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Abstract

Background: Since the finishing of the sequencing of Arabidopsis thaliaganome, the Arabidopsis community and
the annotator centers have been working on the improvemeng@fie annotation at the structural and functional levels.
In this context, we have used ther¢ge CATMA resource on the Arabidopsisanscriptome to search for genes missed
by different annotation processes. Probes on the CATMArparrays are specific gene sequence tags (GSTs) based on
the CDS models predicted by the Earge software. Among the 24 576 CATMA v2 GSTs, 677 are in regions considered
as intergenic by the TAIR annotation. We analyzed thgnate transcriptome data in the CATMA resource and carried
out data-mining to characterize mel genes and improve gene models.

Results: The statistical analysis of the results of more tb&0 hybridized samples distributed among 12 organs provides
an experimental validation for 465 novel genes. The higaitn evidence was confirrdéy RT-PCR approaches for
88% of the 465 novel genes. Comparisarith the current annotation show thahese novel genes often encode small
proteins, with an average size of 18@. Our approach has also led to thepravement of pre-existing gene models
through both the extension of 16 CDS dithe identification of 13ene models erroneoushonstituted of two merged
CDS.

Conclusion: This work is a noticeable step forward in the pnovement of the Arabidopsis genome annotation. We
increased the number of Arabidopsis dalied genes by 465 novel transcribechge to which we associated several
functional annotations such as expressprofiles, sequence conservation pfants, cognate transcripts and protein
motifs.
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Background tions, available transcript sequences and the latest version
Since the finishing of the whole genome sequencing of of the Eugene predictions (v1.59) for the Arabidopsis
the model plant Arabidopsis thalianand its first annota-  genome. The gene extremities were extended using over-
tion by the international Arabidopsis community [1], lapping cognate transcript sequences (EST and cDNA).
gene prediction results have been regularly updated [2]. This improved definition of UTRs allowed us to discard
Indeed, the MIPS and the TIGR have made available anew GSTs which are outside annotated CDS but which overlap
annotation release each year taking into account the com- extended transcriptional units. Similarly, GSTs mapped
pletion of the genome sequence, the improvement of gene less than 300 bp away from the extremity of a predicted
prediction tools and the increasing number of transcript ~ CDS without cognate transcripts were not selected since
sequences in the database [3]. The latest version is based they could correspond to the unknown UTR region of the
on recent annotation carried out by TAIR [4]. In addition corresponding mRNA. The 677 GSTs mapped outside
to this global semi-automatic annotation, different works ~ TAIR annotated genes, pseudogenes or known RNA genes
have also improved Arabidopsis gene detection using (tRNA, sSnRNA, snoRNA, rRNA and miRNA) were selected
orphan ESTs [5,6], comparative genomics [7,8], or combi- as novel candidate genes. Among these 677 candidates, 28
nation of data through expertise of gene families [9]. occur in Eugene models, which extend TAIR CDS models.
The corresponding expression data provide an improve-
In the framework of the European CATMA project ment of CDS annotation (Figure 1).
[10,11], a micro-array was produced with 24576 specific
gene sequence tags (GSTs). These GSTs were defined fronCharacterization of novel genes
the Arabidopsis genome sequence to be highly specific in The transcriptome data obtained with the selected GSTs
order to minimize cross-hybridization [12]. The GST for 522 hybridized samples coming from 40 different
design was based not only on the TIGR annotation, but experimental projects have been extracted from the
also on the predictions of protein coding genes obtained CATdb database [16] and analyzed by a dedicated statisti-
with the Eugene v1.0 software [13]. Indeed, by combining  cal protocol (see the Methods section). Among the 649
different information (transcripts, splicing sites, transla-  candidate GSTs not in extensions of TAIR models, 465¢.
tion initiation sites, coding potential and protein similar- 72%, showed hybridization in at least one sample and
ities), Eugene has provided an alternative Arabidopsis probably point out novel genes. To validate the transcrip-
genome annotation. By comparing with the TAIR version tome results, we performed a RT-PCR for each of the 465
6.0 annotation release, the CATMA v2 GSTs tag 21 260 putative novel genes using 4 different mMRNA samples
Arabidopsis TAIR genes and 677 regions defined up to from roots, leaves, flowers and pollen. We obtained
now as intergenic. These 677 GSTs, specific to the CATMA amplicons for 411 genes (examples in Figure 2) and
resource, are excellent tools to reveal possible under-pre- sequenced all of them. For 410, we obtained a RT-PCR
dicted functional genes in Arabidopsis. Furthermore, sev- product with a sequence matching the expected target.
eral predicted genes are tagged by at least 2 distinct GSTs, Thus, for 88% of the putative novel genes, we obtained a
most often one overlapping each gene extremity. Previous proof of transcription by two different experimental
works on gene annotation pointed out that erroneous  approaches.
gene merging is a usual shortcoming of gene predictors
[14,15]. With different GSTs associated with the same
genes, we have a powerful way to identify such critical sit-

uations. GsT

649
AT1G15240 AT1G15250

Available public transcriptome data produced with the
CATMA micro-arrays were used to investigate these ques-
tions [16]. The dataset of 1044 hybridizations using 522 ATAG19130
different samples covers numerous developmental stages, Figure 1

biotic and gblotm stresses and mgtants. All the MICIO-  gglection of GSTs outs ide TAIR gene models . The

array experiments were performed in our laboratory with  cATMA GSTs are selected in twsituations in which they

a normalized protocol of labeling, hybridization, data  are likely to improve the gemoe annotation: GSTs designed
normalization and statistical analysis ensuring a perfect in a Eugene model between two TAIR genes (649 cases) or

677
selected
GSTs

homogeneity of the data. GSTs designed in the 5' or @DS extension of a TAIR gene
(28 cases). TAIR CDS and mRM#odels are represented by

Results and Discussion dark blue and light blue Bows respectively. Eugene CDS

Selection of candidate GSTs models are represented by ppie arrows. Black lines are

Candidate GSTs were extracted from the FLAGtbdata-  Introns.
base [17,18]. FLAGdb* also contains TAIR gene annota-
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Figure 2

Validation of novel gene s by RT-PCR approach. PCR
were carried out from RT product¢RT+: gels 1, 3, 5 and 7)
or negative contrés (RT-: same reaction but without
reverse-transcriptase, gels 2, 4, 6 and 8) from mRNA of
leaves, roots, flowers and pollen. Primer pairs 1 to 24 have
been used for leaves, roots and flowers, while the 25 to 41
pairs have been used for pafi (for pollen-specific genes
only). The table to the right athe figure indicates the corre-
spondence between a primer pair and the corresponding
CATMA probe (GST). Primer sequences are given in the
additional file 1.

To further characterize the newly identified genes, we per-
formed additional data-mining (Figure 3). Other inde-
pendent evidence of transcription was found for 204

http://www.biomedcentral.com/1471-2164/8/401

% of new genes

Figure 3

Structural and functional
novel genes detected by CATMA transcriptome

data. The validated transcriptonmieaction is the result of
our RT-PCR approach. The othewidence of transcription
comes from cognate EST/cDNRACE PCR from TIGR or
MPSS data (purple columns). They are summed up in the
"other transcription evidencetlass. The fractions of the
novel genes sharing similariti@gh other genes (in Arabi-
dopsis and/or in other species) are indicated in green. The
orange column highlights thHeaction of novel genes for
which there is an indicatiooomplementary to CATMA data
(homology or transcription) of the gene presence.

information about the 465

tated by AGI members at the BAC scale (Figure 3) but their
model was ignored in the whole genome annotation done
later, probably because of poor supporting data.

In 61% of the cases, the latest Eugene v1.59 annotation

genes (44%) through cognate ESTs or cDNAs, MPSS tagsprovided a gene model. In the remaining 39%, we have

[19] or RT-PCR products recently obtained by TIGR [20].
Indeed, TIGR used RACE-PCR to test 1071 Arabidopsis
gene models only predicted by the Twinscan [21] or
Eugene [13] programs. The intersection between the 256
novel genes found by the TIGR approach and the 465
novel genes from this work only concerns 146 genes (Fig-
ure 3) for which we confirm gene localization and add
their conditions of expression in 522 samples.

Sequence comparisons at the protein level and a search for
PFAM motifs [22] were applied to each newly identified
gene. For 215 genes (46%), significant similarities were
detected at least in one other locus in the Arabidopsis
genome and/or with proteins from different species, indi-
cating that they belong to known gene families (Figure 3).
Nevertheless, inference of function by similarity could be
made for only 71 genes (15%) and the remaining 394
genes encode proteins with unknown biochemical func-
tion. Surprisingly, 86 genes (18%) were previously anno-

evidence of the presence of transcriptional units overlap-
ping the GST position but not any additional information

on their intron-exon structure. Between the Eugene ver-
sion used to design CATMA GSTs and the latest Eugene
version, the number of false positive predicted genes
decreased but some true positive genes were lost.

Based on the Eugene predicted models, the newly discov-
ered genes are mainly characterized by their short size
with a CDS average of 411 bp compared to 1247 bp for
the already known Arabidopsis CDS (Figure 4). Conse-
qguently, the mean intron number is quite low with 0.67
introns per CDS (191 genes are intron-less) compared to
an average of 4.2 for all the annotated CDS. This result
could explain why these genes were missed by automatic
annotation. Indeed, their coding potential (CDS of unu-
sual length surrounded by larger intergenic regions) may
be difficult to detect by a semi-HMM and sequence com-
parisons are quite likely to generate hits with low scores
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Figure 4

Size distribution of the novel genes . Relative distribu-
tion of CDS size (in bp) of bArabidopsis genes (in blue) and
of the novel genes (in orange) for which Eugene v1.59 has
predicted an intron-exon structure.

not or under considered in the gene prediction process.
Furthermore, mRNA materials used for EST libraries are
usually selected against small size mRNA. Beyond this,
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% of genes

Number of hybridized samples

Figure 5

Expression range of the novel genes . The genes are dis-
tributed according to the numbeof samples (out of 522) in
which they have been found exgesed. Values for % of genes
are truncated at 5%. Data fall the Arabidopsis genes are
represented in blue and those for the 465 novel genes are

our approach has also detected large conserved genes suchrepresented in orange. In the inserted chart % of gene values

as CDS of 9 and 11 exons encoding an importin and an
ATPase respectively (see Additional File 1).

The topological distribution of the 465 novel genes is
quite similar to all the Arabidopsis coding genes. They are
evenly distributed in the 5 chromosomes and are rarely
present in the peri-centromeric regions or other identified
heterochromatic regions.

In 16 additional cases, expression signals associated with
candidate GSTs have highlighted an erroneous annota-
tion of the neighbor gene and have led to the improve-
ment of gene models by significant extension of their
respective CDS. The extension of these 16 CDS (by one to
4 exons in 3' or 5") is always confirmed by the coherent
extension of similarities with homologous proteins (see
Additional File 2).

Expression of novel genes
The comparison of the transcription data obtained from
522 hybridized samples for the 465 novel genes and all

are not truncated.

novel genes identified by this work are never detected in
more than 95% of the hybridized samples. Thus, they do
not belong to the category of constitutively expressed
genes also frequently referred to as housekeeping genes.
We have found 103 novel genes (22 %) for which expres-
sion is reported in only one organ. Even if we cannot con-
clude that there is complete organ-specificity from our
data, the transcription of these 103 genes is clearly highly
preferential in only one organ. Indeed, the observed dis-
tribution of the transcription of the 103 genes between
the different organs (Figure 6) is not simply explained by
the distribution of the 522 hybridization samples among
the different organs (P-value = 102). For instance, we
found 63 novel genes expressed in one leaf sample only,
which is significantly more than the 38.6 expected (P-
value = 0) based on the 136 leaf samples.

Three explanations that are not fully exclusive may be

the 21 260 Arabidopsis genes tagged by a CATMA v2 GST given to the rarely observed transcription of several novel

shows interesting features at the functional level. Most
newly identified genes are detected in a limited number of
experimental conditions (Figure 5), even if the RT-PCR
results may show a basal level of transcripts due to a
higher sensitivity. Indeed, 40% of the novel genes have
been detected in 1 to 5 mRNA samples while there are
only 16% of all the Arabidopsis genes in this category.
Furthermore, only 24 genes (5% out of the 465 novel
genes) have been detected in more than 30% (150 hybrid-
izations) of the analyzed conditions. This number is very
low compared with the 28% of all the Arabidopsis genes
that are detected in the same number of conditions. The
tail of the distribution in Figure 5 clearly shows that the

genes. First, we may consider that some probes give an
artefactual signal in one hybridization. Nevertheless, in
any URGV-CATMA transcriptome experiment, a dye-swap
is systematically done. A dye-swap is a technical repetition
performed with the same biological samples and the two
hybridizations of a dye-swap only differ by the dye, Cy3
or Cyb, tagging the two samples. Data for a probe are
retained only if results are consistent in the two technical
replicates. Furthermore, this explanation is also largely
ruled out by the fact that we confirmed, by RT-PCR and
sequencing, the transcription of 88% of the novel genes.
Second, it is possible that the transcriptome approach
allows, on rare occasions, the detection of an expression
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