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The Triticeae Full-Length CDS Database (TriFLDB) contains available information regarding full-length coding sequences
(CDSs) of the Triticeae crops wheat (Triticum aestivum) and barley (Hordeum vulgare) and includes functional annotations and
comparative genomics features. TriFLDB provides a search interface using keywords for gene function and related Gene
Ontology terms and a similarity search for DNA and deduced translated amino acid sequences to access annotations of
Triticeae full-length CDS (TriFLCDS) entries. Annotations consist of similarity search results against several sequence
databases and domain structure predictions by InterProScan. The deduced amino acid sequences in TriFLDB are grouped with
the proteome datasets for Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), and sorghum (Sorghum bicolor) by hierarchical
clustering in stepwise thresholds of sequence identity, providing hierarchical clustering results based on full-length protein
sequences. The database also provides sequence similarity results based on comparative mapping of TriFLCDSs onto the rice
and sorghum genome sequences, which together with current annotations can be used to predict gene structures for TriFLCDS
entries. To provide the possible genetic locations of full-length CDSs, TriFLCDS entries are also assigned to the genetically
mapped cDNA sequences of barley and diploid wheat, which are currently accommodated in the Triticcae Mapped EST
Database. These relational data are searchable from the search interfaces of both databases. The current TriFLDB contains
15,871 full-length CDSs from barley and wheat and includes putative full-length cDNAs for barley and wheat, which are
publicly accessible. This informative content provides an informatics gateway for Triticeae genomics and grass comparative

genomics. TriFLDB is publicly available at http://TriFLDB.psc.riken.jp/.

The recent accumulation of nucleotide sequences for
agricultural species, including crops and domestic
animals, now permits the application of genome-
wide comparative analyses of model organisms with
the goal of identifying key genes involved in pheno-
typic characteristics (Cogburn et al., 2007; Flicek et al.,
2008; Paterson, 2008; Tanaka et al., 2008). The integra-
tion of genomic resources derived from various related
species, such as large-scale collections of cDNAs and
data from whole-genome sequencing projects, with
various types of knowledge bases permits the sharing
of information about gene function between models
and applied organisms.

Integrative databases that house the sequences
of systematically collected full-length cDNA clones
have become fundamental initial resources for the
bold promotion of the study of genomics in various
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organisms (Hayashizaki, 2003; Imanishi et al., 2004;
Maeda et al., 2006; Tanaka et al., 2008; Yamasaki et al.,
2008). In plants, full-length cDNA sequence resources
are being used for a variety of purposes. For example,
they are being used to create accurate genome anno-
tations, for comparative analyses that link the genomic
information of model and applied species, as sequence
resources for protein sequence-based comparative
analyses, and as sequence datasets for identifying
proteins corresponding to peptides that have been
detected using proteomics (Itoh et al.,, 2007; Ralph
etal., 2008; Alexandrov et al., 2009; Seki and Shinozaki,
2009). Furthermore, collections of full-length cDNA
clones have been used for systematic screening of
characteristic gene functions by phenotyping overex-
pressor pools of full-length cDNA libraries. This tech-
nique was established recently in the Arabidopsis
(Arabidopsis thaliana) “FOX hunting” (for Full-length
cDNA Over-eXpressor gene hunting) system. Full-
length cDNAs are key resources that provide a link
between the genome, the transcriptome, and the
proteome (Tochitani and Hayashizaki, 2007). Thus,
full-length cDNAs and their annotations provide an
initial gateway to various omics data (Sakurai et al.,
2005; Maeda et al., 2006). To respond to the increasing
amount of plant genome data, user interfaces that
provide a seamless integration of comparative func-
tions will be required to perform knowledge mining
not only within community databases for specified
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organisms, but also across datasets integrated with
multiple plant species (Spannagl et al., 2007; Ware,
2007). Full-length ¢cDNA resources and modeled pro-
teomes should be integrated with various types of
representative sequence resources not only in the same
species, but also in related species, thereby making it
possible to exchange genomic knowledge and gain
insight from comparative genomics (Dong et al., 2005).
Furthermore, comparative allocation between tran-
scripts from related species and the genome sequences
of model organisms should be informative for both
species, allowing for predictions and comparisons of
gene structure and splicing patterns and assisting in
the detection of genes and flanking sequences of
possible counterparts (Mitchell et al., 2007; Zhu and
Buell, 2007). The protein domain structure of modeled
full-length protein sequences should also be compiled
so that comparative sequence family analyses can be
performed (Horan et al., 2005; Conte et al., 2008).
Transfer of the genomic and genetic information of
model organisms to related applied plant species
should be promoted, particularly in the case of plant
families that include both sequenced organisms and
crops. This transfer should include full-length tran-
script-related datasets that are enriched with annota-
tions, such as orthologous gene sequences and DNA
markers (Sato and Tabata, 2006; Sato et al., 2007).

The Poaceae are a plant family that includes four
major food staple crop species: wheat (Triticum aesti-
vum), maize (Zea mays), rice (Oryza sativa), and barley
(Hordeum wvulgare). cDNA and/or genome sequence
data for crops of the Poaceae have recently been
accumulating in the public domain. Completion of
the whole-genome sequencing of rice and its curated
annotation using full-length cDNA data have
benefited comparative plant genomics by increasing
our understanding of genome-wide features and ac-
celerating practical cereal breeding (International Rice
Genome Sequencing Project, 2005; Itoh et al., 2007).
The draft genome sequence of sorghum (Sorghum
bicolor; in the Panicoideae subfamily) has been re-
leased and used for genomic comparisons with maize
(Paterson et al., 2009). Large-scale EST and full-length
cDNA collections of maize have also been used as
resources to aid ongoing genome sequencing (Lai
et al., 2004; Jia et al., 2006). ESTs of common wheat
and barley (in the Pooideae subfamily) have been
collected on a large scale to establish a comprehensive
sequence resource for gene discovery and a reliable
database of gene expression (Zhang et al., 2004;
Mochida et al., 2006). Progress has now been made
in both the barley and wheat genome sequencing
projects, and full-length cDNA-related databases are
expected to be key resources for genome annotation in
these crops (Paux et al., 2008; Schulte et al., 2009).
Sequence information from the large-scale collection
of full-length cDNA clones of wheat and barley has
been released to the public domain (Sato et al., 2009;
K. Kawaura, K. Mochida, A. Enju, T. Totoki, A. Toyoda,
Y. Sakaki, C. Kai, J. Kawai, Y. Hayashizaki, M. Seki,
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K. Shinozaki, and Y. Ogihara, unpublished data). As a
result of these comprehensive efforts, there are now
more than 15,000 nucleotide sequence entries avail-
able for the Triticeae (a tribe in the Pooideae), each of
which potentially covers full-length coding sequences
(CDSs).

To integrate our genomic knowledge of plants and
facilitate further discoveries, many public databases
that contain important plant genomics resources and
that have effective interfaces have been established
(Supplemental Fig. S1). PlantGDB, The Institute for
Genomic Research (TIGR) Gene Indices, TIGR Plant
Transcript Assemblies, and HarvEST provide clus-
tered and representative transcript sequences result-
ing from advances in large-scale EST compilation.
Each of these databases is useful not only for the
provision of comprehensive transcripts, but also for
comparisons among plant species (Liang et al., 2000;
Lee and Quackenbush, 2003; Childs et al., 2007; Close
et al., 2007; Duvick et al., 2008). The integration of
genetic markers with corresponding genomic and/or
transcriptomic sequences is facilitating genome-wide
genetic approaches. Gramene is a database established
for plant comparative genomics that provides genetic
maps of various plant species (Jaiswal et al., 2006;
Ware, 2007; Liang et al., 2008). GrainGenes is a popular
site for information regarding genetic markers in
Triticeae species (Carollo et al., 2005). We also recently
released a new database (Triticcae Mapped EST Data-
base [TriMEDB], http://TriMEDB.psc.riken.jp/) that
focuses on genetically mapped cDNA markers of
barley and diploid wheat. TriMEDB allows researchers
to perform cDNA-based genetic knowledge compari-
sons among Triticeae species and syntenic regions of
the rice genome (Mochida et al., 2008). Furthermore,
genome annotations and modeled proteome datasets
from the sequenced plant species (i.e. Arabidopsis and
rice) can be used effectively for genome-wide com-
parative studies, such as comprehensive gene family
constructions. Such studies can themselves yield da-
tabases that are useful for further phylogenetic studies
(Horan et al., 2005; Conte et al., 2008; Wall et al., 2008).
However, there are no databases that assemble the
modeled proteome-based data of Triticeae species
together with annotations based on comparative ge-
nomics that have effective links to knowledge data-
bases of other plant species. The integration of
resources for full-length CDSs of the Triticeae species
will be important for comparative studies among
Gramineae species, as well as a wide range of other
species.

Therefore, to fill the gap in our knowledge of full-
length CDSs of the Triticeae and, thus, to facilitate
comparative grass genomics, we gathered the rela-
tional annotations of full-length CDSs of wheat and
barley into a new database with the following specific
properties. The first property was to provide predicted
domain structures as well as other protein domain-
oriented annotations of entire amino acid sequences
that have been deduced from full-length CDSs and
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from CDSs clustered with proteome datasets of other
plant species. The second was to provide seamless
cross references to previously released sequence data
resources, which was accomplished by annotating
each of the database entries with possible identical
sequences and/or counterparts in various transcripts
and also by annotating the modeled proteome data
resources of plant species, all with related reference
links. The aim of this was to integrate knowledge and
thus increase our understanding of gene annotations.
Third, each of the entries in the database was related to
the genetically mapped ¢cDNAs of barley and diploid
wheat, which in turn were bidirectionally integrated
with TriMEDB. This yields a synergistic data relation-
ship and extends the application of these resources to
provide potential genetic positions of full-length tran-
scripts on linkage maps of Triticeae in silico.

Here we describe our novel database. The Triticeae
Full-Length CDS Database (TriFLDB) integrates knowl-
edge of full-length CDSs of Triticeae crops with
insights into comparative grass genomics. Currently,
TriFLDB consists of 8,530 wheat and 7,341 barley
putative full-length CDSs and related information.
TriFLDB can be accessed via the Web interface at
http:/ /TriFLDB.psc.riken.jp /.

RESULTS AND DISCUSSION
Dataset, Design, and Search Interface of TriFLDB

The dataset integrated into the initial version of
TriFLDB is summarized in Table I. Full-length CDSs
were predicted using the full-length open reading
frame (ORF) methods employed in the japonica rice
full-length ¢cDNA project (Kikuchi et al., 2003). As
supporting information, DECODER (Fukunishi and
Hayashizaki, 2001), which was originally used for full-
length CDS prediction in the functional annotation of
the mouse transcriptome 3 (FANTOMS3), was also
applied to full-length CDS prediction (Furuno et al.,
2003). From the results of both methods, we predicted
that 87.8% of the full-length barley cDNAs and 87.0%
of wheat cDNAs contained putative full-length CDSs
(Table 1II).

We integrated full-length CDS data for wheat and
barley with various annotations into a database capa-
ble of providing insights for comparative genomics.

Table 1. Data sources for TriFLCDS

Organisms DNA CDS/Protein Source

Barley 2,348 2,348 Genpept/GenBank
5,006 4,993 BarleyDB

Barley total 7,354 7,341

Wheat 2,393 2,393 Genpept/GenBank
6,158 6,137 RIKEN/NBRP Komugi

Wheat total 8,551 8,530

Total 15,905 15,871
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Table Il. CDS predictions for barley and wheat full-length cDNAs
using longest-frame prediction and DECODER

BarleyDB o1 EN Wheat
Barley Full-Length
Full-Length <DNA
cDNA
No. sequences examined 5,006 6,158
Longest frames predicted 5,002 6,142
DECODER CDS frames predicted 4,576 5,562
DECODER fragments predicted 430 596
Consistent frames predicted 4,397 5,360
% of predicted full CDS-containing 87.8 87.0

clones

First, we retrieved full-length cDNA data and protein
data deduced from full-length CDSs and analyzed it
bioinformatically. This yielded sequence annotations,
hierarchical protein clustering, and sequence similarity-
based mapping of Triticeae full-length CDSs com-
pared to the rice and sorghum genomes (Fig. 1).

To access housed full-length CDS entries, TriFLDB
provides a Web-based search interface enabling key-
word and sequence similarity searches (Fig. 2). It is
possible to search with keyword strings from BLAST
definitions as well as with identifiers from databases
such as PFAM, Prosite, and Panther. Gene Ontology
(GO) terms assigned in the InterProScan results can
also be used, as predicted chromosomal locations from
TriMEDB (Fig. 2A). National Center for Biotechnology
Information (NCBI) BLAST has also been implemented
on the TriFLDB Web site. The BLAST service allows
users to perform a homology search against multiple-
sequence datasets. The database for this BLAST service
consists of wheat and barley full-length cDNAs and
their transcribed amino acid sequences, as well as the
Arabidopsis proteome dataset from The Arabidopsis
Information Resource (TAIR) and the Rice Annotation
Project Database (RAP-DB) and TIGR rice databases
(Fig. 2B). These search interfaces provide users with
effective access to Triticeae full-length CDS (TriFLCDS)
entries by using various types of queries that are also
used in the databases for other plant species. For
wheat and barley, this approach permits knowledge of
model organisms, such as rice and Arabidopsis, which
could be used for gene discovery and crop improve-
ment (Bellgard et al., 2004; Varshney et al., 2006).

Annotation of Triticeae Full-Length CDSs

The Web interface displays information on
TriFLCDSs that includes the results of CDS predictions
and the nucleotide and deduced protein sequences (Fig.
3, A B). To provide annotations based on sequence
similarity, nucleotide sequences of TriFLCDS entries
were used as the query to search against the sequence
sets provided in various public data resources. Because
assignment of full-length CDSs with clustered repre-
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Figure 1. Schematic representation of the informat-
ics workflow used to generate TriFLCDS entries and
related annotations. The user can access the three
types of TriFLDB content using sequence similarity
and keyword searches or the genome browser
Gbrowse to access data on homology mapping be-
tween TriFLCDSs and the rice and sorghum genomes
(bottom).
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classification
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Multiple alignment

| | Exon/intron prediction |
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Similarity and keyword search

sentative transcript sequences makes it possible to use
complete ORFs, which facilitates the molecular eluci-
dation of CDS function and gene structure, TriFLCDS
entries were assigned to clustered, representative tran-
script sequences of wheat and barley using separate
BLASTN searches against the NCBI UniGene, Plant
GDB, TIGR Gene Index, and HarvEST databases. In
total, 7,030 (95.8%) full-length CDSs from barley and
7,719 (90.5%) from wheat were assigned to at least one
representative transcript derived from these clustered
cDNA sequence datasets (Supplemental Fig. S2A).

R s search

Search by sequence name

Search

'AK251805 RFL_Contig5293

Search by keyword

Search by InterProScan result

AN Glear

IPRO02422 PRO0TS3

Search by GO Term

Search by chromosome

To obtain clues about gene function, TriFLCDS en-
tries were also searched against the annotated protein
datasets of Arabidopsis, rice (RAP-DB and TIGR), and
sorghum, as well as against representative nonredun-
dant protein data repositories (nr of NCBI and UniProt
of the European Bioinformatics Institute [EBI]). We
found hits with significant similarity to more than 80%
of the TriFLCDS entries in Arabidopsis and to at least
87% in rice and sorghum (Supplemental Fig. S2B). The
results of the similarity searches for each of the
TriFLCDS entries are shown on the Web interface,

B Homology search

BLAST search

Program | blastn ‘%

CIRIKEN 7rticum aestivum f-cDNA

[CIBARLEY DB Horceum vulugare f-cDNA
[larabidopsis thaiana (TAIRT)

Clorvza sativa (RAP-DB ver.2)

[lOnyze sstiva (TIGR pseudomalecules ver.5.0)
[ClSarghum bicolor (JG1ver1.0)

[CIGenpent Trticum gestvum 1-CDS
[CIGenpept Hordeum vulugars 1-CDS
[lGenbank_retrieved(081126) Zea mays 1-CDS
nucleotide

[IRIKEN Triticurn aestivurn fl-cONA (8,162)
[IBARLEY DB Hordeum vulugsre fi-cDNA (5,008)
[JGenpept Triticurn sestivum 1-CDS

[loenpent Hordeum vukgare 1-CDS
[IRAP201yze satve CDS

[IRAP20ryz2 sativa cDNA

[IRAP20rz2 sativa gene
[CJGenbank_retrieved(081126)Zes mays i-cdna
[Genbank_retrieved(081126)285 mays fl-cds

Enter sequence below in FASTA formal

Orload it from disk
Setsubsequence: From To

Clear sequence | |Search

Figure 2. Search interfaces for accessing TriFLDB content. The user can search TriFLCDS not only with sequence identifiers, but
also by using various types of strings, such as keywords in the descriptions of BLAST hit sequences, identifiers of conserved
protein domains and related GO terms found by InterProScan searches, and the predicted allocated chromosome name (A). The
user can also access sequence similarity searches for TriFLCDS entries and for sequence sets of other plant species (B). [See

online article for color version of this figure.]

1138

Plant Physiol. Vol. 150, 2009



A TriFLCDS summary

Accession RFL_Contigh66

CDNA Length 1238 nucleotides
Peptide Length predicted 313 amino acids
Ghrowse rice Mapped
Ghrowse sorghum Mapped
Fulllength CDS prediction
Longest CDS predicted 58.999
DECODER predicted ORF 58.9%
predicted protein length 313 amino acids
DECODER predicted status ~ CDS 58,999
result opt
prediction status consistent

C BLAST results

Fiker
vsDB Program  Description Score Evalue
@ NCBInr blastx Dil4894963|gblAAD3 2676 1]AF1 40553_1 DNA-hinding protein WRKY3 [Avana sativa] 3% Sedd
ENCBInr blaste  i|4894963|gbAAD3IZ676.11AF 1 40553_1 DNA-binding protein WRIY3 [Avena sativa] = 39 |01
FRAP | blast 050490267400}AK100954 & 313 |1ee0
ERAP  blatp 050450287400|AK100954 & e i
#TAR blast A 550.1 | Symbols: ATWRKY11, WRKY11 | WRKY11 (WRKY DNA-binding protein 11); 202 Jes2

tion factor | chré:15290071-15291464 REVERSE &

AT4G31550.1 | Symbols: ATWRKY11, WRKY11 | WRKY11 (WRKY DNA-binding prolein 11); 202 2es2
transcription factor | chrd:15290071-15291464 REVERSE &

PTAR  blastp

2 UniProt  blast QEXFF0|QAXFFO_AVESA DNA-binding protein WRKY3 - Avena sativa (Oaf) & bl e
2 UniProt  blastp QEXFF0|QIXFFO_AVESA DNA-binding protein WRKY3 - Avena sativa (Oaf) & 20 «101
#TIGR blaste LOC_0s0421950 112004 m07345|protein OsWRKYS1 - Superfamily of rice TFs having 313 2688

WRKY and zinc finger domains, expressed =
#TIGR  blasp LOC_0504021950.112004,m07 345]protein OsWRKYS1 - Superfamily of rice TFs having 320 2087
WRKY and zinc finger domains, expressed (=
ETIGR G| blasin Hv: TC150189 similar to UPIGBIENT (QBIENT) WRKY transcription factor 51, partial (80%) 108 00
ETIOROI blastn  7a:TC223354 similar to UPIQBIENT (QBIEN1) WRKY transcription factor 51, partial (86%) & 209 00
Hv: U32_12552 5 ¥ 1149 1e-133 UniRef90_QEXFFO Cluster. DNA-binding protein WRKY3, 199 00
n=1; Avena salivalRep: DNA-binding protein WRKY3 - Avena sativa (Oal) 5

HanEST  blastn

HanEST  blasin Ta: UWK_26754 1 ¥ 567 6e-057 UniRef0_Q9XFFD Cluster. DNA-binding protein WRKY3; 808 00

n=1; Avena sativa|Rep: DMA-binding protein WRIKY3 - Avena sativa (Oaf) &

@ basn  Wv PUT-1613-Hordeum_vuigars-2341 PlantoDB-assembled Unique Transcriptfragment 708 00
PlantGDB derived from Hordeur_vulgare mRNAS Sep_3_2007 (based on GenBank release 161), &

2 v Ta: PUT-153a-Triticum_aestivum-81826 PlantGDB-assembled Unique Transcriptfragment 2103 00
PlantGoB derived from Triticum_aestivum mRNAS May_12_2006 (vased on GenBank release 153)

UniGene  biastn i gnilUGIHV#S12510760 HVSMEIDD23
HvcDNADD10 (20 DAP) Hordeum vulgare subsp. vulgare cDNA clone HVSMEIOD23G021,
MRNA sequence jlone=HVEMEIDDZ3G02( gb=BG36O241 /gi=13258342 fug=Hv 7458

Nen=785 &

21 Hordeum vulgare 20 DAP spike EST library 458 128

UniGene  blastn Ta: gnijUGITa#516057993 Triticum aestvum clone wimkB pk0019.b11-fs, full insert mRNA 2081 00
sequence /5b=BT008448 gi=32129000 jug=Ta 44486 flen=1227 &
& gl blartc St04g016540.1 " Se3

@Sbi b 5h04016540.1 8 5630

TriFLDB: Full-Length Coding Sequence Database for Triticeae

Sequence
CDNA
>RFL_Contigales

BCEATCATGACCATGGATCTGATTGGAGGATACGGGAGGGCCEACE
ACCTCATCCTGCAGCTCTCCCGGACAGGCACCAGCGAGAGCTCGCCGET
TTCAAGAAGGTGATTTCTAT CACCGC

CCCATT ACCTATCTTATCT
AGCAGGTGGCCATCCAGGAGGCGECGGCGGCGEE0CTET
TGOGTC GCAGGTAGACT TCACTG:
ACTGGCCACGCCAGETTCCEGC6CE66CCTETOOTEGCGCAGTCCCAGGGCCCCGLCETETCCGAGCCEGCECCGETEAGGGCETCTTCGTCOAGETCCA
TGACCTTGEACTTCAC CARGECETCTTCCGGETACGEARCGACGCCOGETTCAGL GTCTCGELCECEAGCTCATCCTTCATGTCGTCGETCACCOETEA
COGGABC AACGGACGCOEGEGCGETCCTCOCTGATGCTCCCGCCGCCACCT TGCGEGARACCGCCGET A
TCCACCGGCGCCGETECCG6GCAGARGCGCARGTGCCACGA GTACGGCGCCT
A\WEWEIZMDEDEAEGMATECEGGFI‘TEEDEE-DI.TEAET‘CGC(TI’EEEEEEEATEADETEDMEGCEECGGnGnTEEEEDEEDAEEAETTETE(T[EEEE
CAAGTATGGCCAGAAGC CTATCARGGGCTCCCCCTACCCACGAGGTTACTACAAGTGCAGCACGETGLGCGEETECCCEGCGCGEAMGCACCTGGAGCET
GACCCCAGCGACCCCTCCATGCTCATCGTRACCTACGAGGGCGAGCACCGGCACAC CCCCOCCEACCAGEAGCCGCTCGCCCCGCTACCOOAGCTCTGAR
ATCTCTTTGCCATTACCGTCGTCCTCACATGTTARTTCAACTTAGCT
TAAGCACTAGAATTTCTTTTICTTTIGGCCGCATCGGTT
GAAL

Homology search

Peptide predicted based on the longest CDS
SRFL_Contigdl66 [pep+1:58-399
HHTHDL]GDYDWIUVAIUEMGLEEN}TF(LILI]LERTETSEﬁSPVES3EA?EﬂHWEREITﬂHTVﬁRFE‘I(VISILWTEWTRREPWAQﬁUG?A

ACTCAGAGAACE

TCCCTTCGTGACTGCTAGCTS ATAA

TGTGTAGTTGGAAGCTTTGAGCTTTGAAGAA

VSEPAPVRASSSRSNTLDFTF LML PPPPSASCORPPLASSAASTGAGAGQKRKCHDHAHSE
HVAGGYG TRYPALSSKARETPADD FSURKTOOKP TKD S FRGTYC STVRGC PARKIIVERD PSD PSNLIVTYEGEHRHT
PADOEPLAPLPEL
Homalogy search

Gene Ontology

InterProScan
& GO:0003700
Molecular Function
transcription factor activity
& GO:0005634
Cellular Component
nucleus
& GO:0043565
Molecular Function
sequence-specific DNA binding
& GO:0045449
Biological Process
regulation of transcription

E InterProScan result

detail
RFL_Corfigd 168 LENGTH: 343 2a

IrtesFro.

IPROOIESTDomain

DNAin|

PFO3106 WRICY
PS50811 WRICY
unintegrated

509 seg

Figure 3. Typical example of the detailed annotation of TriFLCDS entries. A, Summary table for a TriFLCDS entry, including the
results of full-length CDS predictions. B, Nucleotide sequence and deduced protein sequence. C, Results of a similarity search
against various sequence resources. D, List of the GO terms associated with the TriFLCDS entry. E, Domain structure predicted by

InterProScan. [See online article for color version of this figure.]

and, whenever possible, links to the original data for
each hit are provided so as to enable browsing of
additional related information (Fig. 3C). For domain-
based functional annotation, the deduced protein data
were subjected to a domain search using InterProScan.
In total, 13,162 (82.9%) entries were assigned to at least
one identifier of the database used in InterPro. Using
the Web interface, the user can browse each of the
results of the domain search, along with the predicted
GO classification (Fig. 3, D and E). A synopsis of the
results of the similarity search against various se-
quence resources is shown on the Web interface, and
this should allow researchers to determine the anno-
tation status of the searched entries and the predicted
annotation of the most likely counterparts in other
databases. This should help users to build hypotheses
that are related to gene function.

To construct a dataset that relates the proteins
predicted in TriFLDB to those of other plant species,
we grouped TriFLCDSs hierarchically into homolo-
gous clusters with the protein datasets for Arabidop-
sis, rice, and sorghum. Clustering with a 90% identity

Plant Physiol. Vol. 150, 2009

threshold produced 10,639 clusters containing one or
more protein sequences derived from wheat or barley
full-length CDSs. This indicates that the current ver-
sion of TriFLDB contains putative full-length CDSs
that correspond to more than 10,000 nonredundant
genes (Supplemental Table S1).

Hierarchically clustered data have been added to
TriFLDB and are presented together with information
on the domain structure predicted for each protein
sequence. This information can be browsed via a Web-
based hierarchical structure, which is a viewing inter-
face that contains annotated domain data as well as
hyperlinks to the reference databases (Fig. 4). The
interface provides the structure and relationships of
the modeled proteomes of Arabidopsis, rice, and sor-
ghum, and includes TriFLDB entries that are clustered
according to global amino acid identities. Since all of
the TriFLCDS entries in the viewer are reciprocally
related on each annotation page, the user can navigate
to the detailed annotation pages of other TriFLCDS
entries classified in the same cluster. To provide clues
for sequence comparison among clustered proteins,
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Hierarchically Clustered Protein Viewer

30% identity 60% identi 0% identity
=-| 30_Cluster_2669 | alignment =I'| 60_Cluster_7404 alignment =] 80_Cluster_10916
= Hordeum vulgare: 1 hit = Hordeumn vulgare: 1 hit = Sorghum bicolor: 1 hit

AK251905 = AK251905 = & Sb04g007460.1 &
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Figure 4. Example of a hierarchically clustered protein sequence TriFLDB entry containing sequences from Arabidopsis, rice,
and sorghum, presented with the hyperlinked destination for each of the referenced annotations. The Web interface employs a
tree-form viewer to provide the results of clustering with global amino acid sequence identity thresholds of 30%, 60%, and 90%.
The viewer also provides identifiers for clustered sequences via four kinds of hyperlinks: multiple alignment, InterProScan
domain search results, the annotation page of the original data resources, and each data resource for the protein domain families

identified. [See online article for color version of this figure.]

the interface provides four kinds of hyperlinks to
internal and external data resources. The user can
confirm a multiple alignment of each clustered data-
set, and these can be captured in the clustalw format
and shown in a subwindow opened from the align-
ment hyperlink in each cluster. The protein domain
search results from InterProScan for all clustered en-
tries can be browsed, and hyperlinks to the original
protein domain knowledge resources are also pro-
vided. The domain identifiers listed for each of the
sequence entries should allow a clear assessment of
the sharing status of the domain structure among the
clustered sequences. Hyperlinks to referenced anno-
tations in the modeled proteome datasets of Arabi-
dopsis, rice, and sorghum are also provided to permit
comparisons of domain structures among clustered
genes with seamless browsing.

The detailed annotations of each of the TriFLCDS
entries that have been inferred via sequence similarity
as well as predicted protein domains should facilitate
the prediction of possible gene functions, as well as the
configuration of further functional analyses and/or
the narrowing down of candidate genes in Triticeae.

Integration of Full-Length CDS Data and Genetically
Allocated cDNA Markers of Triticeae

Genetic localization of full-length CDSs will greatly
facilitate the positional cloning of targeted genes in
wheat and barley. We related mapped EST markers to
full-length cDNA sequences and to CDSs of barley and
wheat to generate a table showing the map locations of
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full-length transcripts in Triticeae. Out of 3,605 map-
ped cDNAs, 2,182 (60.5%) demonstrated significant
similarity to full-length CDSs of either barley or wheat
(Table III). TriFLDB entries assigned to mapped wheat
and barley cDNA markers can be searched using
wheat and barley chromosome names, and relational
links are provided on the Web interface together with
additional annotations (Fig. 5, A and B). The user can
browse information on corresponding cDNA markers
at the TriMEDB interface (Fig. 5C) and can search for
cDNA markers related to full-length CDSs via the
TriMEDB search interface (http://TriMEDB.psc.riken.
jp/cgi-bin/TriMEDB/marker_search.pl). The inte-
gration of mapped ESTs with full-length CDSs
can provide valuable information, especially when
accompanied by annotations, such as predictions of
whole-gene structure. This information can be used to
coordinate nucleotide polymorphism discoveries with
marker development. Moreover, genome-scale geno-
typing will facilitate forward genetic approaches, such
as QTL analyses and association studies (Varshney
et al., 2006).

Assignment and Assembly of Wheat and Barley ESTs
into TriFLCDSs

Full-length CDSs are useful for obtaining accurate
sequence clusters and for the assembly of cDNA
sequences. To determine the relationships between
TriFLCDSs and the released ESTs of wheat and barley,
we conducted BLAST similarity searches with the ESTs
against TriFLCDS entries. Each query EST demon-
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Table 11l. Assignment of nonredundant EST markers of TriMEDB
v. 2.0 (3,605 marker groups) to full-length CDS entries in TriFLDB

No. of Entries of THFLDB  T\©: Of Marker Groups of

Organism P TriMEDB Assigned to
Used for Similarity Search THFLCDS (%)
Barley 7,341 1,486 (41.2)
Wheat 8,530 1,457 (40.4)
Total 15,871 2,182 (60.5)

strating =80% nucleotide identity to TriFLCD and
with a high-scoring segment pair (HSP) alignment of
at least 100 bp was included. Their distributions and
identities are summarized in Figure 6A. The results
indicate that 238,142 (49.3%) of the released barley
ESTs were assigned to the barley full-length CDS
entries in TriFLDB and that 481,804 (47.5%) of the
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TriFLDB: Full-Length Coding Sequence Database for Triticeae

released wheat ESTs were assigned to and the wheat
full-length CDS entries in TriFLDB, which enabled the
identification of the corresponding full-length CDSs.
Using the wheat and barley ESTs that were assigned to
respective TriFLCDS entries, we assembled each se-
quence group into contigs to facilitate transcript as-
sembly using the full-length CDSs. As an example of
the interface of the database, the cDNA assemblies of
the ESTs that were assigned to entries in TriFLDB are
shown in Figure 6B. We found that 311,429 (64.5%)
barley ESTs and 621,688 (61.3%) wheat ESTs could be
assigned to at least one of the barley or wheat full-
length CDS entries of TriFLDB. These assignments are
most likely between pairs of identical or possibly
homologous sequences. These data should provide
for a more accurate assembly of cDNAs and better
predictions of the structure of the wheat and barley
transcripts. The assembly of ESTs into the best possible
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Figure 5. Example of the interdatabase relationship between TriFLDB and TriMEDB. The user can search TriFLCDS entries using
chromosome names as a result of the connection to genetically mapped cDNA markers in TiMEDB. A, The annotation page for
each of the TriFLCDS entries provides a relational link to the assigned cDNA marker information. B, The user can browse detailed
information related to the corresponding cDNA markers. The TriMEDB interface provides a link to TriFLDB for browsing
corresponding full-length CDSs (C). [See online article for color version of this figure.]
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Figure 6. Summarized results of EST assignment to TriFLCDSs on the basis of similarity searches, and a typical example of
clustered ESTs assembled together with full-length CDSs to form a contig sequence. Pairwise alignments between ESTs and
possible full-length counterpart TriFLCDSs with at least 80% identity and a HSP of at least 100 bp were plotted under each of the
search conditions. The BLAST-searched combinations of queried ESTs and full-length CDSs indicated by asterisks (*) in the graph
were used for sequence assembly against the wheat and barley entries provided in TriFLDB. TaEST and HVEST refer to the EST
datasets of wheat and barley, respectively, that were used as query data in the BLAST search. TaFLCDS and HvFLCDS refer to the
TriFLCDS entries for wheat and barley, respectively, that were used as the database in the BLAST search (A). Barley and wheat
ESTs assigned to the TriFLCDSs of barley and wheat, respectively, were assembled, and each of these is shown in TriFLDB. A
barley entry, AK251905, is shown as an example of the assembly of barley ESTs and TriFLCDS (B). [See online article for color

version of this figure.]

transcripts is helpful not only for gaining representa-
tive transcripts, but also, in many cases, for using them
as initial sequence resources for the design of genomic
tools, such as probes for oligo arrays and sequence-
tagged site primers (Mitchell et al., 2007). The full-
length CDS-based assembly of ESTs can also provide
reference alignments for the identification of polymor-
phisms among released transcript sequences. Such
identifications are also useful for designing transcript
sequence-based markers. Given the expected growth
in the number of transcript sequences that will be
released, the integration of additional full-length CDSs
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and ESTs of Triticeae should become an important data
resource that enhances genomic infrastructures in
Triticeae.

Comparative Mapping of TriFLCDSs onto the Rice and
Sorghum Genomes

To visualize predicted exon-intron structures and
the comparative genomic features of Triticeae tran-
scripts in rice and sorghum, sequence similarity-based
mapping of TriFLCDSs onto the rice and sorghum ge-
nomes was performed. The Generic Genome Browser
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Figure 7. Typical example of the results of comparative mapping of TriFLCDSs onto the rice (A) and sorghum (B) genomes,
shown here in the Gbrowse interface. The interface provides allocated TriFLCDS entries together with annotated gene
information from the original data resources. [See online article for color version of this figure.]
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(Gbrowse; Donlin, 2007) was used to visualize the
predicted gene structure of each full-length CDS (Fig.
7). Because the database for Gbrowse contains current
rice and sorghum gene annotations, the user can
compare predicted gene structures of TriFLCDSs
with their possible counterparts in rice and sorghum.
A total of 12,486 full-length CDSs were mapped onto
the rice genome, and 12,242 onto the sorghum genome
under the set threshold (Supplemental Table S2).
About 80% of the TriFLCDS entries were assigned to
the sequenced genomes, yielding predictions of gene
structures, such as exon boundaries that should be
useful for designing probes and/or sequence-tagged
site primers for gene mapping in barley and wheat.
Although most of the entries were allocated to the
annotated gene regions of rice and sorghum, some
were allocated to the nonannotated regions, as sum-
marized in Supplemental Table S2. Comparative map-
ping of full-length CDSs and ¢cDNAs can provide
evidence of gene structure and splicing patterns
among homologous genes. Because the genomic
browser in TriFLDB for the rice genome is completely
interrelated with that in TriMEDB, users can also
compare and confirm knowledge of cDNAs and full-
length mapped sequences in the rice genome. This
feature is useful for designing markers and for brows-
ing syntenic regions of the rice genome. Recent pro-
gress has been realized in the genome sequencing of
Brachypodium distachyon as a model grass species
(http://www.brachypodium.org/). In the future,
TriFLDB will include the Brachypodium genome draft
as a third reference genome, which will permit further
integration and facilitate the comparative genomics of
grasses. The resulting comprehensive full-length CDS
resource should be useful for annotating the Brachypo-
dium genome and for comparative studies of Triticeae
species (Bossolini et al., 2007; Faris et al., 2008; Ozdemir
et al., 2008).

The database structure of the current version of
TriFLDB and its relationship with TriMEDB are de-
picted in a schematic diagram showing the data
handling and generated relational datasets with cor-
responding Web interfaces (Supplemental Fig. 53). The
genome resources related to Triticeae species will
continue to accumulate (Schulte et al., 2009). There-
fore, it is important that comparable datasets from
related organisms be accessible and cross referenced
(Childs, 2009). Because they feature segmentalized
data tables and various types of interfaces for brows-
ing, the database structures of TriFLDB and TriMEDB
should be able to respond to such expected increases
in genomic resources in Triticeae, as well as in other
model plant species. The Poaceae are a good example
of how genomic knowledge of crops, such as wheat,
barley, and maize, is facilitated by comparative ge-
nomics with a model organism, such as rice (Paterson
et al., 2005). Integration of the information present in
our database, in which the modeled proteome data of
applied crops is related to functional annotations of
model species, increases the ability to cross reference

Plant Physiol. Vol. 150, 2009

TriFLDB: Full-Length Coding Sequence Database for Triticeae

between these species, and thereby facilitates knowl-
edge exchange and application of databases to com-
parative crop genomics.

CONCLUSION

This integrative Web-based database interface pro-
vides information on putative full-length CDSs of
wheat and barley that will facilitate the comparative
genomics of grasses. The database should meet the
broad demands of researchers who need to search for
information related to Triticeae genes with the goal of a
greater understanding of Gramineae species. The da-
tabase should accelerate progress in Triticeae ge-
nomics and plant comparative genomics, as well as
facilitate molecular breeding programs.

MATERIALS AND METHODS
Prediction and Retrieval of Full-Length CDSs

We retrieved cDNA sequences of completely sequenced wheat (Triticum
aestivum) full-length cDNAs using a primer walking method with the Phred/
Phrap package (Ewing and Green, 1998) to generate the assembly at RIKEN
and the Kihara Institute for Biological Research, Yokohama City University,
Japan (K. Kawaura, K. Mochida, A. Enju, T. Totoki, A. Toyoda, Y. Sakaki, C.
Kai, J. Kawai, Y. Hayashizaki, M. Seki, K. Shinozaki, and Y. Ogihara, unpub-
lished data). We also retrieved barley (Hordeum vulgare) sequences corre-
sponding to the proper accession IDs that were reported by Sato et al. (2009)
from the BarleyDB database (http://www.shigen.nig.ac.jp/barley/) of the
Research Institute for Bioresources at Okayama University in Japan.

The sequences were first checked for sequence contamination and exten-
sive simple repeats using the SeqClean script (http://compbio.dfci-harvard.
edu/tgi/software/). Vector sequences were then trimmed using the univec_
core db of NCBI (http://www.ncbinlm.nih.gov/VecScreen/UniVec.html)
with the cross_match utility of the Phred/Phrap package. Contamination
was identified via BLASTN sequence similarity searches against both the
Escherichia coli K12 genome (U00096) and the bacteriophage phi_X174 (J02482)
genome sequences. Sequences with a threshold e value less than 1e-100 were
removed.

CDS prediction was performed based on the longest ORF using those
sequences that had passed through the sequence cleaning step. As supporting
information, we used the results for full-length CDS prediction from DE-
CODER (Fukunishi and Hayashizaki, 2001). The nucleotide and deduced
amino acid sequences corresponding to the predicted full-length ORFs were
used to generate further annotations in TriFLDB. The deduced protein
sequences and corresponding CDSs of GenPept entries (GenPept Release
165.0, ftp://ftp.ncifcrf.gov/) were also retrieved using the full-length CDS
feature; 2,348 barley sequences and 2,393 wheat sequences were retrieved.
Predicted CDSs less than 30 bp in length as well as disproportionately short
CDSs (CDS/cDNA < 10%) were then removed. A total of 15,871 CDSs of
barley and wheat were entered into TriFLDB (Table I).

Sequence Annotations

To annotate the CDSs of TriFLDB with predicted gene functions, we
searched the sequence data against the following protein and nucleotide
datasets using the BLAST algorithm (Altschul et al., 1997): the nr protein
database of NCBI (ftp://ftp.ncbi.nih.gov/blast/db); UniProt/trembl of
EBI (http://www.uniprot.org/downloads); the protein data of RAP-DB v. 2
(http:/ /rapdb.dna.affrc.go.jp/); the TIGR Rice Genome Annotation Project
(http:/ /rice.plantbiology.msu.edu/); the protein data for predicted genes of
the sorghum (Sorghum bicolor) genome in JGI v. 1.4 (http://genome.jgi-psf.
org/Sorbil/Sorbil.home. html); the protein data present in TAIR release 7
(ftp:/ / ftp.arabidopsis.org /home/tair/Sequences/blast_datasets/); the cDNA
sequences of barley and wheat in UniGene (ftp://ftp.ncbinih.gov/
repository /UniGene/); the TIGR Plant Transcript Assemblies (http://plantta.

1143



Mochida et al.

jevi.org/); Plant GDB (http://www.plantgdb.org/); and HarvEST (http://
harvest.ucredu/). All of the similarity searches using BLASTN were per-
formed with threshold e values of less than 1e-200 for same-species combina-
tions and 1e-100 for cross-species combinations among wheat and barley, and
the top scoring hit for each query was applied. All similarity searches with
BLASTX and BLASTP against protein datasets to find possible functional
descriptions were performed with a threshold e-value of less than 1e-5, and the
top scoring hit for each query was applied. The definition strings used for the
similarity searches of each database have been assembled as a keyword
database to allow users to specify queries with keywords to retrieve relevant
gene information from TriFLDB.

Conserved domains in the deduced protein sequence of each TriFLCDS
were identified with InterProScan and the InterPro database (http://www.
ebi.ac.uk/interpro/). The domain data were also used to assign GO terms to
each TriFLCDS, which are also available as search query terms for the
TriFLCDSs. Links to each of the original datasets interrelated with the
TriFLCDS entries are provided on the TriFLDB Web interface.

Hierarchical Clustering of Deduced Protein Sequences
with Plant Proteome Data

The nonredundant set of TriFLCDSs and groupings with other plant
proteins on the basis of sequence similarity assists in the identification of the
unique genes of Triticeae plants, as well as in acquiring proteins with sequence
similarity to those in other plants. Through the use of the CD-HIT package (Li
and Godzik, 2006), the TriFLCDSs were hierarchically organized into protein
clusters with the protein datasets from Arabidopsis (Arabidopsis thaliana), rice
(Oryza sativa), and sorghum using global amino acid sequence identity
thresholds of 100% to 30% in 10% decrements. The hierarchically clustered
data were imported into a Web-based hierarchical structure-viewing interface.

Clustering of Wheat and Barley ESTs with TriFLCDSs

As of April 15,2008, the dbEST database of NCBI (NCBI-GenBank Flat File
Release 165.0) contained more than 0.5 million entries for barley and more
than 1 million for wheat. These sequences were retrieved from GenBank and
were cleaned up as follows. First, low-complexity and/or repetitive sequences
were removed using SeqClean with the default parameter settings. Repetitive
sequence regions of the remaining sequences were identified and masked
with RepeatMasker (http:/ /www.repeatmasker.org/), with optional use of
the nonredundant Gramineae repeat-sequence dataset derived from TIGR as
the target database (Ouyang and Buell, 2004). Vector sequences were then
masked using the cross_match utility in the Phred /Phrap package (Ewing and
Green, 1998) and the UniVec dataset of NCBI. A similarity search using
cross_match against wheat mitochondrial and chloroplast genome sequences
was also performed to eliminate contaminant organelle sequences. Finally,
ESTs (482,904 for barley and 1,014,305 for wheat) containing =100 bp of
unmasked sequences were clustered and assembled. Sequence similarity
searches between the Triticeae ESTs and full-length CDS data were used to
create potential realistic assemblies based on the full-length CDSs of barley
and wheat using BLASTN with an e value of =1e-20. The ESTs grouped with
the TriFLCDS were assembled into contigs using CAP3 (Huang and Madan,
1999) with the default parameter settings. Each ace format file for CAP3
output corresponding to TriFLCDS was applied to retrieve positional infor-
mation for contig alignment of the assembled ESTs.

Comparative Mapping onto the Rice and
Sorghum Genomes

To provide comparative sequence mapping information for the TriFLCDS
entries that were allocated to the genome sequences of rice and sorghum, we
mapped the nucleotide sequences of TriFLCDSs onto the genome sequences of
rice (International Rice Genome Sequencing Project v. 4, http:/ /rgp.dna.affrc.
g0.jp/IRGSP /download.html) and sorghum (JGI v. 1.4) based on nucleotide
sequence similarity. A combination of BLASTN and SIM4 (Pidoux et al., 2003)
was used to reduce any inconsistencies in the map positions. To ascertain the
most similar regions of the rice and sorghum genomes, a BLASTN similarity
search with a threshold e value of less than le-10 was conducted to find the
highest hit. Then, all other HSPs that were found in a 10-kb window upstream
and downstream of the endpoints of the top HSP obtained in the BLAST hit
were collected along with the genome sequence. Finally, a region that
encompassed a 5-kb window upstream and downstream of the endpoints of
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the collected HSPs was retrieved to generate pairwise alignments between the
retrieved genomic sequence and TriFLCDS.

Pairwise alignment using SIM4 with default parameter settings was then
performed to predict the genomic structure in the comparative alignment
between the two sequences that were used as input. The comparative genome
mapping results have been implemented in Gbrowse with the gene annota-
tions for rice and sorghum provided by RAP-DB and JGI, respectively. To map
TriFLCDSs onto the nonannotated regions of each genome, the TriFLCDSs
homologous to the plant organelle sequences that were filtered out were
mapped onto both genomes and compared with the mapped region using the
genome annotations RAP-DB v. 2 and Sbi 1.4. The wheat and barley chloro-
plast genomes (AB042240, EF115541) and the wheat mitochondrial genome
(AP008982) were searched using BLASTN with a threshold e value of less than
1e-20 to subtract possible FLCDSs derived from the organelle genomes.

Data Integration with the Triticeae Mapped
EST Database

To assign genetically mapped ESTs to the full-length transcripts of the
TriFLDB entries, we searched the dataset of 15,871 TriFLCDS nucleotide
sequences with the mapped EST markers housed in TriMEDB (http://
TriMEDB.psc.riken.jp/) using BLASTN with a threshold e value of less than
1e-130. The table of relationships between the mapped ESTs and the full-
length transcripts generated by this homology search was imported into
TriMEDB as a database for Cmap (http:/ /gmod.org/wiki/Cmap) to visualize
linkage map images. The comparative data from the mapping of cDNA
markers of TriMEDB onto the rice genome were also integrated into the
Gbrowse interface of TriFLDB. Cross referencing between the Web interfaces
of TriMEDB and TriFLDB was also implemented.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Schematic overview of representative databases
covering genome informatics areas for wheat and barley, together with
those for rice and Arabidopsis.

Supplemental Figure S2. Summarized results of similarity-search-based
annotation of TriFLCDSs against various sequence resources provided
in public domains.

Supplemental Figure S3. A schematic diagram of the database structure of
TriFLDB together with that of TriMEDB.

Supplemental Table S1. Distribution of deduced peptide sequences of
TriFLCDS with proteome data of Arabidopsis, rice, and sorghum
hierarchically clustered by threshold of amino acid identity.

Supplemental Table S2. Summarized results of mapping of similarity
between TriFLCDS and the rice and sorghum genome sequences.
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