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Comparing low coverage random shotgun sequence
data from Brassica oleracea and Oryza sativa genome
sequence for their ability to add to the annotation
of Arabidopsis thaliana
Manpreet S. Katari,1,2 Vivekanand Balija,1 Richard K. Wilson,3 Robert A. Martienssen,1

and W. Richard McCombie1,4

1Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA; 2Graduate Program in Genetics, State University of
New York at Stony Brook, Stony Brook, New York 11794, USA; 3The Genome Sequencing Center, Washington University School
of Medicine, St. Louis, Missouri 63108, USA

Since the completion of the Arabidopsis thaliana genome sequence, there is an ongoing effort to annotate the genome
as accurately as possible. Comparing genome sequences of related species complements the current annotation
strategies by identifying genes and improving gene structure. A total of 595,321 Brassica oleracea shotgun reads were
sequenced by TIGR (The Institute for Genome Research) and the collaboration of Washington University and Cold
Spring Harbor. Vicogenta (a genome viewer based on GMOD and GBrowse) was created to view the current
annotation and sequence alignments for Arabidopsis. Brassica reads were compared with the Arabidopsis genome and
proteome databases using BLAST. Hypothetical genes and conserved unannotated regions on the short arm of
chromosome 4 from Arabidopsis were experimentally verified using RT–PCR. We were able to improve the Arabidopsis
annotation by identifying 25 genes that were missed, and confirming expression of 43 hypothetical genes in
Arabidopsis. We were also able to detect conservation in genes whose transcription is normally suppressed due to
methylation. We also examined how useful the O. sativa genome and ESTs from other species are, compared with
Brassica, in improving the Arabidopsis annotation.

[Supplemental material is available online at www.genome.org. Vicogenta is available at http://mccombielab.
cshl.org/katari/vicogenta.]

Arabidopsis thaliana is one of the most widely used model organ-
isms for plant molecular biology. Reasons for its popularity in-
clude its short life cycle, small size, small genome size—125 Mb
(Meyerowitz and Somerville 1994) and its low repetitive content
(10%). These make Arabidopsis an attractive organism for genome
analysis and comparative plant genomics (Meinke et al. 1998;
Martienssen and McCombie 2001). Shortly after the completion
of the Arabidopsis genome sequence (Arabidopsis Genome Initia-
tive 2000), it was proposed that the function of all genes in Ara-
bidopsis be determined by 2010 (Chory et al. 2000; Somerville
and Dangl 2000). To accomplish this task, we need a complete set
of genes and their correct gene structure.

The current annotation of the Arabidopsis thaliana genome
is composed of predictions from gene-finding programs, alignment
of expressed sequences; ESTs (Expressed Sequenced Tags), and full-
length cDNA clones (Haas et al. 2002; Seki et al. 2002). Recently,
high-density genomic tiling arrays were also used to improve the
Arabidopsis annotation (Yamada et al. 2003). All of these methods
have been very useful, but each has their limitations. We believe
that an appropriate application of comparative genomics would
complement them and help to provide a more accurate annotation.

Several studies have tested the accuracy of gene-prediction
programs in Arabidopsis (Pavy et al. 1999) and plants in general

(Pertea and Salzberg 2002), and found that one of five exons are
predicted incorrectly and <50% of the gene models are com-
pletely correct. In addition, Macintosh et al. (2001) demonstrated
the limitation of the current annotation methods for Arabidopsis
by identifying putative-coding and noncoding genes that were
not previously annotated (MacIntosh et al. 2001). Many gene-
predicting algorithms miss most noncoding genes (ncRNA), be-
cause their training set lacks ncRNA, and many of the features
that pertain to protein-coding genes are not useful for predicting
noncoding genes. For example, ncRNA are not translated and,
thus, codon usage and related information would not be helpful
in identifying such genes.

New gene-prediction algorithms, such as Genomescan (Yeh
et al. 2001) and Twinscan (Korf et al. 2001), incorporate homol-
ogy information to improve gene prediction. Both algorithms
use Genscan (Burge and Karlin 1997) to identify protein-coding
regions in the DNA sequence, but apply homology information
differently. In our study, we analyzed results from Twinscan and
show Twinscan can be used to improve the Arabidopsis genome
annotation if appropriate comparative data are available.

ESTs and full-length cDNA clones are very useful in identi-
fying genes and accurately annotating their structure (Haas et al.
2002; Seki et al. 2002; Castelli et al. 2004). In fact, full-length
cDNAs are the “gold standard” of experimental data to support
gene models in annotation. However, not all genes are repre-
sented in the cDNA libraries.

Recently, a high-density oligonucleotide array has been
used to make improvements to the Arabidopsis annotation (Ya-
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mada et al. 2003). One limitation of this method is that RNA
samples from every possible condition would be required to ob-
tain a complete set of potential genes. Another disadvantage is
that the gene structure is difficult to resolve using expression
data. For example, if transcription is detected from two neigh-
boring regions on a chromosome, it is difficult to determine
whether the regions are from the same gene or two different
genes. The same limitation applies to sequence comparisons, be-
cause two neighboring conserved sequences may not be from the
same gene. However, sequence comparison does not rely on ex-
pression data and, thus, can provide candidate regions, which
can be verified using sensitive techniques such as RT–PCR. An-
other limitation of sequence comparison is that some genes may
diverge very fast, making them difficult to detect using current
comparative algorithms. Combining results from all methods
discussed above will result in a more complete set of genes, which
can be targeted for full-length sequencing.

Complete genome sequences are available for several mul-
ticellular model organisms and their close relatives as follows:
Caenorhabditis elegans (C. elegans Sequencing Consortium 1998)
and C. briggseae (Stein et al. 2003), Drosophila melanogaster (Ad-
ams et al. 2000) and Anopheles gambiae (Holt et al. 2002), and
Homo sapiens (Lander et al. 2001; Venter et al. 2001) and Mus
musculus (Waterston et al. 2002). The rationale is that conserved
regions have been maintained by purifying selection (Kimura
1983), so that sequences from a close relative can be used to
identify biologically significant regions in the model organism.
Brassica oleracea and Arabidopsis thaliana belong to the same fam-
ily, Brassicaceae, also known as Cruciferea, or the mustard family.
Brassica’s putative haploid genome size is ∼600–660 Mb (O’Neill
and Bancroft 2000; Paterson et al. 2001) Previous studies of pro-
teins and mitochondrial DNA have predicted that Arabidopsis
and Brassica diverged 16 to 19 Mya (million years ago) (Yang et
al. 1999; Koch et al. 2000). While a “perfect” organism for com-
parative genomics may not exist, Brassica seems well placed due
to its relative closeness to Arabidopsis (Quiros et al. 2001). Also
important, Brassica oleracea is agronomically valuable. Some
common crops that belong to the species Brassica oleracea are
cauliflower, broccoli, kale, turnip, and cabbage (Paterson et al.
2001). The previous examples also illustrate the diversity in phe-
notype of Brassica oleracea. We also carried out a comparative
analysis of Arabidopsis using the more distantly, but more com-
pletely sequenced genome of the monocot Oryza sativa (Goff
et al. 2002; Yu et al. 2002).

In our analysis, we used the March, 2003 and February, 2004
version of the Arabidopsis annotation by MIPS (Munich Informa-
tion Center for Protein Sequence) (Schoof et al. 2004). Of the
26,639 predicted genes in the February, 2004 version, 3898 (15%)
are annotated as hypothetical. For the purposes of this analysis,
they are predicted by computational methods rather than ho-
mology to known proteins and have, at most, one EST match.
One of the questions we ask is whether hypothetical genes that
are conserved in Brassica are more likely to be expressed com-
pared with hypothetical genes that are not conserved.

Our computational study was performed on the entire ge-
nome; however, we only experimentally verified genes from the
short arm of chromosome 4 of Arabidopsis thaliana using the
March, 2003 version of the annotation. We chose this region of
chromosome 4 for several reasons. We had sequenced it (Mayer
et al. 1999; CSHL/WashU/PEB 2000) and were familiar with it
and had clone resources available. In addition, the presence of
the knob region provided a sample of both euchromatin and

heterochromatin. Lastly, these analyses were synergistic with our
work with genomic tiling microarrays in this region (Lippman et
al. 2004). This region is 3 Mb long, roughly 1/40th of the entire
genome, and contains 599 predicted genes. The heterochromatic
knob contains many repeats and transposons, which are heavily
methylated. Compared with the rest of the genome, this region
contains many fewer genes that are expressed. We examined the
utility of Brassica sequences in identifying functional elements in
the knob region.

As a result two of the groups, TIGR (The Institute for Ge-
nome Research) and the CSHL/WU (Cold Spring Harbor Labora-
tory/Washington University) consortium sequenced 595,321
random Brassica oleracea shotgun reads. The sequences were
aligned against the Arabidopsis genome sequence using BLAST,
and the results were compared with the annotation. In our com-
parison, we had three main goals as follows: (1) identify missed
genes, (2) identify incorrect gene structure, and (3) determine
whether conserved hypothetical genes are more likely to be ex-
pressed than other hypothetical genes.

Results
A total of 595,321 Brassica oleracea shotgun reads, 415,093 se-
quenced by TIGR and 180,228 by CSHL and Washington U., were
downloaded from GenBank and analyzed. The Arabidopsis ge-
nome sequence, genome annotation, and protein sequences
were downloaded from MIPS (Munich Information Center for
Protein Sequence) (ftp://ftpmips.gsf.de/cress) versions March,
2003 and February, 2004. The Brassica reads were subjected to an
initial screening by first comparing them to known Arabidopsis
repeats, transposable elements, and organelle DNA sequences.
BLASTN (Altschul et al. 1990, 1997) and TBLASTX were used to
align the Brassica reads against the Arabidopsis nucleotide se-
quences, and BLASTX was used to align the Brassica reads against
the Arabidopsis protein sequences. Alignments with an E-value
<1e-10 were considered as significant matches.

Brassica reads were categorized according to their top BLAST
hit (see Fig. 1). Nearly 30% of the Brassica reads contain repeat
elements or organelle DNA, and 45% of the reads do not have
significant matches to the Arabidopsis sequences. The reads are
most likely from intergenic or intronic regions, where the level of
sequence conservation is much less. The Arabidopsis protein da-
tabase is the translation of all protein-coding genes in the anno-
tation; thus, the reads with only Nucleotide matches (7% of the
Brassica reads) are aligning to unannotated regions. These may
represent undetected genes or exons, nonprotein-coding tran-
scriptional units, regulatory regions, or regions conserved for
unknown reasons. The level of conservation (E-value < 1e-10)
suggests that these unannotated regions are biologically sig-
nificant.

The average length of the sequencing reads is 677 bp. If we
do not consider the reads that match to the organelle DNA, and
assuming the size of the Brassica genome is 600 Mb, we estimate
coverage of 0.60� of the Brassica oleracea genome. According to
the Lander-Waterman model (Lander and Waterman 1988) the
reads cover 45% of the genome. Despite the low coverage, the
Brassica reads match nearly 74% of the predicted Arabidopsis pro-
teome; top BLASTX hits of the Brassica reads against the Arabi-
dopsis proteome were considered as a match. This is likely due to
the large percentage of Arabidopsis genes that are duplicated and
the possible triplication of the Brassica diploid genome (Lan et al.
2000; O’Neill and Bancroft 2000).

Annotating Arabidopsis with Brassica

Genome Research 497
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Comparatively, we used more O. sativa sequence in our
analysis. A total of 3657 BACs were downloaded, of which 1312
are finished (high-quality) sequences. The total number of bases
in these overlapping BACs is 510,899,921, and the O. sativa ge-
nome is estimated to be 450 Mb.

We focused our experiments on the short arm of chromo-
some 4 of Arabidopsis thaliana. A total of 116 genes of 599 (19%)
are predicted as hypothetical genes, which is slightly higher com-
pared with the entire proteome, where 17% are annotated as
hypothetical. In the February, 2004 version of the annotation,
there are 600 predicted genes in this region, of which 108 are
annotated as hypothetical. Several of the genes that are no longer
annotated as hypothetical in the February, 2004 version were
also confirmed by our experimental results.

One of the limitations of our analysis is that we have only
used one source of RNA, i.e., whole-plant, above-ground tissue of
wild-type Arabidopsis thaliana. Many genes for which we do not
detect transcription are most likely expressed in different devel-
opmental stages or environmental conditions. Therefore, our re-
sults provide a minimum number of genes that are expressed.
Another limitation is that we do not have the complete genome
sequence of Brassica. Therefore, the number of genes and regions
that are conserved between Brassica and Arabidopsis is higher
than we observe in our analysis.

Conserved vs. nonconserved hypothetical genes

Hypothetical genes are predicted by at least two gene-prediction
algorithms and match, at most, one EST. Primer3 was used to
design Primers for hypothetical genes and, if possible, in areas

where Brassica conservation flanked a splice site. One caveat is
that primers are being designed using annotation that may not
be correct. Thus, a result that does not contain a transcript may
not necessarily mean the gene is not expressed; one of the prim-
ers could be in an intron, in which case, transcription would not
be detected. Another possibility is that the gene is expressed in a
different condition or developmental stage than the one tested.

We wanted to check whether hypothetical genes conserved
between Brassica and Arabidopsis were more likely to be expressed
compared with nonconserved hypothetical genes. Of the 93 con-
served hypothetical genes that we tested, from the March, 2003
version of the annotation, we detected expression for 42 (46%)
hypothetical genes, and of the 17 nonconserved hypothetical
genes we tested, we only detected expression from 1 (6%) gene
(see Table 1; gel pictures are provided in the Supplemental data).
We calculated the Fisher’s exact test to determine the statistical
significance of our results using a DOS executable program
Fisher.exe (Zhang et al. 1998). We obtained a P-value of 0.00077
for our data. This shows that there is significant correlation be-
tween hypothetical genes in Arabidopsis that are conserved in
Brassica, and their likelihood of expression.

Yamada et al. (2003) provided a list of Arabidopsis genes that
were detected by their microarray experiments. They detected 44
of the 110 hypothetical genes that we tested, 26 of which were
also detected by our RT–PCR experiments. A total of 41 of the 44
are conserved in Brassica, and 27 of the 44 are conserved in O.
sativa (see Table 1). These results are very similar to our RT–PCR
experiments, and provide additional support to our observation
that hypothetical genes conserved in Brassica are more likely to
be expressed than hypothetical genes that are not conserved.

In the February, 2004 version of the Arabidopsis annotation,
several hypothetical genes were no longer annotated as hypo-
thetical. A total of 16 of the 110 hypothetical genes we tested
were no longer annotated as hypothetical. All 16 are conserved in
Brassica, of which 13 were detected by our analysis. This suggests
that despite the considerable improvements of the Arabidopsis
annotation in the past year, comparing Brassica sequences can
improve the annotation even more.

We also wanted to know how useful O. sativa is in identify-
ing genes in Arabidopsis. Of the 63 hypothetical genes that are
conserved in O. sativa, we were able to detect expression for 34
(54%), and of the 47 that are not conserved in O. sativa, we were
able to detect expression from nine (19%) (Table 1), indicating
enrichment (P = 0.00017). Hypothetical genes that are conserved
in O. sativa are more likely to be expressed than those conserved
in Brassica, however, despite comparing to an almost complete O.
sativa sequence, there are several expressed genes that show con-
servation with Brassica, but not O. sativa. O. sativa is useful in
improving the Arabidopsis annotation; however, its conservation
does not cover all biologically significant regions in Arabidopsis.
Thus, Brassica is more useful than O. sativa in determining the
complete set of Arabidopsis genes.

Table 1. Analysis of transcripts from hypothetical genes

Total
hypothetical

genes

Brassica conservation O. Sativa conservation Comparative ESTs (le-10)

Conserved
genes Nonconserved

Conserved
genes Nonconserved Match

Do not
match

Tested 110 92 (30) 18 (0) 63 (24) 47 (6) 79 (28) 31 (2)
Yield PCR Product 43 42 (22) 1 (0) 34 (17) 9 (5) 40 (20) 3 (2)
Detected by Yamada et al. (2003) 44 41 (18) 3 (0) 27 (13) 17 (5) 35 (18) 9 (0)

Figure 1. BLASTN, TBLASTX, and BLASTX were used to align 595,321
Brassica oleracea reads against databases of Arabidopsis thaliana chloro-
plast and mitochondrial DNA, known repeats and transposable elements,
and finally, the Arabidopsis thaliana genome and protein sequences. Top
BLAST hit was used to classify the Brassica oleracea reads. The reads had
to match with an e-value < 1e-10 to be considered as a significant match.
The protein database consists of translations of all predicted protein-
coding genes in the genome annotation. Therefore, the 7% of the Bras-
sica reads that match only the genome, represent either noncoding RNA
or genes that have not yet been annotated.
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Finally, we also looked at how useful ESTs from species,
other than Arabidopsis, are in determining whether a hypotheti-
cal gene is likely to be expressed and compare that with what
we have learned from hypothetical genes conserved in Brassica.
We queried the CDS sequence from the 110 hypothetical genes
using TBLASTX against the est_others database, which, in Au-
gust, 2004, contained over 13 million sequences. We filtered
out all hits to Arabidopsis ESTs, and found 79 of the 110 hypo-
thetical genes (74%) have a match to an EST from a species other
than Arabidopsis, with an e-value of 1e-10 or better. There are 18
hypothetical genes that are conserved in Brassica, but do not
match any ESTs from different species, whereas only five hypo-
thetical genes have matches to ESTs from other species and are
not conserved in Brassica. The last five may be conserved in Bras-
sica, but due to the low sequence coverage, the region may be
missed.

ESTs from other species are useful in identifying hypotheti-
cal genes that are likely to be expressed, because 40/43 hypotheti-
cal genes that we detected have a match to other species. How-
ever, the ESTs did not provide any more information about the
hypothetical genes than what we already knew from the se-
quence conservation in Brassica. In fact, there are 13 more hy-
pothetical genes that are conserved in Brassica, which are likely
to be expressed in Arabidopsis.

Correcting gene structure of hypothetical genes

A total of 30 of the 43 PCR products, discussed above, resulted in
a spliced transcript; 22 of the spliced products match the anno-
tation correctly, and eight show a different gene model. All eight
of these genes are conserved in Brassica, and in most cases, the
BLASTN alignment of the read against the Arabidopsis genome
does not contradict with our experimental results. The discrep-
ancies include different exon borders, presence of an additional
exon, and deletion of an exon. Three of
the eight genes were correctly annotated
in the new version of the TIGR annota-
tion v4.0. The remaining five were incor-
rect, possibly due to the lack of EST
matches to the hypothetical gene, for
example, gene At4g02030 (see Fig. 2).
Twinscan correctly predicted five of the
eight genes. The remaining three genes
that contain errors lacked matches to
Brassica reads in the regions containing
the error. This suggests that if we obtain
enough Brassica reads to cover the entire
length of the gene, Twinscan predictions
would be able to predict genes much
more accurately. In the February, 2004
version of the MIPS annotation, only
one of the eight genes (At4g00420) has
been corrected. This suggests that de-
spite the improvements in genome an-
notation in the past year, there are still
many genes that are incorrectly anno-
tated.

A total of 13 PCR products did not
result in spliced transcripts, due to the
fact that 10 are predicted to be one-exon
genes. There is only one case where the
unspliced transcript is different from the
annotation, i.e., At4g00640. There are

no ESTs in the region, and so it is difficult to conclude whether
this is an alternative splicing event, or an incorrect gene struc-
ture.

Looking at conserved unannotated regions

There are regions of conservation where there is no annotated
gene. In this study, we are not concerned about conservation of
gene order, so we don’t have to limit ourselves with only reads
that appear to be orthologs (top match) to the Arabidopsis ge-
nome. Therefore, we looked at all significant BLASTN and
TBLASTX matches (E-value < 1e-10) from all reads, and com-
pared it with the annotations provided with the genomic se-
quence. Regions in the Arabidopsis sequence that are conserved in
Brassica, but do not contain any annotation, will be referred to as
CURs (Conserved Unannotated Regions). To screen out regula-
tory regions or alternative exons, all CURs within 500 bp of a
predicted gene were removed. Remaining CURs that were within
2 kb from each other were grouped as putative gene models and
will be referred to as Cluster of Conserved, Unannotated Regions
(CCURs). Primer3 was used to design primers in a similar fashion
as described for hypothetical genes with the individual CURs
serving as putative exons.

A total of 9040 CCURs were found throughout the Arabi-
dopsis genome, with an average size of 717 bp; 266 of them reside
in the short arm of chromosome 4. A total of 106 of these CCURs
were not considered, because they matched known repeats and
48 were too small (average size 168 bp) to design primers. The
small CCURs could be due to lack of Brassica reads to extend the
conservation, or they may be small genes that require other
methods of verification.

A total of 112 CCURs from the short arm of chromosome 4
were tested, and we detected 25 transcripts using RT–PCR (seven
spliced and 18 nonspliced) (see Table 2 for details; gel pictures are

Figure 2. This figure shows a mistake in the Arabidopsis annotation. The image was created by
Gbrowse (Stein et al. 2002). The x-axis on the top is the Arabidopsis genome coordinates. The label of
each track is listed on the left side, in bold, over the figure. The track “Transcript” corresponds to the
March, 2003 annotation. The At4.0 annotation does not contain the correct annotation, possibly
because there are no ESTs (track AtEST.blat) in the region where the discrepancy occurs. The figure also
demonstrated that the BLASTN alignment of Brassica sequences is often enough to tell whether an
exon is present or missing. Twinscan was able to predict some of the missing exons; however, it failed
to annotate them all correctly.
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provided in Supplemental data). Six of the seven spliced tran-
scripts are annotated by TIGR’s new annotation and have
matches to ESTs and O. sativa (see Table 2). In one case, clus-
ter5663, the PCR product, and the new annotation have different
gene models (data not shown). The AT 4.0 annotation correlates
well with the BLASTN alignments, but there is no EST evidence to
support this model.

The 18 nonspliced transcripts are from CCURs that are
much smaller (518 bp) compared with the CCURs that resulted
in spliced transcripts (1003 bp). The small CCURs could be from
genes containing one exon, or from one exon of a multiexon
gene. Only five of these CCURs have matches to a new At 4.0
annotation, and only five have matches to ESTs. However, 11/18
(61%) have matches to O. sativa sequences, suggesting that the
CCURs are biologically significant. For the past few years, many
small ncRNA (noncoding RNAs) are being discovered in both
animals and plants, which play a very important role in devel-
opment (Bernstein et al. 2003; Carrington and Ambros 2003;
Hunter and Poethig 2003). Considering the level of conservation
of the short regions between both Brassica and O. sativa, it is
quite possible that these CCURs represent ncRNAs or small pro-
tein-coding genes (<100 amino acids). Further experiments are
required to determine whether this is true.

In the February, 2004 MIPS annotation of Arabidopsis, there
is one gene annotation that overlaps a CCUR. The gene structure
of At4g03260 is extended in the 5� end to include a portion of
Cluster5715. One primer lies in the gene structure, and the other
is upstream of the annotation, which is one possible reason why
the CCUR was not experimentally detected by our analysis.

Heterochromatic knob

The heterochromatic knob on chromosome 4 of Arabidopsis is
located in the YAC CIC8B1 (CSHL/WashU/PEB 2000), which is
roughly from coordinate 1,600,000 bp to 2,330,000 bp on chro-
mosome 4, and contains genes At4g03590–At4g04620 (Fransz et
al. 2000). The complete sequence of this region represents one of
the first complete sequences of a heterochromatic region. The
knob region is heavily methylated, so most genes in the region
are not expressed (CSHL/WashU/PEB 2000). In the MIPS 2003
annotation, there are 34 hypothetical genes in the knob region,
and we tested 31. A recent study carefully reannotated the knob
region and identified 19 of these 31 hypothetical genes to be
either DNA transposons or retrotransposons (Lippman et al.
2004). The study identified 15 total hypothetical
genes in the knob region; however, two are anno-
tated as putative in the MIPS 2003 annotation and
another is not even annotated. Thus, for the
analysis of hypothetical genes in the knob region,
we will only discuss the 12 found in MIPS (see
Supplemental data Table 3). Only one of the hy-
pothetical genes in this region has a match to
ESTs, At4g04330. However, using sequence-
specific primers, we were able to detect ex-

pression in six CCURs and six hypothetical
genes in this region.

Of the 12 hypothetical genes in the
knob region, 11 are conserved in Brassica
and six are conserved in O. sativa. We de-
tected expression in six (50%) genes, five of
which are conserved in both Brassica and O.
sativa (see Table 3). Yamada et al. (2003)
detected five hypothetical genes, of which

all are conserved in Brassica and three are conserved in O. sativa
(see Table 3).

In a previous study of the knob region (Gendrel et al. 2002),
6/12 hypothetical genes were tested for expression, all of which
are conserved in Brassica and two of which are conserved in O.
sativa (see Table 3). The same two genes are also expressed in
wild-type Arabidopsis seedlings (Gendrel et al. 2002). However,
expression of two more hypothetical genes was detected in
ddm12 mutant seedlings. DDM1 is required for methylation in
Arabidopsis and is responsible for gene silencing in methylated
regions. Thus, two of the hypothetical genes are under epigenetic
control, both of which are conserved in Brassica, but neither of
which are conserved in O. sativa.

There are a total of 24 CCURs predicted in this region. Five
match a gene annotated in TIGR’s annotation version 4.0 and
two match ESTs. All six of the CCURs that we detected using our
sequence-specific primers were not spliced. A total of 12 of the 24
CCURs are conserved in O. sativa, which provides further evi-
dence that many of these regions are biologically significant (see
Supplemental data).

Discussion
Arabidopsis thaliana and Brassica oleracea are in the same family,
Cruciferae, and previous studies have showed an average of 87%
conservation in the coding region. Our results show that genes
without experimental evidence, hypothetical genes, are more
likely to be expressed if they are conserved in Brassica sequences
compared with hypothetical genes that are not conserved. We
also observe a correlation between hypothetical genes that are
conserved with Brassica and hypothetical genes that are ex-
pressed by analyzing data from Yamada et al (2003). A total of 26
of the 44 hypothetical genes detected by microarray are shared
among the 43 hypothetical genes verified using RT–PCR, suggest-
ing that the two methods are complementary and equally useful
for gene discovery. If we generalize our results to include the
entire Arabidopsis genome, we can expect to detect expression
from ∼2517 hypothetical genes. This is a minimal number, be-
cause we are only considering experiments from limited sources
of RNA for transcriptional verification.

In addition to identifying hypothetical genes, we were also
able to identify incorrect gene structure for 21% (9/43) hypo-
thetical genes, suggesting that there are still many hypothetical

Table 2. Analysis of transcripts from CCURs

Total PCR
products

Match
A.T. 4.0

Match
EST

Match O. sativa
sequences

Average CCUR
size

Spliced Transcripts 7 6 (86%) 6 (86%) 5 (71%) 1003 bp
Nonspliced Transcripts 18 5 (28%) 5 (28%) 11 (61%) 518 bp
Total 25 11 (44%) 11 (44%) 16 (64%) 654 bp

Table 3. Conservation of hypothetical genes in the heterochromatic knob

Wild-type
whole plant

Wild-type
seedlings

ddm1 mutant
seedlings

Yamada et al.
(2003)

Total Genes 12 6 6 12
Detected Expression 6 2 4 5
Conserved with Brassica 11 (6) 6 (2) 6 (4) 11 (5)
Conserved with O. sativa 6 (5) 2 (2) 2 (2) 3 (3)
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genes that are incorrectly annotated. We also found that gene
structures of many hypothetical genes can be improved using
Twinscan (see Supplemental data). However, in areas with no
conservation, the algorithm makes the same mistakes as Gen-
scan. A better coverage of the Brassica genome can make Twin-
scan a very powerful tool in annotating the Arabidopsis genome.

Arabidopsis thaliana and Oryza sativa are the first completely
sequenced plant genomes. There have been several efforts to im-
prove the Arabidopsis annotation using the O. sativa sequence
most recently by Castelli et al. (2004). Our studies show that the
O. sativa genome is useful in identifying genes in Arabidopsis,
however it often misses some areas that code for genes, mainly
because the sequences have diverged considerably. However,
most genes that are conserved in O. sativa are conserved in Bras-
sica 60/63 (95%). The remaining 5% could be due to Brassica’s
low coverage.

Similarly, ESTs from other species are also useful in identi-
fying hypothetical genes that are likely to be expressed; however,
the ESTs did not provide any more information about the hypo-
thetical genes than what we already knew from the sequence
conservation in Brassica, which has been sequenced at a fairly
low level. We expect that a deeper level of sequencing of the
Brassica genome will be more informative, with respect to the
Arabidopsis annotation, than sequencing ESTs from other plant
species.

The heterochromatic knob region in the short arm of chro-
mosome 4 is mostly transcriptionally silent (CSHL/WashU/PEB
2000). However, all of the hypothetical genes from this region
that are expressed are conserved in Brassica and O. sativa, com-
parable to the rest of the short arm of chromosome 4. In addi-
tion, two hypothetical genes were only expressed in ddm1 mu-
tants, both of which are conserved in Brassica, but not O. sativa.
This suggests that sequence conservation in Brassica can help
identify genes under epigenetic control. Only one of the hypo-
thetical genes in the heterochromatic region had matches to
ESTs, indicating that comparative genomics is a more powerful
way to identify epigenetically regulated genes. Considering their
relatively low level of conservation, we cannot exclude the pos-
sibility that these are novel transposons, as almost all are the
known targets of DDM1.

We were also able to detect transcripts in conserved regions
that do not contain annotation (CCURs). Most CCURs with
spliced transcripts also match ESTs and are present in version 4.0
of the Arabidopsis annotation released by TIGR. However, non-
spliced transcripts from CCURs are much smaller, and the ma-
jority don’t match ESTs, and subsequently, are not present in the
TIGR’s 4.0 annotation. The small size of the CCURs may be due
to the lack of ample Brassica reads needed to extend the CCUR, or
simply because they are smaller genes. cDNA libraries are often
size-selected before EST sequencing, thus making it difficult to
find corresponding ESTs for smaller genes. In addition, as previ-
ously shown by MacIntosh et al. (2001), gene-prediction algo-
rithms tend to miss genes that code for <100 amino acids. The
level of sequence conservation of the smaller CCURs in Brassica
and the fact that the majority of the smaller CCURs are also
conserved with O. sativa, suggests that these CCURs are biologi-
cally significant regions in Arabidopsis.

Our results suggest an increase of 850 genes in the Arabidop-
sis transcriptome. This also is a minimal number, because pre-
sumably more Brassica sequences would create more CCURs. Ya-
mada et al. (2003) reported expression in 2000 (23%) of their
9043 IGR (Inter Genic Regions) and 519 (54%) of their 953 NAE

(Not Annotated but Expressed) genes. Their total number of un-
annotated regions is also nearly 1000 more than the number of
CCURS, which may be due to the low coverage of the Brassica
genome. One possible reason why they detected many more
transcripts in the unannotated genes is that they used multiple
tissue samples.

In the past year, several improvements have been made in
Arabidopsis annotation by sequencing more ESTs, full-length
cDNA clones, and using genomic microarrays. However, the ma-
jority of hypothetical genes from which we detected transcripts
are still annotated as hypothetical. In addition, nearly all of the
gene structures that we have found to be incorrect have not
changed. None of the detected CCUR transcripts are annotated as
genes in the February, 2004 version. Our study shows that com-
parative information from Brassica oleracea sequences can help
fill the gap and improve the current annotation considerably.

Comparative genomics, EST sequencing and analysis, full-
length cDNA sequencing, gene-prediction algorithms, and ge-
nome tiling arrays are all useful for improving the Arabidopsis
annotation, and they complement each other very well. The
complementarity is demonstrated by our analysis. Comparative
genomics complements gene-prediction algorithms, such as
Twinscan, by providing sequence information that enables the
algorithms to perform more accurately. Comparative genomics
complements expression data, such as ESTs and genome tiling
arrays, by providing targets missed by expression analysis. These
targets can be detected using more sensitive methods, such as
RT–PCR.

The ideal pipeline for genome annotation includes all meth-
ods. First, use gene-prediction algorithms with sequence-
conservation information to find the majority of the genes. Sec-
ond, use expression data from genome tiling microarrays and EST
sequencing and sequence alignments from comparative studies
to identify genes that were missed by gene prediction. EST se-
quencing alone will not detect transcription of many genes, they
require directed methods such as RT–PCR. RT–PCR can use avail-
able information, such as sequence conservation, to design
the proper primers. This is followed by full-length cDNA se-
quencing of all predicted genes using RNA from many different
sources. Finally, use tools such as PASA to identify different splice
forms (Haas et al. 2003).

The mission of the 2010 project is to determine the function
of all plant genes in the genome. One of the plans to achieve this
goal is “Survey genomic sequencing, and deep EST sampling
from phylogenetic node species.” (Somerville and Dangl 2000)
We have shown that Brassica oleracea is a crucial species to com-
pare for improving Arabidopsis annotation. These sequences have
not only helped us identify and correct gene structures in Arabi-
dopsis, but others have also used the sequences to identify regu-
latory elements (Colinas et al. 2002). A current limitation is the
amount of Brassica sequence available. The Lander-Waterman
model suggests that a 3� coverage of shotgun reads will cover
95% of the genome. This would be helpful in identifying a more
complete set of genes that can be used to achieve the goals of the
2010 project.

Methods

Sequencing of the Brassica reads
Brassica oleracea genomic DNA from doubled haploid strains (T.
Osborn, University of Wisconsin) was nebulized and the 3–5-Kb
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fractions were isolated from the sheared DNA. The 3–5-Kb frag-
ments were cloned into pBluescript or pUC19 and plated. These
double-stranded subclones were then used to initiate overnight
cultures using the QPix automated colony picker, which can in-
oculate 96-well growth plates for overnight growth. Cultures
grown in the 96 growth boxes were archived using the Biomek
FX automated platform (Beckman Coulter). Plasmid DNA was
then isolated from these cultures using a modified SPRI protocol
(Hawkins et al. 1994). Random DNA samples from each plate
were picked by the Span-8 pod on the Biomek FX for DNA quan-
tiation and quality control.

The Biomek FX and the TomTec Quadra 354 were used to
set-up 7 µL of 1/16 Big Dye Terminator (v. 3) sequencing reac-
tions in a 384-well format. Reaction plates were cycled using the
MJ Research Thermal cyclers fitted with 384-well � units. We also
performed reaction clean up by ethanol precipitation in a 384-
well format with the TomTec. Sequencing products were stored
dry in the precipitated state at �20°C until they are required for
loading. Resuspension of the sequencing products in water was
performed using the TomTec as well as the Biomek FX. Samples
were then loaded on the ABI 3700.

Alignment of Brassica reads against Arabidopsis thaliana
A total of 595,321 Brassica oleracea shotgun reads were down-
loaded from GenBank and were used in the analysis (Entrez
query: “Brassica oleracea [organism] AND GSS”). The Arabidopsis
thaliana genome sequence, genome annotation, organelle se-
quences, and protein sequences were downloaded from MIPS
(Munich Information Center for Protein Sequence) (ftp://
ftpmips.gsf.de/cress) version v110303 (March 11, 2003) and
v110204 (February, 2004) (Schoof et al. 2004). Sequences for
transposable elements, known repeats, and Arabidopsis ESTs were
downloaded from TAIR (Rhee et al. 2003) (http://www.
Arabidopsis.org). A total of 174,275 ESTs were used in the analy-
sis.

Only the top BLAST matches were considered when catego-
rizing the Brassica shotgun reads (Fig. 1). The reads were also
screened against mitochondria, chloroplast, and known repeats
nucleotide database, and a transposable element amino acid da-
tabase. The reads were aligned against the Arabidopsis thaliana
nucleotide and protein databases from MIPS using all of the three
programs, BLASTN, BLASTX, and TBLASTX. Default parameters
and an e-value cutoff of 1e-10 were used for all BLAST programs
when aligning Brassica sequences.

Each individual HSP (High Scoring Pair) from BLAST align-
ment that were 500 bp away from an annotation is called a CUR
(Conserved Unannotated Region). CURs within 2 kb of each
other were grouped to form CCURS (Cluster of Conserved Un-
annotated Regions). BLAST was performed using Amdec facility
(http://amdec-bioinfo.cu-genome.org/html/index.html).

RT–PCR and sequencing hypothetical genes and CCURs
Where possible, primers for hypothetical genes were designed in
adjacent exons so that the PCR product shows evidence of
spliced product. In conserved hypothetical genes, primers were
picked from the conserved areas. Similarly, primers for CCURs
were designed on two different CURs in the hope to get a spliced
transcript. Primer3 (Rozen and Skaletsky 2000) was used to
choose the primers, and they were tested using e-PCR (Schuler
1997) against the Arabidopsis genome sequence. Default param-
eters were used for Primer3 (Tm = 60°C and GC = 50%). The set-
tings for e-PCR were M = 1000, N = 2, and W = 7.

RNA was extracted from wild-type, whole-plant, above-
ground tissue, above ground, using Trizol. Before use, the RNA

was treated with DNAse. This was followed by using Reverse
Transcriptase for first-strand cDNA synthesis with the Reverse
Primer for hypothetical genes, and a mixture of both primers for
the CCURs. The RT step was performed at 44 and 47°C. For the
PCR amplification step, the negative control for each primer pair
was RNA instead of the RT product as template. Other negative
controls used per 96-well plate were as follows: no primers and
no Taq DNA polymerase. Reagents from the Qiagen Hot Start
TAQ Kit were used for the PCR reactions. Positive controls in-
cluded Actin (At5g59370), GCR1 (At1g48270), and R18. See
Supplemental data for gel images.

Two different methods were used for sequencing. The first
was to treat amplified fragments with Exonuclease 1 and Shrimp
Alkaline phosphatase, followed by sequencing using Big Dye Ter-
minator chemistry with gene/CCUR-specific primers. Fragments
were separated and detected on an ABI 3700. The second strategy
was to clone and then sequence the PCR products. The PCR prod-
ucts were cloned into pCR TOPO 2.1 vector (Invitrogen) and
transfected into DH10 B cells by electroporation or heat shock.
They were plated on LB/AMP/IPTG/X-Gal and then picked and
grown in LB medium; �21 M13 Forward and Reverse Universal
primers were used to sequence the clones using Big Dye Termi-
nator chemistry.

Querying rice sequences
A total of 3657 O. sativa BACs were downloaded from GenBank,
of which 1312 are finished. Each BAC was cut into 5-kb segments
with 500 bp overlapping. Each segment was aligned to the Ara-
bidopsis genome using BLASTN and TBLASTX with default pa-
rameters and an e-value cutoff of 1e-5.

Alignment of RT–PCR products, Arabidopsis ESTs, and AT 4.0
using BLAT
A total of 174,275 Arabidopsis ESTs were downloaded from TAIR’s
ftp site ftp://ftp.tigr.org/pub/data/a_thaliana/ath1/. The CDS se-
quences of TIGR’s latest version of the Arabidopsis annotation
were downloaded from TIGR’s ftp site (Haas et al. 2003). The
sequences of the PCR products were base-called using Phred, and
then trimmed for vector sequences. All were aligned to the Ara-
bidopsis thaliana genome v110204 from MIPS using BLAT (Kent
2002). Alignments that are >95% identical and are the top match
of the Sequence, EST, or CDS were loaded into the GMOD data-
base (Stein et al. 2002).
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