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Figure 2. Screenshots of a gene report page, taking gene ‘Os01g0192000’ as an example. (A) Navigation information, providing links to different sections.
(B) Expression profiles that are derived entirely from RNA-Seq data. Detailed expression levels under different tissues are provided in the form of box
plot. (C) Homologous genes covering 17 plant genomes. To facilitate users to investigate orthologs and paralogs in an interactive manner, phylogenetic
tree is plotted by a JavaScript-based web plugin and each node is identified as gene duplication event or speciation event. (D) Variation details. There are
multiple SNPs found in this gene and a wealth of information regarding each SNP (for example, ‘OS01SNP04949925’) is provided, including its effects,
surrounding genes, allele frequency among 5524 cultivars and the corresponding genotype in each cultivar. (E) Post-translational modification data. (F)
Publications associated with this gene. (G) Community-contributed annotations. (H) Genome browser for visualizing different data tracks.
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Homology

To better understand the evolution of rice genes, Plant
Homolog Database (PHD; http://homolog.ic4r.org) is built
from scratch for identification of homologous genes among
diverse plant species. According to genome assembly
quality and annotation completeness, there are a total
of 17 plant species (obtained from Ensembl (37); ftp:
//ftp.ensemblgenomes.org/pub/plants/release-24/) incorpo-
rated in PHD. PHD combines phylogenetic and heuris-
tic best-match approaches (38,39) for homology identifica-
tion. Briefly, OrthoMCL (40) was used to build homologous
groups and homologous alignments were done by MAFFT
(41) and trimmed by trimAl (42). Phylogenetic tree was con-
structed by PhyML (43) and amino acid replacement model
was optimized by ProtTest (44). Finally, GSDI (45) and
RIO (46) were used for ortholog and paralog identification,
inferring gene speciation and duplication events on a gene
tree. As a result, PHD houses a multitude of 14 739 plant
homologous groups (Table 1).

Unlike extant similar databases (38,47–50) that incorpo-
rate few or no homologs for rice and other important plants,
PHD is a database specialized for plant homologs, covering
10 Oryza genomes as well as 7 important model organisms
and crops (including Arabidopsis, tomato, maize, sorghum,
etc.). It features user-friendly web interfaces for simplifying
the query and retrieval of information of interest and offers
highly dynamic visualizations for multiple sequence align-
ment, phylogenetic tree, and duplication/speciation events.
When specifying a gene or homolog group, PHD is able
to retrieve its homologs and provide visualizations for its
phylogenetic tree, species distribution, nonsynonymous and
synonymous substitution rates and aligned sequences. Par-
ticularly, in phylogenetic gene tree, each node is identified as
gene duplication event or speciation event and accordingly
represented by different colors, facilitating users to distin-
guish orthologs from paralogs in a more straightforward
way. Detailed information about 17 plant species used in
PHD can be found at http://homolog.ic4r.org/species/index.

Literature

Rice Literature Miner (RLM; http://literature.ic4r.org) is a
literature database developed specific for rice. Literatures
are fetched from PubMed (http://www.ncbi.nlm.nih.gov/
pubmed/) via NCBI E-utilities. As a result, a total of 35
717 rice-related publications were obtained and the asso-
ciated genes for each publication were then identified (Ta-
ble 1). Specifically, for any given publication, RLM is able
to provide all associated genes reported in this publication.
Meanwhile, when inputting a gene ID, gene symbol or au-
thor name, RLM can also retrieve a list of related publica-
tions and offer all relevant information including publica-
tion title, author(s), journal, year of publication, abstract,
etc. RLM links genes with literatures and thus facilitates
users to find publications for genes of interest, which ulti-
mately can increase the productivity and accuracy of cura-
tion and improve the credibility of community-curated con-
tents.

Community annotation

The exponential growth of rice omics data demands more
and more people getting involved in gene annotation,
namely, community annotation. Therefore, we launched
RiceWiki (http://wiki.ic4r.org) in 2012 (officially released in
August 2013), a wiki-based database that aims to exploit
the full potential of community intelligence in collective and
collaborative curation of rice genes (19). To increase com-
munity participations and contributions, AuthorReward, a
MediaWiki extension that quantifies users’ contributions
in community curation and provides explicit authorship
according to their quantified contributions (51), was in-
stalled in RiceWiki. To date, RiceWiki contains >86 000
gene-specific wiki pages incorporating two cultivated rice
subspecies (japonica and indica) and has more than 600
registered community-curators, leading to a total of 1003
rice genes that have been community-annotated (Table 1;
http://wiki.ic4r.org/index.php/Special:CuratedGenes).

Post-translational modification

Various post-translational modifications, such as phospho-
rylation and ubiquitination, are critical for plants in reg-
ulating a diversity of biological processes including cellu-
lar metabolism, signal transduction and responses to en-
vironmental stress. Three databases, viz., EKPD (http://
ekpd.biocuckoo.org) (21), UUCD (http://uucd.biocuckoo.
org) (22) and dbPPT (http://dbppt.biocuckoo.org) (11),
have been developed for collecting and annotating the
post-translational modification data. Specifically, EKPD
features classification of eukaryotic protein kinases (PKs)
and protein phosphatases (PPs) into a hierarchical struc-
ture with three levels, namely, group, family and individ-
ual PK/PP (21). UUCD is a family-based database col-
lecting and classifying ubiquitin-activating enzymes (E1s),
ubiquitin-conjugating enzymes (E2s), ubiquitin protein lig-
ases (E3s), and deubiquitination enzymes (DUBs) into dif-
ferent families (22). dbPPT is a database of protein phos-
phorylation in plants (11). To collect post-translational
modification data for rice, IC4R builds close collabora-
tions with these three databases and integrates relevant data
through web APIs (Table 1).

DISCUSSION AND FUTURE DIRECTIONS

IC4R is dedicated to comprehensive integration of rice
omics data. Unlike existing related databases, IC4R fea-
tures adoption of an extensible and sustainable architec-
ture that is based on community-contributed modules for
rice data integration. Such module-based architecture, al-
beit relatively new, is promising to effectively and effi-
ciently integrate big omics data as the cost for database
update and maintenance under this architecture is signifi-
cantly reduced (52). The current implementation of IC4R
integrates data of expression, variation, homology, litera-
ture, community annotation and post-translational mod-
ification. As a consequence, IC4R bears the potential to
serve as a one-stop knowledgebase to make big data ac-
cessible to the rice research community and function as a
valuable resource not only for plant researchers in molec-
ular biological studies but also for breeders in rice produc-
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tion and improvement. Future developments of IC4R in-
clude regular updates of existing committed sub-projects
to improve data quantity and quality and establishment
of new committed sub-projects to incorporate new types
of data, such as epigenomic, phenomic and other omics
data (some of them are already in progress; http://ic4r.org/
working groups). The ultimate goal of IC4R is to associate
rice omics data with agronomically important phenotypic
data, which will greatly help researchers and breeders to elu-
cidate molecular mechanisms underlying these important
agronomic traits. In addition, IC4R will also develop and
integrate a variety of tools for functional annotation, co-
expression network, genomic variation analysis, and liter-
ature mining as well as more interactive visualizations for
various omics data. We also call for worldwide collabora-
tions and look forward to comments and suggestions from
plant researchers and breeders, aiming to build IC4R into a
more comprehensive knowledgebase covering all aspects of
rice knowledge.
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