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Abstract

Rice is a vital staple crop, sustaining over half of the global population, and is a key model for genetic research. To support the growing need
for comprehensive and accessible rice genomic data, GrameneOryza (https://oryza.gramene.org) was developed as an online resource adhering
to FAIR (Findable, Accessible, Interoperable, and Reusable) principles of data management. It distinguishes itself through its comprehensive
multispecies focus, encompassing a wide variety of Oryza genomes and related species, and its integration with FAIR principles to ensure
data accessibility and usability. It offers a community curated selection of high-quality Oryza genomes, genetic variation, gene function, and
trait data. The latest release, version 8, includes 28 Oryza genomes, covering wild rice and domesticated cultivars. These genomes, along
with Leersia perrieri and seven additional outgroup species, form the basis for 38 K protein-coding gene family trees, essential for identifying
orthologs, paralogs, and developing pan-gene sets. GrameneOryza's genetic variation data features 66 million single-nucleotide variants (SNVs)
anchored to the Os-Nipponbare-Reference-IRGSP-1.0 genome, derived from various studies, including the Rice Genome 3K (RG3K) project.
The RG3K sequence reads were also mapped to seven additional platinum-quality Asian rice genomes, resulting in 19 million SNVs for each
genome, significantly expanding the coverage of genetic variation beyond the Nipponbare reference. Of the 66 million SNVs on IRGSP-1.0, 27
million acquired standardized reference SNP cluster identifiers (rsIDs) from the European Variation Archive release vb. Additionally, 1200 distinct
phenotypes provide a comprehensive overview of quantitative trait loci (QTL) features. The newly introduced Oryza CLIMtools portal offers
insights into environmental impacts on genome adaptation. The platform’s integrated search interface, along with a BLAST server and curation
tools, facilitates user access to genomic, phylogenetic, gene function, and QTL data, supporting broad research applications.

Database URL.: https://oryza.gramene.org

Introduction valuable tools for addressing the impacts of climate change
and promoting sustainable agriculture [5, 6].

Plant genomes exhibit greater fluidity compared to ver-
tebrate genomes, resulting in substantial genomic dispari-
ties even among varietal lines within the same species. For
example, a study comparing seven wild soybean germplasms
(Glycine soja Sieb. & Zuccit) found that approximately 80%

of the genomes were shared, with an average genomic dif-

Rice (Oryza spp.) is an essential staple crop worldwide, pro-
viding crucial nutrients such as carbohydrates, protein, and
vitamins that supports more than half of the global popu-
lation [1, 2]. It also serves as an important model organism
for genetic research and breeding due to its relatively small
genome size of 430 Mb [3], which is significantly smaller than
that of maize and wheat. This small genome size makes rice a

cost-effective option for genome sequencing, assembly, and
analysis. The genome Os-Nipponbare-Reference-IRGSP-1.0
[3] of Oryza sativa Japonica, the first crop plant to undergo
genome sequencing, has become the reference genome assem-
bly for the Oryza genus and its varieties [3, 4]. The genetic
diversity within domesticated rice and its wild relatives offers

ference of about 20% among the accessions [7]. A similar
phenomenon has been observed in maize, where a study ana-
lyzing the genomes of 26 diverse inbred lines revealed that
more than half of the genes present in one genome may
be absent in another, leading to extensive structural varia-
tions [8]. These differences include small single-nucleotide
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polymorphisms (SNPs), insertions and deletions (Indels), and
large structural variations such as present—absent variation
(PAV), copy number variation (CNV), inversions, transposi-
tions, and differences in transposable elements (TEs) [9, 10].
These findings highlight the limitations of a single reference
genome in capturing all functional elements and diversity
within a species. Following the publication of the Nippon-
bare genome, numerous Oryza genomes have been sequenced
and analyzed for various objectives using different sequencing
technologies and assembly methodologies [5, 11-15].

Despite the abundance of rice genomes, the lack of a cen-
tralized platform has hindered access and comparison. To
address this gap, we developed the GrameneOryza resource,
a comprehensive comparative Oryza pan-genome database
designed to adhere to the FAIR principles [16]. Utilizing
the Ensembl platform [17-19] and Gramene infrastructure
[20-22], this online resource incorporates unique features and
functions from both Ensembl and Gramene software. Ini-
tially launched to host the rice genome using state-of-the-art
Ensembl software, Gramene has evolved into a comprehen-
sive plant genome browser [4, 21]. Its goal was to pro-
vide stewardship for the rice genome using an open-source
web-based platform and facilitate knowledge transfer from
well-studied model organisms like Arabidopsis [23] to rice.
Building on the success of this initiative, Gramene has progres-
sively expanded to integrate knowledge from various other
databases. This includes curated pathways from Plant Reac-
tome [20, 24], gene expression data from the EBI Atlas
[25, 26], and genetic variation and gene function informa-
tion from the Rice Annotation Project Database (RAP-DB)
[4]. Additionally, it incorporates data from the 3000 Rice
Genomes Project [27] and QTL information from Rice Qtaro
[28] and Gramene’s historic QTL database [29, 30]. The
platform also integrates community tools like CLIMtools
[31], which provide genotype-by-environment association
data, and gene expression data across different tissues and
developmental stages through EBI Expression Atlas widget.
Gramene also developed a comprehensive and powerful gene
search interface, henceforth referred to as the Gramene Search
Interface (GSI). The GSI enables efficient navigation and
exploration of genomic data, integrating multiple resources
to provide detailed insights into gene functions, variations,
and relationships. In collaboration with EnsemblGenomes,
Gramene Plants adopted the rule of hosting only the Interna-
tional Nucleotide Sequence Database Collaboration (INSDC)
assemblies, which improves genome reliability but delays the
release of some emerging rice genomes yet to be deposited. To
adapt to this requirement and better serve the rice community,
Gramene launched in 2015 a dedicated subsite, GrameneO-
ryza (https://oryza.gramene.org/), to host rice genomes and
related data.

The current GrameneOryza pan-genome resource includes
representatives of domesticated Asian and African rice, their
progenitors, and wild rice relatives. This resource hosts a set
of high-quality reference Oryza genomes presented in a phy-
logenetic framework, with uniform annotation of gene struc-
ture, repetitive features, and protein-coding gene phylogenetic
trees built using the Ensembl protein compara pipeline. The
gene tree analysis includes eight outgroup genomes spanning
the plant kingdom and eukaryotic representatives (Chlamy-
domonas reinbardtii, Selaginella moellendorffii, Sorghum
BTx623, Zea mays B73, L. perrieri, Arabidopsis thaliana,
Vitis vinifera, Drosophila melanogaster) and provides insights
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into the evolutionary history within rice, plants, and eukary-
otes. Special genomes of historical and cultural significance
in the USA, such as cultivated Carolina Gold rice [14] and
KitaakeX [13], a short-life cycle rice cultivar carrying the
Xa21 immune receptor gene, are also included. The latest
release, Release 8, includes 27 million reference SNP clus-
ter identifiers (rsIDs) assigned by European Variation Archive
(EVA) to the variation database of the reference genome
O. sativa japonica Nipponbare IRGSP-1.0, making it the only
pan-Oryza genome resource with this critical information.
Release 8 GrameneOryza also engages users in community
curation by providing an interface for user suggestions on
gene structure improvements and gene function annotations
At the sametime, it serves as the only gateway for the Oryza
CLIMtools, a set of interactive, web-based databases of the
environment x genome associations and correlations between
the local environment and a large pool of curated Oryza geno-
types. Recent data ingestions include genetic variation and
population data, for example: USDA minicore [32] and RAP-
DB World Rice Collection (WRC) [33] and Japanese Rice
Collection (JRC) [34] collection. A new function in the GSI is
the Germplasm tab, which lists the potential mutant lines for
the gene and directs the user to the germplasm center webpage
for the germplasm when possible. These features distinguish
GrameneOryza from other pan-Oryza resources, making it a
unique and valuable resource for the rice community.

Materials and methods
GrameneOryza platform

The core functionality of the GrameneOryza resource is
depicted in Fig. 1, which provides a systems-level view of the
platform’s architecture. The process begins with the input data
(Fig. 1a), encompassing genome assemblies, gene structures,
variation data, and quantitative trait loci (QTLs). These data
are then incorporated into various databases (Fig. 1b), includ-
ing the core database and specialized databases for search
functionalities. The analysis workflow (Fig. 1c) involves in-
house pipelines for generating structural and functional anno-
tations, complemented by Ensembl workflows for construct-
ing gene trees and predicting variant effects. Web services
(Fig. 1d) facilitate programmatic access to the databases, sup-
porting both user interfaces and custom scripts. The user
interfaces (panel e) offer landing pages that enable users to
interact with the data through powerful search tools and inte-
grated views. The result pages consolidate diverse data types
into a single panel organized under different tabs, enhancing
the accessibility and usability of the GrameneOryza resource.
This integrated approach ensures comprehensive and user-
friendly access to the extensive genomic, phylogenetic, gene
function, and QTL data hosted by GrameneOryza.

Database design

GrameneOryza was crafted to serve as a repository for Oryza
species and wild relatives, capitalizing on the Gramene search
engine, dynamic interfaces, Ensembl workflows, and genome
browser. The current iteration, Release 8 (Fig. 1), operates on
the Ensembl v108 platform at its foundational layer, encom-
passing databases, API, analysis pipeline, and web code. As
depicted in Fig. 2, the Gramene outer layer extracts data
from Ensembl MySQL [19] databases and combines it with
information from third-party resources. The fusion generates
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collections of genes, synonyms, genetrees, pathways, domains,
genetic variations, germplasms, and ontologies stored in
document database, MongoDB (https://www.mongodb.com),
facilitating integrated search and views. The gene collec-
tions are subsequently indexed by Solr (https://solr.apache.
org), to streamline tailored searches with type-ahead sugges-
tions. GrameneOryza also instituted a site-specific BLAST
service [35], enabling sequence-based queries against all
the genomes, transcriptomes, and proteomes. The Ensembl
genome browser and GSI seamlessly cross-link at multiple
levels, ensuring a fluid connection between these two com-
ponents.

Data resources

GrameneOryza knowledgebase hosts a comprehensive repos-
itory of 28 whole genome assemblies of Oryza accessions,
representing both domesticated and wild rice varieties. This
diverse collection features significant cultivars such as the US
heirloom Carolina Gold [14] and the short-life cycle culti-
var KitaakeX [13]. Additionally, the database incorporates
L. perrieri [5], the nearest outgroup to the genus Oryza, pro-
viding valuable phylogenetic insights. Extending its compara-
tive framework, GrameneOryza also includes seven additional
outgroup species from across the plant kingdom and eukary-
otic representatives, namely C. reinbardtii (green algae) [36],
S. moellendorffii (clubmoss) [37], Sorghum bicolor BTx623
(sorghum) [38], Zea mays B73 (maize) [39], A. thaliana
(model plant) [40], V. vinifera (grapevine) [41], and D.
melanogaster (fruit fly) [42]. These genomes aid in construct-
ing comprehensive phylogenetic gene trees [18], facilitating
the identification of orthologs and paralogs, and providing a
broader evolutionary context for the Oryza genomes.
GrameneOryza exemplifies a robust integration of diverse
data types, including genomic, phylogenetic, gene function,
genetic variation, germplasm, and QTL, facilitated by the
GSI. This platform hosts single-nucleotide variants (SNVs)
data from the RG3K project [27] aligned to reference genome
Os-Nipponbare-Reference-IRGSP-1.0, and seven agronomi-
cally important platinum-quality Asian rice genomes: MH63,
IR64, Aus, Azucena, ARC, ZS97, LiuXu, identifying approx-
imately 19 million SNVs per genome [11]. It also hosts
SNVs from USDA minicore and RAP-DB WRC/JRC col-
lection. Furthermore, 27 million SNVs on IRGSP-1.0 are
updated with rsIDs from EVA Release v5 (https://www.ebi.
ac.uk/eva). All variants in the database are annotated with
predicted consequences in Sequence Ontology term names
[43], such as “start_lost” and “stop_gained,” contextual-
ized to nearby genes using the Ensembl Variant Effect Pre-
dictor [44]. The platform also hosts germplasm names of
the RG3K, USDA minicore, and RAP-DB WRC/JRC popu-
lations alongside genotypes for each SNP and 1141 distinct
phenotypes derived from 40000 QTL regions on O. sativa
japonica Nipponbare [29, 30], incorporating insights from
published research papers and cross-species flanking marker
sequence-based QTL mapping. The platform integrates over
5707 curated gene function annotations imported from RAP-
DB [4] and NCBI geneRIF [4, 45], enhancing the depth of
gene function data. GrameneOryza supports extensive phy-
logenetic analyses using protein gene trees and whole-genome
DNA comparisons, featuring more than 38 000 protein-based
gene trees with outgroups tracing back to the root of Eukarya
using the compara workflow [18]. This framework supports

Table 1. Data resources in GrameneOryza

Data type Count

Genomes 28 Oryza genomes; 9 outgroup genomes
from 8 species

Gene annotations 1.2 million genes from 36 genomes

Gene trees 38000 protein coding gene trees
Genetic variation (SNP, 66 million SNVs, 27 million rsIDs, 40 000
rsID, QTL) QTL regions

Gene function 5700 genes with functions from RAP-DB
and GeneRIF

15 baseline, 95 differential, 3 single cell
studies

339 curated pathways

27 Oryza synteny maps

2 sets: IRGSPv1.0 vs BTx623 (Sorghum)

Expression (base line,
differential, single cell)
Pathways

Synteny maps

Whole genome

alignments and B73 (Maize)
Genotype X Environment 413 geoenvironmental variables on 941
(CLIMtools) landraces

paralog and ortholog assignments, aiding in the characteriza-
tion of candidate split genes for gene model improvements.
Synteny assignments between O. sativa japonica Nipponbare
and all other Oryza genomes are based on collinear orthologs
inferred from gene trees, while whole-genome alignments
between O. sativa japonica Nipponbare, Zea mays B73, and
S. bicolor BTx623 provide insights into conserved functional
elements and synteny assignments.

The platform’s integrated search and visualization tools
allow keyword-based searches that return results from
genome, gene, gene tree, pathway, variation, and litera-
ture databases. Community curation tools are provided for
Gramene gene structure based on gene tree views, multiple
protein alignments [46]. Additionally, the platform enables
users to curate gene functions, allowing researchers to con-
tribute valuable annotations that improve the understanding
of gene roles across various species. This comprehensive inte-
gration enables intuitive access to multifaceted data, empow-
ering researchers to explore and correlate genetic variations,
gene functions, and environmental influences within a uni-
fied framework. Table 1 summarizes the data resources in
GrameneOryza.

Results
User interface

The GrameneOryza home page follows a similar design
as the Gramene and other Gramene pan-site home pages.
The platform offers textual query search (Fig. 3a) where
users can primarily search with specific gene identifiers (e.g.
0s01g0100100), gene symbols (e.g GS3), specific biologi-
cal pathways or ontological terms, such as those from Gene
Ontology (GO) [47] or Plant Ontology (PO) [48] or phe-
notypic traits [49] or related terms, such as “drought toler-
ance,” “yield,” or “disease resistance” etc. The search index
is designed to return genes [20]. Quick links in Fig. 3b include
“Genome Browser,” which directs users to the Ensembl
browser with access to annotation, variation, and compar-
ative gene tree views for the 28 rice genomes; “News,”
which provides detailed database release notes; and “Guides,”
which offers a step-by-step guide on using GrameneOryza
with practical use cases. Additionally, there is a link for pro-
viding “Feedback.” Access to additional various tools and
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Figure 1. A systems level view of the core functionality of the GrameneOryza site. (a) Input data: omics data to load to the core database, this includes
processed data as well as metadata, (b) Databases: build core database as well as database for search, (c) Analysis workflow: in-house workflows to
generate structural and functional annotations as well as Ensembl-related workflows to build gene trees and provide variant effect prediction for genes,
(d) Web services: to provide programmatic access to databases for the user interfaces or custom scripts, and (e) User interfaces: landing pages for
users to interact with data for access to GrameneOryza's powerful search tools and integrated views. The result pages integrate different types of data

into one panel under different tabs.
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Figure 2. GrameneOrzya site infrastructure and its components. The Ensembl data cores for genomes, genetic variation, and comparative analyses
(protein and DNA) were installed on a dedicated 250 GB Linux CentOS image with 16 GB memory and 2 CPUs. The core layer, represented in yellow,
and the outer layer, depicted in turquoise, are separated by dotted green lines. The construction of the core layer databases is a prerequisite before the

outer layer process, which aggregates and indexes them.
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Figure 3. GrameneOryza user interface: (a) Search: textual query search for genes. (b) Quick links to Genome Browser, News, Release Notes, Guides,
and Feedback form. (c) Tool and services panel with access to curated and published rice genes and other Gramene pansites as well as tools like BLAST,

CLIMtools for analysis. (d) Latest news from the rice research community.

services can be found in the main section (Fig. 3c): “BLAST”
allows user to query DNA or protein sequences against
indexed database for 28 rice genomes along with their out-
groups species; “Plant Pan Genomes” provides access to other
Gramene powered crop species pan-sites including Sorghum,
Maize, and Grapevine along with main GramenePlants site;
and the “Curated Gene Function” tab offers quick access to
rice genes published in literature and the inclusion of Oryza
“CLIMtools” provides access to environment—genome associ-
ations and correlations for a large pool of curated Oryza geno-
types. Finally, Fig. 3d provides the latest news coming from
rice research. In addition, under each gene hit in the search
results we can further study the gene with classified func-
tional tabs and visualizations as described in Supplementary

Table S1.

Case studies

Detecting CNVs for genes of interest

CNVs in rice (O. sativa) are a major source of genetic diver-
sity, involving DNA segments that vary in copy number
among individuals. First recognized in plant genomes in the
early 2000s [50], CNVs have been linked to important traits
like disease resistance [51], stress tolerance [52], and yield
improvement [53]. Early work by Wang et al. [54] mapped
CNVs across the rice genome, laying the foundation for
understanding their functional significance. As sequencing
technologies have advanced, researchers have been able to
better identify and characterize these variations. Recent stud-
ies, such as Qin et al. [55], have employed whole-genome
resequencing to discover novel CNVs and investigate their

effects on gene function and phenotypic variation in rice. A
well-known example of rice CNVs involves genes related to
the hormone strigolactone (SL) biosynthesis, such as MAX1
orthologs, which are part of the cytochrome P450 protein
family. SL triggers the germination of the root parasitic plant
Striga hermonthica, inhibiting shoot branching, and reduces
tillering in the host plant [56, 57]. Studies have shown that
variations in SL dosage due to CNVs in SLB genes are asso-
ciated with different tillering phenotypes among rice varieties
[56]. To explore this gene in the GrameneOryza portal, we
type “SLB” into the search box at the top of the home
page; the typeahead feature immediately suggests potential
hits from different categories (Fig. 4a). There are 10 matching
terms in the gene section, 3 in the Interpro Family. Select-
ing “OsSLB1” from “Genes,” we landed on a page with gene
ID Os01g0700900. Clicking the “Homology” tab brings up
an embedded overview of the protein alignments of this gene
family of 187 members (Fig. 4b). Select “Neighborhood con-
servation” from the “Display Mode” drop down list, we come
to the genetree neighborhood view of this family (Fig. 4c).
The conserved region on chromosome 1 (blue line) demon-
strates good synteny across the 28 Oryza + Leersia genomes.
The yellow internal nodes indicate potential split genes. We
exclude them from our analysis by collapsing them. High-
lighting the SLB gene family helps us to view the local CNV
across the Oryza clade. The range is one to three copies in this
region of ~200-300 Kb. In more detail, 5 genomes with one
copy (Ketan, O. rufipogon, IR8, O. punctata, O. brachyan-
tha), 16 with two copies (Azucena, ChaoMeo, Leersia, O.
glumipatula, O. barthii, O. glaberrima, LMugael, Natel Bora,
Carolina, YaiGuang, Lima, LiuXu, N22, ARC, Global Sail,
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Figure 4. Use Case for finding copy number variations (CNVs) using GrameneOryza interface: (a) Gene Search: Keyword search produces many hits in
different categories. One of the hits in the category “gene” is the rice version of SLB OsSLB1. (b) Homology View: the neighborhood view shows CNV
across the landscape of the Oryza clade. (c) Pathway View: the pathway data from Reactome supports this gene’s regulatory role in strigolactone
biogenesis. (d) Expression View: The Atlas expression data shows OsSLBT1 is highly expressed in root and sometimes in leaf sheath. Three paralogs
have similar expression patterns, but two have quite different expression patterns.

IR64), 3 genomes with 3 copies (Nipponbare, KitaakeX, O.
meridionalis). Consistent with the expectation, the “Path-
way” tab shows strigolactone biosynthesis (Fig. 4d) and the
“Papers” tab lists curated publications. The “Expression”
tab displays the OsSLBI1 expression pattern across tissues
and studies as well as that of its paralogs, which indicates
neofunctionalization among the paralogs (Fig. 4e).

Using genetic variation for gene to determine protein
truncation variants

Genetic variation in rice (O. sativa) has been extensively stud-
ied due to its critical role in crop improvement and adaptation.
Researchers have focused on characterizing different types
of variations, such as single SNPs, Indels, and CNVs, all
of which contribute to the genetic diversity observed in rice
populations [54]. This diversity is essential for understand-
ing traits like disease resistance, drought tolerance, and yield,
which are vital for rice breeding programs aimed at devel-
oping improved varieties [56]. Advancements in sequencing
technologies have allowed for better identification and char-
acterization of these variations. For instance, resequencing
efforts involving both cultivated and wild rice accessions have
provided valuable markers for the discovery of agronomically
important genes, aiding breeders in selecting favorable traits
for rice improvement [53]. Several large-scale projects and
databases have been established to catalog rice genetic vari-
ations. For example, the 3000 Rice Genomes Project (RG3K),
which IRRI spearheaded in collaboration with the Chinese
Academy of Agricultural Sciences and BGI-Shenzhen, has an
SNP-Seek database of SNPs derived from 3K rice genomes
[58]. The China National Rice Research Institute, in collab-
oration with other organizations, contributes to rice genomic
databases and has developed the Rice Information System to
access rice genomic data [59]. Japan has developed its own
database as well, with the Rice Annotation Project Database,

hosted by the National Institute of Agrobiological Sciences,
as a major contributor to rice genomics [4]. The EVA is also
one such database that provides open-access genomic varia-
tion data for non-human species, including rice [60]. These
variation datasets are all linked to GrameneOryza, which
focuses specifically on rice and provides curated information
on genes, gene models, protein domains, and genetic vari-
ation. It integrates data from resources like EVA and other
published studies to offer users a comprehensive platform for
exploring rice genetics and diversity, including the functional
annotations of variants and their associations with pheno-
typic traits. Each genetic variant is typically associated with
a unique reference SNP cluster ID, or rsID. This rsID acts as
a standardized identifier for SNV, allowing researchers to eas-
ily track, compare, and cite specific variations across different
studies and databases [61]. These identifiers are critical for
linking genetic variants to known phenotypes, making it easier
to explore how specific SNPs or Indels contribute to important
agricultural traits in rice.

Research in rice has increasingly focused on leveraging
genetic variation to identify and characterize protein trun-
cation variants (PTVs), which are mutations that lead to
premature stop codons, frameshifts, or splice site disruptions,
resulting in shortened, non-functional proteins. PTVs are of
particular interest in rice breeding and functional genomics
because they can reveal gene loss-of-function effects that are
linked to key agronomic traits. By analyzing genome-wide
variation data, researchers have identified PTVs associated
with traits like disease resistance, stress adaptation, and yield
improvement [62]. High-throughput sequencing technologies
have enabled the detection of these variants across diverse rice
populations. Studies have utilized bioinformatics pipelines to
filter and validate PTVs, integrating this data with expression
profiles and phenotypic information to determine the impact
of PTVs on rice development and productivity. This research
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offers valuable insights into gene function, contributing to the
selection of beneficial mutations for rice breeding programs
aimed at enhancing crop performance [54]. One prominent
example is the GS3 gene (0s03g0407400), which has been
extensively studied for its role in controlling grain size. The
GS3 protein is known to negatively regulate grain length
in rice, with loss-of-function mutations leading to increased
grain size, a trait that is often desirable in breeding programs.
PTVs in GS3, such as premature stop codons, result in trun-
cated and non-functional proteins, which disrupt the gene’s
normal function and lead to longer grains [63]. Research has
shown that natural allelic variations in GS3 are associated
with variations in grain length among different rice varieties.
For example, studies by Takano-Kai et al. [64] identified spe-
cific mutations in GS3 that are responsible for the long-grain
phenotype in certain indica rice varieties. Further genome-
wide association studies (GWAS) have confirmed that these
truncation variants are major contributors to grain size diver-
sity in rice populations, making GS3 a key target in rice
breeding [65]. Additionally, targeted gene-editing approaches
like CRISPR-Cas9 have been used to introduce PTVs in GS3,
resulting in enhanced grain length and yield. These find-
ings underscore the importance of understanding PTVs like
those in GS3 for crop improvement efforts, as they directly
impact traits that are critical for both productivity and market
value [66].

To explore the GS3 gene (Os03g0407400) in the Grame-
neOryza portal, enter “GS3” into the search box at the top
of the homepage. Clicking the “Germplasm” tab brings up
a table of germplasms containing predicted loss-of-function
alleles for the GS3 gene (Fig. 5a). The table also includes infor-
mation like synonyms, studies, Variant Effect Predictor con-
sequences, allele status, and links to view all loss-of-function
genes for each germplasm. Clicking the “Search” button for
any germplasm takes you to the Ensembl genome browser,
where additional variants within the gene are highlighted
(Fig. 5b—Variant image).

The GS3 gene shows stop gained variants in 77 germplasms
across 3 independent studies (as shown in Fig. 5a). You can
further explore variants within this gene on the Variant image
page (Fig. 5b) in the Ensembl genome browser. Notably, the
stop gained variants appear on three exons (Os03t0407400-
01-E1, Os03t0407400-01-E2, and Os03t0407400-01-E5) of
the GS3 gene. In the Variant table (Fig. 5c), you can filter
variants based on their consequence type. Using the “Con-
sequence Type” filter, you can narrow down the variants to
display PTVs. Applying this filter reveals nine variant types
resulting in PTVs. Additionally, by clicking the transcript ID
0s03t0407400-01, you can view a variant comparison image
(Fig. 5d), which graphically displays the transcript and vari-
ation data in a genomic context across different breeds or
strains. The haplotype display shows allele positions where
the reference matches in green and mismatches in purple. For
heterozygous positions, a striped pattern of green and purple
indicates the presence of both alleles.

Discussion

The GrameneOryza resource offers a comprehensive platform
for Oryza genomic data, addressing key challenges in rice
research and providing tools that are valuable for both basic

and applied research. One of the significant features of Grame-
neOryza is the incorporation of gene family trees, which play
a crucial role in identifying orthologs and paralogs across the
Oryza clade and related species. Gene trees provide a frame-
work for understanding evolutionary relationships between
genes, helping researchers identify gene families that are con-
served across species or that have undergone lineage-specific
expansions. This information is vital for developing Oryza
pan-gene sets, which capture the full range of genetic diversity
within the genus, including PAVs and CNVs. As rice breed-
ing programs increasingly focus on tapping into this genetic
diversity, pan-gene sets enable researchers to explore the full
spectrum of functional diversity, leading to more targeted
approaches in crop improvement. The inclusion of standard-
ized rsIDs from the EVA supports Fairification of the data,
further enhancing the utility of the genetic variation data
accessible within GrameneOryza. rsIDs provide a globally
recognized identifier for genetic variants, facilitating cross-
referencing with other datasets and enabling reproducibility
of agricultural research. The standardized rsID system ensures
that researchers can easily compare genetic variation across
different studies, accelerating efforts to link specific variants
to phenotypic traits, such as disease resistance, stress toler-
ance, or yield improvement. The availability of 27 million
rsIDs, anchored on the Nipponbare reference genome, pro-
vides a comprehensive view of rice genetic variation, which
is particularly valuable for GWAS and other high-throughput
function analyses.

One of the major strengths of GrameneOryza is its inte-
grated search interface, which allows users to seamlessly
navigate across various types of data, including genomic,
phylogenetic, gene function, genetic variation, population,
and QTL data. The platform’s intuitive BLAST server pro-
vides researchers with a powerful tool for sequence-based
searches, enabling them to quickly query their sequences
against a curated database of Oryza genomes and related
species. This functionality is particularly useful for identify-
ing potential gene variants or homologs in newly sequenced
rice varieties. The integration of diverse data types into a sin-
gle, user-friendly platform significantly reduces the barriers to
accessing and interpreting complex genomic data.

Another strength of GrameneOryza is the infrastructure
for community curation. The phylogenetic tree-based gene
structure interface provided by Homology tab enables the
user to quality check the structures of the gene members
in the context of homologous protein-alignments and flag
the discordant ones (Fig. 6a). This unique function is espe-
cially useful in detecting potential split-gene instances, missing
sequences, or annotation errors such as gene fusions or incom-
plete gene models and providing opportunities to identify
the low-confident gene models for further inspection and
improvement. Another place with community curation capa-
bility is the Papers tab, where “Submit a gene function here”
feature (Fig. 6b) prompts users and researchers to submit
their functional curation of the gene and meta data by fill-
ing out a Google form (Fig. 6¢). As the volume of genomic
data continues to grow, community curation will be critical
in maintaining the accuracy and usability and scalability of
public databases like GrameneOryza.

The need for consistent pan-gene sets and uniform annota-
tions across the Oryza genus cannot be overstated. Given the
high degree of genome fluidity observed in rice and related

20z 1MdY | uo Josn JogieH Buuds pioD Aq 8L L1 18/L.Z0seeq/aSeqeIEp/E60 | 0L/I0P/a[iE/aSEGEIEP/WOD dNO"DIWSPEDE//:SANY WOI) PAPEOJUMOQ



(a) Germplasm table view

VWFC modul

Stuyopuiation Synonym ANLOF Genes

fp—
fp— a3
.

s 31amen

Wei et al.

(b) Variant image

Varantimage ©

Comparison image @

Figure 5. Identification of PTVs using the GrameneOryza interface. (a) Germplasm: displays a list of germplasms containing predicted loss-of-function
alleles for the GS3 gene. Clicking the hyperlinked text “Variant image"” will bring you to the Ensembl genome browser's gene page Variant Image panel.
Clicking the “Search” button for any germplasm links to additional genes with predicted loss-of-function mutations in the selected germplasm. (b)
Variant Image: visualizes short sequence variants across different GS3 transcripts. The variants are represented as vertical lines, colorcoded based on
their relative positions within the transcript. (c) Variant Table: displays variant information by consequence type, defaulting to all consequences for the
GS3 gene. The table allows filtering for PTVs, focusing specifically on variations that result in protein truncation. (d) Variant Comparison Image: clicking
on a specific GS3 transcript shows variation data in a broader genomic context, enabling comparison of variation across multiple germplasms or strains.

species, single reference genomes often fail to capture the
full extent of functional diversity. Pan-gene sets address this
limitation by incorporating genetic variations, such as PAVs,
across multiple genomes, providing a more complete represen-
tation of the genetic landscape. Consistent annotations across
these genomes ensure that the data are comparable and inter-
operable, enabling researchers to make accurate inferences
about gene function and evolutionary relationships. As rice
research moves toward a more systems-level understanding of
gene function, having access to well-annotated pan-genomes
will be essential for advancing both basic biology and applied
breeding programs.

GrameneOryza is built on the principles of FAIR data
management to ensure the highest standards of access and
interoperability. GrameneOryza was developed within an
ecosystem of community databases (Supplementary Table 2)
that champion the principles of FAIR.

Of the 28 Oryza genomes, 27 have been deposited in
the INSDC with GCA accessions (Supplementary Table 3).
This ensures the provenance of genome assemblies with meta-
data are documented, organized, and traceable. The sole
exception is the Carolina Gold genome [14] from USDA,
which is not in INSDC; however, the genome sequences
are fully released through Cyverse data stores, and can
be downloaded from https://de.cyverse.org/dl/d/2C3CF540-
2962-4BC2-8131-6CE8AA4FA4FE/oryza_carolina-top

level-20180831.fa.gz, which is provided on the species info
page of the site. The gene annotations were performed with a
suite of published open source software such as Maker-P [67],
PASA [68], etc, which guarantees reproducibility. The pan-
genomes were imported from PanOryza project (https://pano
ryza.org/), which named the pan-genes based on the nomen-
clature guidelines set by the rice community. Protein features
were annotated using InterproScan [69], an open-source, doc-
umented and well-maintained open-source tool from EBI.
Interpro2Go [70], is an important step of this pipeline, assigns
protein function with GO terms. These GO terms are commu-
nity standards and that ensures the support of interoperability
with other resources and tools.

The genetic variation data included in GrameneOrzya were
obtained from both published studies and collaborators. To
support FAIR compliance, these data were updated with rsIDs
from EVA release 5 [60, 70]. When multiple identifiers were
available for germplasm samples, priority was given to stan-
dard identifiers from germplasm centers such as GRIN-Global
[71], RG-3K project [27], National Agriculture and Food
Research Organization (NARO, https://www.naro.go.jp/engl
ish/). Cross-links back to their respective germplasm center
pages were provided, offering access to other sample names
as synonyms.

GrameneOrzya also  utilizes controlled  vocabu-
lary from established ontologies. Examples include GO for
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Figure 6. Community curations in GrameneOryza interface. (a) Homology-based gene structure inspection interface allows users to flag problematic
models for further inspection and improvement. (b) Paper tab displays the functions curated by RAP-DB and GeneRIF, but also prompts users to enter
their curation of the gene function. (c) The Google form that takes the curation of the gene function and its associated metadata provided by the user.

characterizing a gene’s function and cellular localization, and
TO, the Trait Ontology [49] for phenotypes associated with
QTLs. To enhance accessibility, GrameneOryza developed
powerful integrated search interface. Users can easily explore
and export the underlying sequences and features. For bulk
data needs, large datasets and batch downloads are supported
through the dedicated ftp site (https:/ftp.gramene.org/oryza/
release-current/).

In summary, GrameneOryza offers an integrated, compre-
hensive, and user-friendly platform for rice genomic data. Its
features, including gene trees, standardized rsIDs, enhanced
data access tools, and community-driven curation, provide
invaluable resources for the rice research community, support-
ing efforts to explore genetic diversity, improve crop varieties,
and address challenges posed by climate change.

Conclusion

GrameneOryza has made significant contributions to the rice
research community by providing a comprehensive resource
that integrates high-quality genomic, genetic variation, and
functional data across multiple Oryza species. Its key features,
such as gene family trees, standardized rsIDs, and an intuitive
search interface, enable researchers to efficiently access and
analyze diverse data types. The community-driven curation

interface further enhances the accuracy of annotations, mak-
ing the platform a valuable tool for exploring genetic diversity,
evolutionary relationships, and functional genomics. Look-
ing ahead, future enhancements could include expanding the
repository with more emerging Oryza genomes and improv-
ing the integration of environmental-genomic data through
tools like CLIMtools. Additionally, the development of more
robust pan-gene sets and enhanced comparative genomic fea-
tures would further support efforts to address challenges
in rice breeding, climate resilience, and sustainable agricul-
ture. As GrameneOryza continues to evolve, it will remain a
critical resource for advancing both basic research and applied
agricultural innovations.
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