignment. Note that EST GI:8689419
supports the GeneMark.hmm and GlimmerM anno-
tated start codon (perfect matching extending 17 bases
upstream of the ATG) and contradicts the GenBank
annotation and GENSCAN prediction. Interestingly,
ESTs GI:8721769 (sampled from root tissue) and
GI:9786549 (sampled from developing seed) are in
conflict with respect to the first intron assignment. It
is possible that the seed EST reflects inefficient or
alternative splicing of the transcript.

The second gene in this region is supported by
a single EST (GI:935155). A BLASTX database
search revealed similarity of the EST-derived transla-
tion product to the Arabidopsis 22 kDa peroxisomal
membrane protein GI:11282649, encoded at about
2.2 Mb on chromosome 4. Spliced alignment of this
protein sequence with the genomic DNA identifies this
locus as a homologue. The protein sequence alignment
is shown in Figure 3. Both proteins have seven exons,
intron positions are conserved, and strong similarity
extends over all exons. Compared to this standard, the
GlimmerM model correctly predicts exons 1–5 and 7,
misses exon 6, and predicts an extra exon in intron 3.

This example demonstrates how the latest avail-
able evidence must be considered to give a reliable
annotation. The derived annotation of two genes, one
encoding a peroxisomal protein and the other a pro-
tein of unknown function, is much different from the
GenBank annotation, citing a hypothetical protein of
12 exons with weak similarity to mouse laminin chain
B1 precursor extending from coordinate 199 892 to
191 737. Correct and wrong annotations both lead to
entries in the public protein databases. Because the
protein databases are in turn used for gene prediction,
the urgent need for more accurate database annota-
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Figure 2. EST and protein spliced alignment contradict GenBank annotation. The displayed region corresponds to 191–200 kb of GenBank
LOCUS ATFCA0 (accession Z97335). Symbols are as in Figure 1. The AOV panel is toggled to display text corresponding to the alignment in
the region selected by the blue cross in the ASV panel. The alignment is supported by three different ESTs. Neither GenBank annotation nor
any of the three ab initio programs predict the displayed intron (GENSCAN predicts the donor site but not the acceptor site). Further analysis
suggests two genes in this region, one encoding a peroxisomal protein homologous to the pmb22 peroxisomal protein (GenBank GI:11282649),
and the second in the downstream region encoding a protein of unknown function; see text for discussion.

Figure 3. Protein sequence alignment of the A. thaliana 22 kDa peroxisomal membrane protein (pmb22, GI:11282649, 2.2 Mb region of
chromosome 4) with the predicted protein in the 194 kb region of ATFCA0 (Figure 2). Intron positions are indicated by ‘−’. Identical residues
are on black background, and conservative substitutions are on gray background.
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Figure 4. Gene discovery by ESTs. Two EST clusters align with the A. thaliana BAC GenBank ATFCA5 in the 100–104 kb region. Spliced
alignment with the importin α-1 subunit (GenBank GI:3122288) suggests a 10-exon gene structure consistent with the EST evidence. Details
of the alignments are discussed in the text.

tion is clear. A conservative approach, adopted by
many genome centers, is to use only experimentally
proven gene products for genome annotation based
on similarity. However, this approach may be too
conservative because similarity on the peptide level
between two inferred translation products predicted
from different loci is most parsimoniously explained
as resulting from correct prediction of two members
of a gene family (see Brendel and Kleffe, 1998 and
Usuka et al., 2000 for examples and further dis-
cussion). In fact, gene structure prediction based on
assignment of conserved regions as exons and variable
regions as introns in comparisons of genomic DNA

from distantly related but syntenic plant species may
be the most powerful method for identifying unknown
genes (Bennetzen, 2000).

New EST evidence leads to novel gene annotation

Figure 4 gives an example of gene discovery by ESTs.
Four clusters of ESTs match significantly in an unan-
notated region of GenBank locus ATFCA5. GEN-
SCAN and GeneMark.hmm both predict one gene in
this region, GlimmerM predicts five. Figure 5 shows
the EST alignments in the 99–104 kb region displayed
by the GeneSeqer web server. A convenient feature of
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Figure 5. Application of the GeneSeqer web service. The server returns the EST alignments (upper panel, blue) that are displayed in more
detail in Figure 4. The consensus gene structure prediction (green) allows two long open reading frames (red) in the 100–103 kb region. The
corresponding translation product is shown in the lower panel. A BLASTP query with predicted protein fragments revealed the similarity to the
importin α protein that resulted in the gene prediction shown in Figure 4.

this interface is that the EST-predicted consensus gene
structures are scanned for long open reading frames
and the corresponding peptide sequences are linked
as queries to NCBI BLASTP. In this example, a 180
amino acid predicted protein fragment showed strong
similarity to importin α proteins from a number of dif-
ferent animal and plant species. The spliced alignment
of the Arabidopsis chromosome 3 encoded importin α

(GI:3122288; chromosomal coordinates 2120 569 to
2123 844) is shown in Figure 4. (To complicate mat-
ters further, GI:3122288 was derived from a cDNA
with several differences to the chromosomal sequence.
Translation of the genomic DNA results in a transla-
tion stop at the end of the penultimate exon, consistent
with sequences of importin α proteins from tomato,
Drosophila, and mouse.). This alignment was initially
puzzling because it suggests extension of the open
reading frame beyond the N-terminal stop indicated
in Figure 5. Closer sequence inspection resolved this
puzzle as resulting from a likely error in the genomic
sequence: all four ESTs – GI:2733839, GI:9788101,
GI:8721283, and GI:7613097 – match perfectly to the
genomic DNA except for a single nucleotide insertion
of a G at position 102 360 in the ATFCA5 sequence.
The insertion leads to the frameshift that shortens the
open reading frame. This example illustrates the addi-
tional power of spliced alignment algorithms that do

not require continuous open reading frames and thus
can detect frameshift errors or polymorphisms. At the
predicted 3′ end of the gene, the five strongly matching
ESTs split into two groups of two and three ESTs. The
second group appears to define an additional intron in
the 3′-untranslated region for some of the transcripts
of this gene.

A powerful feature of the GeneSeqer spliced align-
ment method is that the concurrent optimization for
sequence similarity and splice site scores allows ef-
fective use of heterologous ESTs in gene structure
prediction. Here, ESTs GI:935669, GI:906859, and
GI:8725149 derive from the paralogous importin α

gene on chromosome 3, yet predict four introns con-
sistent with the cognate ESTs.

Perspective

In their recent careful evaluation of gene prediction
programs for Arabidopsis, Pavy et al. (1999) showed
that even the best method, GeneMark.hmm (Lukashin
and Borodovsky, 1998) found the correct gene model
in only 67 of 168 known genes analyzed. Prediction of
mammalian gene structure appears similarly challeng-
ing (Rogic et al., 2001). These studies strongly suggest
that our theoretical understanding of both transcrip-
tion and RNA-processing signals remains incomplete.
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Predictions based on the consensus of several different
methods increases the specificity of the predictions but
at the cost of much reduced sensitivity (Pavy et al.,
1999). The fact that different programs perform better
or worse for particular genes indicates that the current
models for gene prediction are too general and might
be improved if the models were trained on specific
subsets of genes. Some improvement was in fact ob-
served for Arabidopsis after separating two classes of
genes on the basis of codon usage (Mathé et al., 2000).

Here we have demonstrated by examination of a
number of typical examples that additional analysis
for a particular locus may significantly increase the
odds of correct gene prediction relative to the average
performance of ab initio gene prediction methods. In
particular, spliced alignment with ESTs or potential
protein homologs can provide substantial evidence in
favor of one or another exon/intron assignment. Cur-
rent methods for mammalian genome annotation seek
to automate some of these additional analyses (Kan
et al., 2001; Yeh et al., 2001). Driven by these needs,
genome annotation facilitates a transition of modern
molecular biology. Increasingly, high-throughput and
individual gene experimental approaches as well as
computational methods converge to increase our de-
tailed understanding of complex biological processes.
Within the next quarter century, we anticipate an in-
terplay of theoretical and experimental research in
biology similar to the synergistic pursuit of theoretical
and experimental physics in the 20th century. For a
recent example, Shoemaker et al. (2001) used microar-
ray technology to experimentally validate and refine
computational gene predictions for human chromo-
some 22. Similar steps for better gene prediction in
Arabidopsis are reviewed elsewhere (Cho and Walbot,
2001).

With continuing increases in DNA sequencing ca-
pacities, much insight may be expected from com-
parative sequence analysis. Studies of genomic mi-
crocolinearity in plants that have diverged over five
million years or more suggests that only genic regions
are highly conserved, thus providing another means of
identifying genes (Bennetzen, 2000). The next genera-
tion of biologists will be well trained in bioinformatics
as well as genomics approaches and be able to view
biological problems from a much wider, multifaceted
perspective. Such expanded view will constitute a
much better approximation to biological reality than
afforded within current paradigms.
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