Research Paper

238

Representation and High-Quality Annotation of the Physcomitrella
patens Transcriptome Demonstrates a High Proportion of
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Abstract: To gain insight into the transcriptome of the wellused plant model system Physcomitrella patens, several EST sequencing projects have been undertaken. We have clustered, assembled, and annotated all publicly available EST and CDS sequences in order to represent the transcriptome of this nonseed plant. Here, we present our fully annotated knowledge resource for the Physcomitrella patens transcriptome, integrating
annotation from the production process of the clustered sequences and from a high-quality annotation pipeline developed
during this study. Each transcript is represented as an entity containing full annotations and GO term associations. The whole
production, filtering, clustering, and annotation process is being
modelled and results in seven datasets, representing the annotated Physcomitrella transcriptome from different perspectives.
We were able to annotate 63.4 % of the 26123 virtual transcripts. The transcript archetype, as covered by our clustered
data, is compared to a compilation based on all available Physcomitrella full length CDS. The distribution of the gene ontology
annotations (GOA) for the virtual transcriptome of Physcomitrella patens demonstrates consistency in the ratios of the core molecular functions among the plant GOA. However, the metabolism subcategory is over-represented in bryophytes as compared to seed plants. This observation can be taken as an indicator for the wealth of alternative metabolic pathways in moss
in comparison to spermatophytes. All resources presented in
this study have been made available to the scientific community through a suite of user-friendly web interfaces via www.
cosmoss.org and form the basis for assembly and annotation of
the moss genome, which will be sequenced in 2005.
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Introduction
Physcomitrella patens has become a well-used plant model
system, especially for the study of plant gene function using
reverse genetics (Reski, 1998, 1999; Cove, 2000; Holtorf et al.,
2002). The moss is increasingly being used as an experimental
system of choice not only for basic molecular, cytological, and
developmental questions in plant biology, but also as a key
link in understanding evolutionary questions, especially those
related to plant evolution. After the habitat transition from
fresh water to land in the early Silurian, green plants have diverged into four major lineages, i.e., hornworts (Anthocerotophyta), liverworts (Hepatophyta), mosses (Bryophyta), and
the tracheophytes (vascular plants) comprising of lycophytes
(club mosses), ferns (Pteridophyta), and seed plants (Spermatophyta).
The last common ancestor of bryophytes and seed plants lived
about 450 million years ago (Theissen et al., 2001), therefore
Physcomitrella seems predetermined to be used as a phylogenetic link between already sequenced model systems, such as
the aquatic, single-celled green alga Chlamydomonas and seed
plants like rice and Arabidopsis. It is known from the fossil record that mosses evolved with little morphological change
from the first land plants (Miller, 1984; Frahm, 1994) and thus
offer the chance to learn more about embryophyte evolution
and diversity. No other phylum offers the opportunity to independently study the three major evolutionary steps during
early land plant development, namely filamentous growth of
the juvenile gametophyte, the ªkormophytic structuresº of
the adult gametophyte, as well as the evolution of the diploid
sporophyte. The presence of a multicellular gametophyte invites research on putative differences between gametophytic
and sporophytic gene regulation.
To gain an insight into the transcriptome of this important
phylogenetic link, several EST sequencing projects have been
undertaken (Rensing et al., 2002 a, b; Nishiyama et al., 2003).
Up to now, more than 102 000 EST sequences have become
publicly available.
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Clustering of EST sequences is an algorithmic approach to reconstruct underlying mRNA structures from the fragmentary
information of large-scale EST collections. The approach reduces redundancy and increases information content by
grouping overlapping EST representing the same transcript into clusters, which can then be assembled into contiguous consensus sequences, the so-called contigs. Sequences that did
not find a matching partner in the initial clustering phase remain as singlet sequences after the procedure. Sometimes not
all sequences which were initially grouped into a cluster can
be assembled into contig sequences. Hence, there can be multiple contigs and also so-called clustered singlets present in a
cluster after the assembly. These may represent multiple transcripts of gene families, alternative splice variants of a single
gene or are due to the presence of unmasked repetitive sequence stretches interfering with the alignments (Rensing et
al., 2003). Another possibility is the occurrence of cloning artifacts, termed chimeric sequences. The software used in this
study tries to detect such chimeric sequences during both
the clustering and the assembly phase. In addition it enables
the use of full-length mRNA sequences as so-called ªseedº sequences, used to remove already known transcripts from the
pool of sequences and thus reduce unnecessary computing
time (ªseedº in this context means initiation, the ªseedingº of
clusters, not to be confused with the usual meaning of seed,
i.e., propagation body).
The general management and representation of the vast
amount of data generated during and in the aftermath of
large-scale sequencing projects in a user-friendly way is crucial in order to extract biologically meaningful conclusions
and hypotheses (Reiser et al., 2002). For most projects, especially in an academic context, an all-in-one solution for the
production, storage, annotation, and representation of the information is either not available or too expensive. Thus, a variety of software is being used for the different steps, e.g., sequencing, clustering, and annotation of the sequences, each
with a different input/output format and information content.
Additionally, scientists working with the data generate their
own analysis results. The variability in terms of format of these
contents is even higher. Therefore, the accessibility and usability for third parties can hardly be ensured. Redundancy of
work carried out and data generated/stored, as well as loss of
information, are the consequences. Hence, the goal is to create
a central storage form which allows distinct views and representations of the collected data and the creation of so-called
data warehouses, e.g., by using a database management system.
Correct functional annotation of the assembled sequences
from EST projects is crucial to identification of the underlying
transcripts, especially if there is no genome sequence available. Because of the characteristics of EST data, the standard
procedure of assigning functional annotations based on similarity (best BLAST hit) is error prone (Kasukawa et al., 2003).
Especially in the light of the domain structure of proteins, a
more sophisticated approach which takes into account this
structure and includes other a priori information of the underlying dataset is necessary.
With Gene Ontology (Ashburner et al., 2000; Harris et al.,
2004) a powerful biological vocabulary for gene products is
being developed by the international Gene Ontology Consor-
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tium. This standard spans three basic ontologies, grouping
terms concerning the molecular function, the biological process, and the cellular localization of a gene product. Essential
to the success of the GO are the so-called GO annotations
(GOA), where individual terms are associated with existing
gene products. There are several GOA projects (Ware et al.,
2002; Camon et al., 2004) undertaken by GO Consortium
members. GO term associations can be produced in several
ways. This is reflected in evidence codes, e.g., manual association by a curator (IC) or inferred from electronic annotation
(IEA). In the past four years, good progress has been made in
the development of tools for the analysis and visualization of
GO annotations. In times of ever increasing sequence spaces
by large-scale sequencing projects, GO provides a powerful
tool to derive biologically significant results.
Here, we present our fully annotated knowledge resource of
the Physcomitrella patens transcriptome, integrating annotation from the production process of the clustered sequences
and from a high-quality annotation pipeline developed during
this study. Each transcript is represented as an entity containing full annotation and GO term associations. The whole production, filtering, clustering, and annotation process is being
modelled and results in seven datasets, representing the annotated Physcomitrella transcriptome from different perspectives. The resources have been made available to the worldwide community through a set of user-friendly web interfaces
via www.cosmoss.org.

Materials and Methods

EST clustering
All publicly available DNA sequences of Physcomitrella were
retrieved using Entrez (Schuler et al., 1996) and divided into
399 full-length mRNA sequences (ªseedº sequences), as well
as 102 535 EST and other sequences. This dataset is called the
raw Physcomitrella patens public set, or ppp_raw. The clustering project is correspondingly called PPP. Filtering, clustering,
and assembly of EST data were done using the Paracel transcript assembler, PTA (www.paracel.com). A species-specific
parameter set has been developed and is available upon request. For sequences where electropherograms were available,
base-calling was carried out using phred (Ewing et al., 1998).
Base quality values of EST sequences for which no sequencer
data were available, were set arbitrarily to a low confidence
value of 10 % and, in the case of ªseedº sequences, to 50 %. The
filtering included steps for removal of synthetic (vector/linker;
UniVec, Kitts et al.) and low quality sequences as well as of
contaminants (E. coli K12 genome as well as Physcomitrella mitochondrial, rRNA and chloroplast genes). Low-complexity regions were annotated together with poly-A tails, untranslated
regions (UTR, UTRdb, see Pesole et al., 1996) and repetitive
elements (repeats, plant partitions of Repbase:, Jurka, 2000),
in order not to disturb clustering and assembly. In addition, a
set of 17 moss-specific repetitive elements which have been
detected mainly in the untranslated regions of Physcomitrella
genes (Rensing et al., 2003), has also been used to mask these
regions in order to avoid erroneous clustering. In a final step,
sequences containing less than 150 bases of sense characters were removed. For PPP, a total of 100 079 sequences remained after the filtering procedure ± this dataset is available
as ppp_fil. The majority of sequences (76%) are derived from
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protonemal tissue, whereas only 2% of the sequences are derived from gametophores and 19 EST were annotated to be
prepared from sporophytes. Additionally, 17% of the sequences
were produced from a mixture of protonema and young gametophores (Fujita et al., 2004). The annotation of the remaining
5% of the sequences did not include any information about the
tissue source. Investigation of the annotation references reveals that 81% of the sequences were already made available
by Nishiyama et al. (2003). Another 18% were published by
the Leeds/Washington University Moss EST Project (Quatrano
et al., 1999).
Prior to clustering, homologs of the ªseedº sequences were
pulled out of the sequence pool and assembled independently.
Where possible, sequences were placed into 5¢ and 3¢ partitions based on detected poly-A tails and annotated cloning
information. Both during clustering and assembly, putative
chimeras (cloning artefacts) were detected and tagged. During
assembly, contigs were built within clusters and putative
splice variants detected. After clustering and assembly, the
PPP set contained a total of 26123 sequences. By using only
the longest sequence in each cluster, a non-redundant set
(ppp_nr) of 22 218 sequences was produced.

ORF prediction
For the prediction of open reading frames, ESTcan 2.0 (Iseli et
al., 1999) was used with a species-specific model for Physcomitrella (Rensing et al., 2005). The model was built using the 399
public full length CDS (complete mRNAs) mentioned above.
ORF were predicted from the clustered EST data. For the PPP
set, 22 491 ORF were predicted. Existing CDS features, i.e., in
the case of the ªseedº sequences (SEE), were preserved. The
predicted ORF (ppp_orfpep) were attached to the virtual transcripts of the ppp database as CDS features.

Data integration and database
The XML output files from the PTA filtering package (PFP) were
transformed into a relational database schema (available on
request). This schema, as well as the BIOSQL database schema (odba.open-bio.org), was installed with PostgreSQL 7.3.4
(www.postgres.org). The automated XML mapping was implemented in Perl 5.6.1 (www.perl.com) using a SAX-based XML
parser (XML::Parser::PerlSAX). All reference sequences used
in the filtering procedure were retrieved and integrated with
as much annotation as possible.
The integration and representation of the clustering data were
performed using a set of Perl scripts. These scripts make extensive use of bioperl modules (Stajich et al., 2002), especially
the modules for sequence manipulation (Bio::Seq::* and Bio::
SeqIO) and object-relational mapping (Bio::DB::BioDB). For
the object mapping of the clustering data, two Bioperl objectoriented modules were written: one class for the representation of complete EST clusters including all member sequences
and their exon alignments (Bio::Cluster::CAML), and a parser
(Bio::ClusterIO::caml) for the PTA XML output files (*.exon.
caml). Both modules are available upon request. These mappings resulted in three BioSQL databases (ppp_raw, ppp_fil,
and ppp).
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Annotation pipeline
InterPro searches were performed with version 3.3 of InterProScan and database version 8.0 on an IBM Blade Cluster (16
nodes, each with 2 Intel Xeon 2.4 GHz CPUs and 2 GB RAM;
www.rz.uni-freiburg.de/loginserver), using the algorithms
Coil, FPrintScan, HMMPIR, HMMPfam, HMMmart, HMMTigr,
ProfileScan, ScanRegExp, HMMPIR, and SUPERFAMILY. These
searches were performed with the translated peptide sequences of the predicted ORF. The InterPro results were parsed
and attached to the virtual transcripts as DOMAIN features.
For this purpose, an object-oriented bioperl module (Bio::
Tools::IPrScan) was written. All BLAST (Altschul et al., 1997)
searches of the annotation pipeline were run on a Paracel
BLAST machine II with 3 nodes (6  Intel 2.6 GHz CPUs, 6 GB
RAM), running Paracel BLAST 1.5.4 (www.paracel.com).
As described in ªResults and Discussionº, the annotations from
the pipeline are grouped in descending quality categories
(ª****º to ª*º, ªcontainsº and ªnot annotatedº).
The annotation of the ªseedº clusters (****) was implemented
with a stringent BLASTN search against the ªseedº sequences
(minimum HSP length 300 bp, ³ 95% identity, and an e-value
threshold of 1E-3).
Matches of similarity searches (BLASTX) for the domain-based
annotation (***) had to pass the following criteria: minimum
HSP length 50 aa, ³ 30 % sequence identity, and a maximum
e-value of 1E-3 against the Uniprot (Apweiler et al., 2004)
Swissprot release 44.0 and TREMBL release 27.0 protein databases. Only the first 50 HSP were taken into account.
The closest plant homologs (**) were determined by a homology search (BLASTX; e-value threshold: 1E-3) against a compiled protein database including all translated sequences from
Arabidopsis thaliana (Rhee et al., 2003) and Oryza sativa (Ware
et al., 2002) gene predictions retrieved from TIGR (www.
tigr.org) and all proteins from the non-redundant Genbank
planta (PLN) division, release 142. The similarity based annotation (*) was realized by BLASTX search (e-value threshold:
1E-3) against Genpept (Benton, 1990) release 142.
The weighting algorithm in the domain-based annotation step
for sequences with DOMAIN features was implemented as follows: Uniprot sequence entries for the HSP were retrieved and
grouped by their InterPro annotation (Camon et al., 2003). Sequences sharing common subsets of InterPro domains were
put together in a group. Each group was represented by the
subject sequence with the best e-value and bit score. For the
ranking of the groups, four scores were assigned: 1) The number of matching InterPro entries between the query and the
group, where domains > 50 % outside the ORF are penalized
(counted as 0.8). 2) The percentage of the query covered by
the InterPro domains of the group. Non-ORF regions were penalized (length multiplied by 0.8). The scores 3) and 4) were
calculated from the e-value and the bit score of the best hit
within the group. If less than 80 % of the HSP length was covered by the ORF, a penalty was added. The sequence representing the group which performed best in all four rankings was
selected for the *** annotation. Virtual transcripts without assigned InterPro domains could not be weighted.
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Fig. 1 Hierarchical structure of the datasets.
All sequence species are represented as sequence objects belonging to certain database
divisions. The corresponding database divisions are shown in brackets. The input EST
(EST) and mRNA (SEE) sequences are clustered and yield clusters as well as sequences
which do not display pairwise homology, singlets (SIN), and potential chimeric sequences
(CHI). During assembly, the overlapping sequences from the clusters are assembled into
contigs (CON), while the remaining clustered
sequences which cannot be assembled into
contigs are divided into clustered singlets
(CSI) and chimeric clustered singlets (CCS).
Contig member sequences are modelled as
sequence features, which are cross-referenced to the input sequence entry.

The whole annotation pipeline is implemented in Perl and
can be executed as a single program. To integrate the execution
of the parallelized Paracel BLAST jobs, the corresponding bioperl module (Bio::Tools::Run::Standalone) was extended. Version go_200405 of the Gene Ontology databases (Harris et al.,
2004) were installed on a MySQL server (www.mysql.com).
The GO term associations of rice and Arabidopsis GOA projects
(Ware et al., 2002; Rhee et al., 2003) were investigated via the
AmiGo Browser (www.godatabase.org/cgi-bin/amigo/go.cgi).

Web interfaces
The web-based user interfaces were implemented with a
combination of Perl CGI scripts, HTML embedded Javascript
functions, bash shell scripts, and modperl modules using an
Apache (www.apache.org) webserver with a MySQL database.
The overview graphics of the BLAST reports and the transcriptome browser were implemented using the Bioperl interface
(Bio::Graphics) to the GD Graphics Library (www.boutell.
com/gd).

Detection of cis-acting UTR elements
The detection of cis-acting UTR elements was carried out using
the latest version (11. 9. 2003) of the UTRsite collection (Pesole
et al., 2002) with the PatSearch (Grillo et al., 2003) software on
a 16-node IBM Blade cluster (see above). The four patterns
presented in ªResults and Discussionº were selected based on
the outcome of the analysis, the length and complexity of the
pattern and hits (data not shown) and the biological significance.

Results and Discussion

An integrated knowledge repository for the
Physcomitrella patens transcriptome
The process of EST clustering and assembly transforms the unrelated pool of raw input sequences into a hierarchical cluster
structure. In order to control this complex process, we have
created several databases: ªrawº input data (ppp_raw), filtered

input data (ppp_fil), and clustered and assembled sequences
(ppp). The bioperl toolkit (Stajich et al., 2002) enables a broad
range of functions for sequence analysis through the use of sequence objects. With our approach, we have fully transformed
the hierarchical structure of clusters, contigs, clustered singlets, singlets, and chimeric sequences from the EST clustering
into the object-relational OBDA standard (obda.open-bio.org),
implemented by all of the Bio* toolkits (Mangalam, 2002). As
shown in Fig. 1, this mapping was realized through the use
of well established standards in sequence annotation. All sequences are sequence objects, with several attributes characteristic to the sequence. One of these attributes is the division,
an attribute established for the standard of the International
Nucleotide Sequence Databases (INSD: DDBJ, EMBL, Genbank)
in order to partition the large amount of sequence information
into logical units, e.g., sequences from planta origin (PLN). In
the tradition of this three-letter standard, we extended the
standard and allocated the following divisions as logical units
for our datasets: input EST sequences are grouped in the EST
division, ªseedº sequences in SEE, clusters in CLU, contigs in
CON, singlets in SIN, chimeric singlets in CHI, clustered singlets
in CSI, and chimeric clustered singlets in CCS.
As described in ªMaterials and Methodsº, we have integrated
the input sequences with as much annotation as possible into
our databases, i.e. conserving full citations, database cross references (db_xrefs), comments, sequence features, and qualifiers (source, CDS see www.ebi.ac.uk/embl/WebFeat) and additional annotation from the original sequence records. In our
integration and annotation procedure we have extended the
annotations. For instance, the sequence fragments contributing to a contig consensus are represented by so-called member features, with a large set of qualifiers (e.g., FRAG, NAME,
FLAVOR, ORIENT, LENGTH, OFFSET) describing their context in
the contig. Another example would be QUALITY features, containing the assigned base quality values from Phred (Ewing
and Green, 1998) analysis, repeat_unit features, representing
hits in the Repbase database (Jurka, 2000), our own set of UTR
repeats (Rensing et al., 2003) and exon features, which describe the contigs or singlets contribution to the exon alignment of the cluster.

241

242

Plant Biology 7 (2005)

D. Lang et al.

Fig. 2 Overview and outcome of the high-quality annotation pipeline for the Physcomitrella transcriptome.

The entries of the three databases are connected through use
of database cross references. Each member feature carries a
db_xref qualifier, linking it to the original entry in the database
of filtered sequences (ppp_fil). These entries can additionally
be looked up by their accession numbers in their unprocessed
form in the ppp_raw database. Through this combination of
consistent accession numbers and database cross references,
the whole process of the production, clustering, and annotation can be reproduced. Additionally, we use database cross
references to link the sequence objects (DR line in EMBL sequence entries) or sequence features (db_xref qualifier) to
their external originating sources (InterPro, Repbase, Genbank,
PubMed ¼).
The relational database incorporating the BioSQL schema
(obda.open-bio.org) enabled us to easily create useful subsets
of the databases. The database seeds is a subset of the ppp_fil
database, containing all sequences belonging to the SEE division. As described earlier, ppp_nr is a subset of the ppp database, containing, analogous to the NCBI Unigene (Wheeler et
al., 2004) approach, only the longest sequences from each
cluster. The ppp_icm subset represents a special division of
the ppp database. These sequences are originally member sequences of so-called iterative contigs built in the assembly
step of PTA and are therefore named iterative contig members
(ICM). Usually, the PTA algorithm discards these sequences
while it iteratively builds contigs from existing contigs in order
to assemble large clusters. Through our strategy of reproducing the whole pipeline in our databases, we are able to recover
these useful pieces of sequence information.

High quality annotation pipeline
We have established a functional annotation pipeline for the
Physcomitrella transcriptome. Fig. 2 gives an overview and illustrates the outcome of the procedure.
The first step of this pipeline encompasses the prediction of
open reading frames for the assembled transcripts (ppp) using
the ESTcan software (Iseli et al., 1999). With the species-specific HMM (Rensing et al., 2005), we could predict 22 491 ORF.
For 41 sequences a second reading frame was predicted. The
information, including the peptide translation, was added to
the sequence entries as CDS features.
With the translated peptides from the ORF prediction, an
InterPro (Mulder et al., 2003) search was carried out. The discovered domains were added as DOMAIN features to the sequences. In total, we could assign 77 940 InterPro domains to
8521 (31.3 %) of the sequences. In the next step, the whole annotation of the domains was transferred to the features, including the associated GO terms (Harris et al., 2004) from the
GOA project (Camon et al., 2004). A total of 32 809 GO terms
were assigned to 4566 sequences (17.5 % of the virtual transcripts). In this InterPro aided GOA a certain level of redundancy is introduced if multiple domains annotated with the
same GO term are assigned to the same sequence. Through
the removal of this redundancy we can correct the number of
assigned GO terms to 12 370. A corresponding GOA list will be
made available on www.cosmoss.org.
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The third step of the pipeline includes a BLASTX search against
a comprehensive database of plant proteins, in order to elucidate the closest plant homolog for each sequence. Through
this, for 56.4 % of the sequences (14721) a closest plant homolog could be determined. The information concerning the closest plant homolog was added as an annotation comment (CC in
EMBL entries) to the sequences.
The remaining steps of the pipeline are subtractive, i.e., we begin with the full set of assembled sequences (ppp) and try subsequently to reduce the pool of non-annotated sequences until
we finally end up with a set of sequences which cannot be annotated by this method. If a sequence can be annotated in one
step, it is removed from the pool. The design of this part of the
pipeline is oriented in a descending quality of annotation category system. These categories are reflected in the structure of
the output description lines of the sequences (see below).
In the fourth phase of the annotation pipeline, we try to annotate the sequences from the so-called ªseedº clusters, i.e., clusters initiated by full length mRNA sequences. In order to annotate the contigs and singlets of these clusters correctly, we
performed a stringent BLASTN search against the sequences
of the SEE division. Here, we could annotate 1.9 % (500) of
the sequences. An annotation in this step is indicated, e.g.,
by a description line of the following kind: ppp(03/04):SIN:
Z98077:****: Physcomitrella patens mRNA for chlorophyll a/bbinding protein precursor, complete cds.
The headers of the description lines describe the database, the
release, the division, the accession number and the annotation
quality category of the sequence. In the case of the annotations
from this step, the quality category is considered as four-star
(****), indicating the highest reliability of the annotation.
The next step comprises the domain-based annotation (***) of
the transcripts, by taking into account the overall domain
structure of the gene products compared in the process. Especially for members of gene families, the normal procedure of
merely selecting the best BLAST hit often leads to false annotations. To solve this, we have developed a weighting algorithm,
which is able to rank the hits of a BLASTX search against the
well-annotated Uniprot database according to four scores,
which are determined for common subsets of shared InterPro
domains.
During runtime, all possible subsets of shared InterPro domains are formed and subsequently reduced to a set of nonoverlapping subsets. Theoretically, to construct the subsets
for n BLAST hits, all 2n subsets of the power set would have to
be considered. However, our algorithm exploits the fact that
the different subject sequences usually share a common domain structure. Therefore, only a few large subsets are expected to be found. The measured complexity of the algorithm thus
depends linearly on the number n of BLAST hits.
In order to determine the subset which best reflects the overall
domain structure of the query sequence, four scores are assigned to the subsets and used for a final ranking of the sets,
as described in ªMaterials and Methodsº. We have evaluated
the procedure manually with 100 randomly selected plant sequences from the Swissprot partition of Uniprot (Apweiler et
al., 2004). In this case study, the algorithm had annotated 97%
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of the sequences correctly. In total, we were able to annotate
21.2% of the virtual transcripts (5777) with this annotation
strategy. Sequences annotated in this step are recognizable
by a description line such as the following: ppp(03/04):CON:
PPP_8221_ C2:***: O49679 RNase L inhibitor-like protein.
For the remaining sequence pool, the closest plant homologs
were reconsidered ± in the case of virtual transcripts that were
already annotated within step three of the pipeline, this annotation was transferred to the description line. This fraction of
annotated sequences is grouped in the two-star quality category (**) and is characterized as ªHomolog of ¼º (e.g., ppp[03/
04]:CON : PPP_929_C1:**: Homolog of [AB076981] hydroxyanthranilate hydroxycinnamoyl transferase 2 [Avena sativa]). In
this step an annotation was assigned to 32.5 % of the sequences
(8501).
The seventh step of the pipeline was included to cover the remainder of the protein sequence space. It is a BLASTX homology search against the non-redundant GenPept database (Benton, 1990). Through this similarity-based annotation, we could
annotate 0.8% (213) of the assembled transcripts (e.g., ppp[03/
04]:CON:PPP_1441_C1:*: Similar to [AF452164] large conductance calcium activated potassium channel pSlo spliceform 1-5A
[Periplaneta americana]).
The last step of the pipeline tries to enrich the remaining sequences with as much annotation as possible. For sequences
that could not be annotated by the similarity methods, we
checked whether there were predicted InterPro domains from
step two. If so, we included this annotation in the description
lines as, e.g., ppp(03/04):SIN:AW699379: contains: RNA-binding
region RNP-1 (RNA recognition motif) (InterPro:IPR000504,PROSITE:PS00030). We could assign 560 description lines (2.1%) in
this manner.
The description lines of the remaining non-annotated 9421 sequences (36.1%) were provided with useful information about
the production of the EST from the source features such as,
e.g., ppp(03/04):SIN:AW739429: not annotated Physcomitrella
patens protonemata: 7-day-old tissue auxin treated Moss EST library PPN. Interestingly, about 73% (6875 sequences) of these
transcripts contain a predicted ORF, i.e., they do not consist exclusively of UTR. In a case study (data not shown) an attempt
was made to annotate 78 clones which could not be annotated
in a previous analysis (Rensing et al., 2002 a, b). About 23% of
this sample could be annotated by similarity searches a year
later against the revised Genpept 133.0 (Benton, 1990); 70% increase of sequence space since release 124.0, which was used
initially. However, this is far less than expected, if the EST
would simply be ªas yet unknownº. By sequencing the opposite end of the clones, a further 19% could be annotated. According to these results and the large proportion of predicted
CDS in the non-annotated transcripts, it can be assumed that
a significant part of the transcripts (about a quarter to a third)
without a current functional annotation are new and/or species-specific and might reveal many interesting candidate
genes for understanding the unique characteristics of bryophytes. In total we were able to annotate (categories **** to *)
63.4 % (16702 sequences) of the virtual transcriptome (ppp) of
Physcomitrella patens with our approach.
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Fig. 3 Recovering the real transcript structure through the annotations provided by the www.cosmoss.org transcriptome browser.
The overview graphics are a central part of the entry-based view of
the browser. Shown above is a virtual transcript (ppp[03/04] :CON:
PPP_128_C4:*** : Q9SWW0 Ethylene-responsive elongation factor EF-Ts
precursor). The features assigned in the whole process of clustering

and annotation of the sequences are aligned along the length of the
sequence. The graphics are integrated as a clickable image map into
the EMBL formatted sequence entry view of the browser. The combination of these annotations allows the user to reconstruct the underlying
transcript structure, as indicated below the graphic.

Web interface and BLAST service ± www.cosmoss.org

trieval of all sequences that contributed to the selected contig
consensus is accessible via a hyperlink below the overview
graphic.

Besides the improved programmatic access to the data, we
have developed a web-based user interface to our system. The
internet resource www.cosmoss.org is intended to focus our
efforts around the Physcomitrella transcriptome in a continuously growing, comprehensive, and user-friendly knowledge
resource. The datasets presented in this study are made available as BLAST and sequence databases for the retrieval in various sequence formats (Fasta, Genbank, EMBL, SwissProt). We
have developed a graphical interface (www.cosmoss.org/bm)
to our BLAST cluster including graphical BLAST results, batch
job submission, and email notification. The graphical BLAST
results are interactively linked to our sequence retrieval system (www.cosmoss.org/bm/retrieval).

The web resource www.cosmoss.org provides, besides the latest news on the transcriptome, several other services such as
Physcomitrella-specific splice prediction (Rensing et al., 2005),
a set of Physcomitrella UTR repeats (Rensing et al., 2003), an
extended BLAST service for collaborators, and the progress reports from the Physcomitrella ecotype collection (von Stackelberg, personal communication). A curators view for the manual annotation is under construction.

Analysis of the datasets

Currently, our system enables the retrieval of sequences based
on accession numbers. We support single or multiple retrieval
by either a list provided in the input mask or in a file and the
so-called fuzzy search mechanism, enabling the retrieval of
subsets of sequences. The results of a query can either be
downloaded in one of the sequence formats described above
or accessed separately through our transcriptome browser.

The average raw input sequence (ppp_raw) is about 544 bp
long. Filtered sequences (ppp_fil) are on average 534 bp long.
The overall tissue composition of the underlying EST and full
length mRNA sequences reveals that the majority of sequences
are derived from protonema (76 708), whereas data from gametophytic (2943) and sporophytic (9) libraries are underrepresented. An overview of the tissue composition is provided as
supplementary material on www.cosmoss.org.

The transcriptome browser provides a record-based view of
each sequence entry. It unravels the whole functionality of
the collected data. An overview graphic, such as Fig. 3, can be
used to investigate the structure of the virtual transcripts and
the underlying EST and mRNA sequences. The overview graphic is hyperlinked to the corresponding feature annotation section in the sequence entry shown below it. In the EMBL-based
sequence entry, database cross references are used to link the
database entries to the other datasets (e.g., a ppp CON with the
underlying member sequences from ppp_fil) or with external
annotations such as, e.g., the Pfam database (Bateman et al.,
2004). The browser has additional functionalities, e.g., the re-

After clustering and assembly, the 100 079 filtered sequences
(ppp_fil) were assembled into 12155 clusters (CLU), consisting
of 13 539 contigs (CON), 2518 clustered singlets (CSI), and 208
chimeric clustered singlets (CCS). 9858 sequences did not find
a partner during the clustering procedure (singlets). Of these,
327 (CHI) were detected to be chimeric by the PTA algorithm.
In summary, the clustering and assembly of the publicly available sequences of Physcomitrella patens led to 26123 virtual
transcripts. Nishiyama et al. (2003) assembled 102 553 raw sequences into 22 885 contigs representing 15 883 putative transcripts. Taking into consideration differences in the underlying
approaches, e.g., the seeded clustering strategy or the detec-
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Fig. 4 (a) The archetype of a virtual Physcomitrella patens transcript from the ppp dataset (n = 22126 virtual transcripts). The corresponding length distributions are shown
above each part of the schematic structure
for 5¢UTR, CDS, and 3¢UTR regions. For the
frequency axes (y) of the UTR length distribution, breaks (5¢UTR: 45 ± 12 000; 3¢UTR:
58 ± 7800) had to be inserted in order to display the large fractions of sequences without
covered UTR regions (5¢UTR: 12418; 3¢UTR:
7881). (b) The archetype of the 399 full
length mRNA sequences used for seed clustering of the virtual transcriptome. The corresponding length distributions are shown
above each part of the schematic structure
for 5¢UTR, CDS, and 3¢UTR regions. For the
frequency axes (y) of the UTR length distribution, breaks (5¢UTR: 8 ± 300; 3¢UTR: 7 ± 280)
had to be inserted in order to display the
large fractions of sequences without covered
UTR regions (5¢UTR: 308; 3¢UTR: 285). The arrow marks the average length of CDS from a.

tion of splice variants by exon alignment, the results are comparable in terms of order of magnitude.
Fig. 4 a shows the archetype of a Physcomitrella patens transcript as represented in our virtual transcriptome. The average
transcript is about 675 bp long, with 5¢ and 3¢UTR regions comprising 108 bp and 169 bp, respectively. A detailed length distribution is shown above the corresponding regions in Fig. 4 a.
In order to further investigate the structure of Physcomitrella
transcripts, we also constructed the archetype for the 399
full length ªseedº sequences used in clustering. These data are
presented in Fig. 4 b. The CDS were on average 1262 bp long,
with 5¢ and 3¢UTR regions with an average of 49 bp and
110 bp. Obviously, the full length mRNAs contain longer coding
sequences. This length discrepancy can be explained by the
fragmentary nature of EST data. Additionally, CDS lengths
might increase with the number of full length sequences available for the construction of the model used to predict the
ORF. Considering the sparse UTR distribution of the ªseedº sequences (77% of the ªseedsº lack 5¢UTR; 71% of the ªseedsº lack
3¢UTR), it is evident that this sample of database entries is
focused on CDS. Concerning the lengths of the covered UTR,
these are better represented by the assembled transcripts,
which are mainly derived from end-sequenced EST and thus
cover more of the UTR.

Detection of cis-acting UTR elements
In addition to the features predicted during the filtering, clustering, assembly, and annotation of the transcripts, we investigated the occurrence of known cis-acting UTR elements
(UTRsites; Pesole et al., 2002). Fig. 5 illustrates the results of
these predictions. The analyses were carried out on two datasets ± the complete virtual transcriptome (ppp) and, as an indicator for the pattern vulnerability to produce false-positives,

additionally against the predicted open reading frames
(ppp_orfpep). The UTRsite patterns should be specific to cisacting elements in UTR regions, therefore hits in predicted
open reading frames can be considered as false positives. The
analyses revealed several interesting candidates, e.g., 91 sequences were predicted to include an iron-responsive element
(Hentze and Kuhn, 1996). The ªiron-responsive elementº (IRE;
U0002) is a particular hairpin structure located in the 5¢-UTR
or in the 3¢-UTR of various mRNAs coding for proteins involved
in cellular iron metabolism. Additional cis-acting elements
leading to significant matches (see ªMaterials and Methodsº)
were two patterns for selenocysteine insertion sequences
(SECIS; U0003 122 hits, U0004 540 hits) and one for internal
ribosome entry sites (IRES; U0015 1036). Specific incorporation of selenocysteine in selenoproteins is directed by UGA
codons residing within the coding sequence of the corresponding mRNAs. Translation of UGA, usually a termination codon,
as selenocysteine requires a conserved stem-loop structure
called ªSelenocysteine Insertion Sequenceº (SECIS) lying in
the 3¢UTR region of selenoprotein mRNAs (Walczak et al.,
1996; Fagegaltier et al., 2000). Internal mRNA ribosome binding is a mechanism of translation initiation alternative to the
conventional 5¢-cap dependent ribosome scanning mechanism (Le and Maizel, 1997). Maybe these alternate translation
starts can give an explanation for the dual targeting shown recently for two Physcomitrella gene products (Richter et al.,
2002; Kiessling et al., 2004).

GO-based classification of the virtual transcriptome
By non-redundant mapping (see above) of the GO terms associated with the InterPro search hits (Camon et al., 2003), we
could achieve a classification of the virtual Physcomitrella transcriptome in terms of molecular function, cellular component,
and biological process. In Fig. 6 we present the distribution of
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Fig. 5 Detection of known cis-acting UTR
elements in the virtual Physcomitrella patens
transcripts (ppp). The figure gives an overview of the number of hits for each of the 31
UTRsite patterns relative to the search space.
The cutoff is defined by the maximum number of hits (5000) the PatSearch algorithm
is able to detect. In order to elucidate the
pattern vulnerability to produce false positives, a second search with the predicted
ORF (ppp_orfpep) was performed. The patterns should be specific to cis-acting elements in UTR regions, therefore, hits in predicted open reading frames can be considered as false-positives. The results are shown
by the error bars.

associated GO terms for the three basic Gene Ontology vocabularies (Ashburner et al., 2000; Harris et al., 2004). From the
molecular function category (Fig. 6 a, GO:0003674) we could
assign 5274 terms to 3922 distinct transcripts, from biological
process (Fig. 6 b, GO:0008150) 4390 terms (3830 distinct transcripts), and from the cellular component category (Fig. 6 c,
GO:0005575) 2706 terms to 1757 distinct transcripts (in total:
12 370 GO terms to 4566 distinct transcripts). In studies that
were restricted only to the biological process category, Nishiyama et al. (2003) could annotate 3062 assembled Physcomitrella transcripts.
The majority of associations in the molecular function category are distributed among the subcategories catalytic activity
(39%; GO:0003824), binding (28%; GO:0005488), structural
molecule activity (14%; GO:0005198), and transporter activity
(11%; GO:0005215). These findings conform to the expectations concerning the cellular reality and are consistent with
ratios observed in rice, Arabidopsis, and in the desiccation-tolerant bryophyte Tortula ruralis (Ware et al., 2002; Rhee et al.,
2003; Oliver et al., 2004).
The lowest number of associations were made to the nutrient
reservoir activity subcategory (GO:0045735) ± all 8 associated
entries were annotated during the ***- annotation step to be
putative oxalate oxidases (germin-like proteins). Germin-like
proteins (GLPs) exhibit sequence and structural similarity with
the cereal germins but mostly lack their oxalate oxidase activity. Germins and GLPs are a class of developmentally regulated
glycoproteins characterized by a beta-barrel core structure, a
signal peptide, and association with the cell wall. GLPs exhibit
a broad range of diversity in their occurrence and activity in
organisms ranging from myxomycetes, bryophytes, pteridophytes, gymnosperms, and angiosperms. Germins and GLPs
are thought to play a significant role during zygotic and somatic embryogenesis (wheat and Pinus, respectively), salt stress

(barley and ice plant), pathogen elicitation (wheat and barley),
and heavy metal stress (Patnaik and Khurana, 2001).
In the biological process ontology, the most associations were
to terms from the metabolism (73%; GO:0008152) and cellular
physiological process (21%; GO:0050875) subcategories. This
distribution tallies nicely with previous observations made in
Physcomitrella (Nishiyama et al., 2003) and in Tortula ruralis
(Oliver et al., 2004). In the two Arabidopsis GOA projects (Rhee
et al., 2003), 10.4 % and 43.8 % of the gene products are assigned
to the metabolism category (GO:0008152), while this fraction
in rice (Gramene: Ware et al., 2002) is about 31.4 %. Therefore,
the fraction of gene products associated with metabolism
(2917 distinct transcripts representing 11% of the transcriptome) is significantly higher in bryophytes (70 ± 80 %) than in
seed plants (10 ± 44 %). An explanation for this observation
might be that mosses contain a lot of alternative metabolic
pathways not known from seed plants (Girke et al., 1998; Brun
et al., 2001; Koprivova et al., 2002; Zank et al., 2002; Mikami et
al., 2004; Takezawa and Minami, 2004; von Schwartzenberg
et al., 2004).
Besides the major categories, a closer examination of the
smaller subcategories again reveals interesting annotations.
For example, of the 99 sequences associated with the response
to stimulus subcategory (GO:0050896), 36 were annotated as
putative peroxidases. 10 sequences with the same association
were annotated as putative catalases. Peroxidases and catalases participate in the scavenging of reactive oxygen species
(ROS). The intracellular ROS levels increase under stress conditions and lead to severe cell damage, especially caused through
the peroxidation of membrane lipids (Wojtaszek, 1997; Apel
and Hirt, 2004). This involement makes these enzymes interesting candidates for plant stress tolerance research (Du et al.,
2001).
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Fig. 6 The distribution of associated GO
terms, the numbers given are the observed
frequencies of associations for the corresponding term. (a) Molecular function category (GO:0003674). In total 5274 terms from
this category where assigned to 3922 distinct
transcripts. (b) Biological process category
(GO:0008150). In total 4390 terms from this
category where assigned to 3830 distinct
transcripts. (c) Cellular component category
(GO:0005575). In order to increase the information content, we have merged levels 3, 4,
and 5 from the cellular component ontology.
In total 2706 terms from this category where
assigned to 1757 distinct transcripts.

Another interesting group of gene products associated to this
category (GO:0050896) are dehydrins (two GOA) and LEA proteins (one GOA). Dehydrins and LEA proteins can be found in
all plants. Although their expression is strongly correlated
with the plant stress response, their molecular function is still
unknown. The dehydrins are considered as stress proteins in-

volved in formation of plant protective reactions against dehydration (Allagulova Ch et al., 2003). Late embryogenesis abundant (LEA) proteins are produced in maturing seeds and anhydrobiotic plants, animals, and microorganisms, in which their
expression correlates with desiccation tolerance (Wise and
Tunnacliffe, 2004).
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In order to increase the information content given in Fig. 6 c,
we have merged levels 3, 4, and 5 from the cellular component
ontology. The majority of sequences (2183) were assigned to
the intracellular compartment (GO:0005622). From this category, 55% were annotated as localized in the cytoplasm
(GO:0005737), 9% were found in the nucleus (GO:0005634),
and about 3% were targeted to thylakoids (GO:0009579). 457
sequences were annotated as localized in the membrane
(GO:0016020). 1% of these were assigned to the endomembrane system (GO:0012505), e.g., the N-acetylglucosaminyltransferase I (Koprivova et al., 2003). 24 transcripts were annotated as localized in the extracellular (GO:0005576) compartment. Seventeen of them are annotated as putative pectin
methylesterases (PME). These enzymes have been recently
confirmed to be part of the Physcomitrella patens secretome
(S. Tintelnot, personal communication).

Conclusions
We have generated an integrated knowledge repository for the
assembled virtual Physcomitrella transcriptome and have developed infrastructure for the further analysis and annotation
of the transcriptome.Thus, we are well prepared for the assembly and annotation of the forthcoming genome sequence.
The high-quality annotation pipeline described here was able
to annotate 63.4 % of the 26123 virtual transcripts. The procedure grouped the annotations of the sequences according to
six descending quality categories. 1.9 % of the sequences were
annotated in the **** category, 21.2 % in the domain-based annotation (***), 32.5 % in the ** category, 0.8% in the purely similarity-based annotation (*), and, for 2.1% of the transcripts,
the annotation was based on occurrence of InterPro domains
alone. The remaining 36.1% of the sequences were provided
with information concerning the production of the sequences.
Our analyses revealed the archetype of a virtual transcript,
with a total average length of 675 bp, a coding sequence (CDS)
of 399 bp, and untranslated regions (UTR) of 108 bp (5¢UTR)
and 169 bp (3¢UTR). A comparison with the archetype derived
from a small set of full length mRNAs illustrated the good overall coverage of the UTR regions, but also exposed the fragmentary nature of the predicted CDS. In addition, we detected several known eukaryotic cis-acting UTR elements in the assembled transcripts.
A Gene Ontology annotation (GOA) for the virtual transcriptome of Physcomitrella patens will be made available on
www.cosmoss.org. The distribution of the GO terms assigned
in this study demonstrated some consistency in the ratios of
the core molecular functions among the plant GOA. However,
the biological process ontology revealed a significant over-representation of gene products involved in metabolism in bryophytes in comparison with seed plants. This observation can
be taken as an indicator for the wealth of metabolite pathways
in mosses in comparison to spermatophytes. Additionally, the
investigation of low abundant subcategories of all three ontologies demonstrated many interesting candidates from various
fields of plant research.
The presented data are made available through a user-friendly
web interface, including a BLAST service as well as a sequence
retrieval system and a transcriptome browser. The combina-
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tion of these resources will help scientists from all over the
world to investigate the moss transcriptome. The primary area
of application for the knowledge resource will be as an interface for homology searching, sequence retrieval in a variety of
sequence formats, and browsing the transcriptome. Especially,
the record-based view of the transcriptome browser enables
researchers to recover the structure of the underlying transcripts, as presented in Fig. 3.
We plan to further expand the database by integrating results
from expression profiling experiments (Kroemer et al., 2004)
and proteomics (Heintz et al., 2004; Sarnighausen et al.,
2004), as well as by adding the possibility to manually curate
the annotations. Furthermore, in combination with data from
metabolic mutant screening (Schween et al., 2005), these integrated resources will be a valuable tool to establish systems
biology approaches for Physcomitrella patens.
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