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Figure 2. Sequence entry page for Atr1g14920.1 (GAI). The Os03g49990.1 (SLRI) rice gene is predicted as the A. thaliana GAI ortholog while
At2g01570.1 (RGA) and At1g66350.1 (RGLI) are predicted as A. thaliana GAI Ultraparalogs. GAI classification inside cluster of several inflation
values is visible in ‘sequence classification” followed by ortholog similarity prediction by BBMH and Inparanoid, in this case in full agreement with
the phylogenomic prediction. Greenphyl phylogenomic prediction is separated into three sections; the ortholog prediction for the sequence, with the
corresponding orthology (o), sub-tree neighbor (n), superorthologs (so) score (in%) and the genetic distance (D); the ultra-parologs prediction for the
query, in this case RGA and RGLI with the associated ultra-paralogy score (p); and finally if the query has tandem/segmental duplicated genes (using
TIGR segmental duplications and OrygenesDB tandem duplication data). The phylogenomic tree is accessible through the ‘View phylogenomic tree’.

message and ‘selected for phylogenomics analysis’ when
the family has been submitted. In Figure 1, the GRAS
family was analyzed and a phylogenomic search bar lists
all of the ortholog, super-ortholog and ultra-paralog
groups above a user-defined bootstrap score (50% by
default) identified for this family. The comparative search
link can be used to compare ortholog predictions by
similarity with the Best Blast Mutual Hits (BBMH)
method, Inparanoid (http://inparanoid.sbc.su.se/cgi-bin/
index.cgi) (22,23) and our phylogenetic method. The full
alignment and the phylogenetic tree are available through
two java applets, Jalview (16) and ATV (13), by clicking
on ‘Family Multi-alignment’ and ‘Family tree’.

Finally, the family list of cluster’s members is visible
and can be sorted by clicking on the head columns
‘Seq ID’, ‘Locus Alias’, ‘UniProt’, ‘InterPro motif’ or
‘Sequence annotation’. Most of the page features are

‘clickable’ and several help links are available through
question marks. Sequence visualization details can be
accessed by clicking directly on the sequence ID.

Sequence  visualization. Each  sequence stored in
GreenPhylDB is accessible through a specific page that
contains sequence information such as TIGR or TAIR
sequence ID and annotations, cross references to external
sequence databases, gene name (Alias), InterPro domains,
Gene Ontology molecular function extracted from
InterPro domain profiles, KEGG and EC classification.
Cluster sequence classification at the four levels of
inflation is also visible. For example, in Figure 2 the
A. thaliana gene Atlgl4920.1 belongs successively to
groups 113 (GRAS family), 84, 90 and 1663 (GAI
subfamily). Similarity ortholog predictions are visible in
the next field ‘similarity evidence’ either by BBMH or
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Figure 3. Partial view of the GRAS family phylogenetic tree. Two Arabidopsis thaliana genes (Atlgl4920.1 and At2g01750.1) are predicted as
orthologs to the query [Q] (Os03g49990.1) with a bootstrap support above 50%. Note that all DELLA proteins are members of the same clade.

Inparanoid. In Figure 2 the rice GAI ortholog, SLRI,
predicted by phylogenetic analysis was also found by
Inparanoid but not by BBMH. In the next field,
Greenphyl phylogenomic predictions are separated into
two parts. The first contains the ortholog prediction for
the sequence with the corresponding orthology (o), sub-
tree neighbor (n), super-orthologs (so) score (in%) and the
genetic distance (D). The second part contains the ultra-
parolog predictions for the query. In this case, 4. thaliana
genes At2g01570.1 and At1g66350.1 are predicted as GAI
ultra-paralogs with a score (p) of 100% and 52%,
respectively. The whole phylogenomic tree is accessible
through the ‘View phylogenomic tree’, where orthology
relationships as well as duplication/speciation are visible
using the ATV applet (Figure 3). Super-orthologs, ultra-
paralogs and subtree-neighbors are three new concepts
that were defined by Dr Zmasek (13) (see Materials and
Methods section).

GreenPhyl tools

Search Toolbar. A quick search toolbar is accessible at
the top of each GreenPhylDB page. Users can retrieve

sequence information using sequence ID, locus name, alias
name, UniProt ID or keywords. It is also possible to query
with family information like a family name, InterPro
domain, internal Greenphyl cluster ID, KEGG ID or EC
number.

Family and phylogenomics search tools. The drop-down
menu entitled ‘search tools’ provides more advanced
search possibilities. Users can retrieve family classification
of a gene ID list using the ‘Get classification of your ID
list’ tool. This tool can be used to find family or subfamily
classifications in GreenPhylDB. ‘Get sequence form
InterPro profile’ will extract a gene list based on
InterPro domain profiles. Several InterPro ID can be
combined by ‘AND’ or ‘OR’ in the search field; a useful
feature for protein families defined as multi-domain-
containing proteins. ‘Get classification using BLAST
search’ is available to identify O. sativa or A. thaliana
genes by BLAST. In addition, the BLAST output gives
family classification information for the five best hits.
Finally, the ‘Get phylogenomic scores of your ID list” tool
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GOST
(GreenPhyl Orthologs Search Tool)
GOST is a powerful tool to predict ips between any plant gene and O.sativa/ A.thaliana gene(s). This tool is able to rapidly integrate a
new into a model on QO.sativa and A.thaliana to infer orthologs relationships.

Step1. Your sequence will be attributed to a GreenPhyl family

Step2. Your will be i into the ic tree of the selected family
Paste your PROTEIN in FASTA format
gil75207630| sp| Q95TSS| RET1_WHEAT DELLA protein RHT-1 (Reduced height protein 1) A
(Protein Rht-B1/Rht-D1)
IMKREYQD AGGSGGGGGGMGSSEDKMMVS AAAGEGEEVDELLAALGYKVRASDMADVAQKLEQLEMANGHG
PSVDSSSSIYALRPIPSPAGATAPADLSADSVRDPKRHRTGGSSTSSS555555LGGGARSSVVEALPPY
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Figure 4. Phylogenomic analysis of a non-Arabidopsis/rice protein sequence. The sequence of wheat RHT1 gene (Q9ST59) is pasted into the text field
of the phylogenomic search tool (A). Step 1, the sequence is tentatively attributed to GreenPhylDB clusters by BLASTP. In this case, RHT'/ belongs
to the GRAS family and the DELLA subfamily (B), and the GRAS cluster was phylogenetically analyzed. The species name ‘wheat’ is then chosen
and, after submission, the RHT/ gene integration in the pre-computed tree is initiated (step 2). GOST produces an output list of the rice and
A. thaliana orthologs (C) and the phylogenetic tree (D) with bootstrap scores (%).
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can retrieve, whenever available, phylogenomics scores
and groups of orthologs from an ID list.

Phylogenomic analysis of another species gene. A specific
analysis tool named GOST was developed to predict
0. sativalA. thaliana orthologs using protein sequences
from other species. Phylogenomic analyses follow a two-
step procedure. First, the submitted protein sequence is
aligned using BLASTP applied to all rice and 4. thaliana
sequences. A proposition of group classification is given
based on the best BLASTP hits. The species name of the
query must be correctly selected at this step as GOST
compares the species tree with the gene tree to infer
ortholog relationships. Then, GOST integrates the
sequence into the previously saved family multi-alignment
and creates the bootstrap file. An example of GOST
output using the RHTI (Reduced Height 1) (Q9ST59)
wheat gene belonging to the GRAS family is illustrated
in Figure 4. Indeed, the RHT is correctly predicted as an
ortholog of one rice and four A. thaliana genes, which
are DELLA proteins. This method is almost as fast as
a similarity search and will help users working on
unsequenced or partially sequenced plant species to
obtain family classification and ortholog predictions
from the two model species.

DISCUSSION

GreenPhylDB offers several critical advantages over
several recently described plant and eukaryote ortholog
databases. First, most of these databases use pairwise
distance comparison algorithm to determine orthology
(24,25). If homology is inferred from similarity of several
sequences, there is no way to be sure that they are
phylogenetically connected and similarity methods cannot
differentiate between paralogs and orthologs. The BBMH
or Reciprocal Best Hit (RBH) search for orthologs, a
popular strategy based on sequence similarity, generates
false positives as similarity itself is not a reliable indicator
of ortholog relatedness (26). Moreover, some of the
databases deal with incomplete ‘genic repertoire’ (13,27),
using for instance UniProtDB accessions, and can falsely
predict ortholog relations or even miss some true ortholog
relations.

The only database comparable to GreenPhylDB,
to our knowledge, is the orthologlD database (28).
GreenPhylDB nevertheless present several improvements
and/or additional settings compared to orthologID. First,
GreenPhylDB clustering is performed with TribeMCL,
a more efficient software than other classical BLAST or
PSI-BLAST methods. In addition, most of GreenPhylDB
clusters were manually curated before any phylogenetic
analysis to identify consistent clusters and subclusters of
evolutionary-related sequences. GreenPhylDB also pro-
vides bootstrap support for ortholog predictions to
quantify reliability of prediction and tree construction.
Finally, users can insert their own sequences from another
plant species and search for O. sativa/A. thaliana putative
orthologs, a feature missing in all other plant ortholog
databases.
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GreenPhylDB was specifically designed for compara-
tive functional analysis of plant orthologs and provides
additional phylogenetics concepts such as ultraparalogy
(14), a feature which is often synonymous with genetic
redundancy and/or neo-functionalization. Each gene ID is
then linked to the two most popular plant database for
reverse genetics, T-DNA express (29) (see http://signal.
salk.edu) and OrygenesDB (30) (see http://orygenesdb.
cirad.fr/index.htm) for A. thaliana and O. sativa, respec-
tively. External links including KEGG, TAIR, TIGR,
InterPro, UniProt family were added to help cluster
annotation and provide additional evidence of ortholog
function.

Future plans include progressive integration of
sequences from other full plant genomes and opening of
the annotation section of GreenPhylDB to plant bio-
logists requiring improved cluster classification of plant
sequences. A full documentation is accessible and
anyone willing to contribute to manual annotation of
particular protein families is encouraged to contact
greenphyldb@cirad.fr.
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