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Abstract

High-throughput sequencing technologies have enabled the generation of high-quality reference genomes for
numerous rice cultivars. However, inferring gene functions, associated phenotypes, and causal variants from these
sequences remains challenging. The Rice Annotation Project Database (RAP-DB; https://rapdb.dna.naro.go.jp) is

a curated genomic resource that provides comprehensive gene annotations for the reference genome of Oryza
sativa ssp. japonica cv. ‘Nipponbare! Since its major update in 2013, gene models and functional annotations have
been continuously revised through expert manual curation of newly published literature related to rice genes.

As of February 2026, a total of 7031 transcripts corresponding to 6747 loci have been curated based on 4904
peer-reviewed publications. These curated genes are functionally characterized and are frequently associated

with agronomic traits, including yield components, stress tolerance, and disease resistance. To support molecular
breeding, RAP-DB now provides a curated catalogue of 1085 agronomically important loci, including gene symbols,
functional descriptions, and associated traits, together with 1129 functionally characterized alleles compiled from
the literature. In addition to in-house expert curation, RAP-DB integrates community-curated datasets for major
gene families, such as WRKY transcription factors, S-domain receptor-like kinases, and leucine-rich repeat-containing
receptors, thereby expanding coverage of key regulatory and defense-related genes. RAP-DB also incorporates
reanalyzed RNA sequencing expression profiles alongside microarray-based expression data and co-expression
networks, offering gene-centric views of expression patterns across tissues, conditions, and developmental

stages. Furthermore, RAP-DB is linked to genome-wide variation datasets from diverse rice varieties through the
TASUKE + genome browser, enabling exploration of allelic diversity across varieties. To enhance annotation quality
and long-term sustainability, artificial intelligence (Al)-assisted literature screening and a web-based feedback
system have been introduced, allowing users to submit corrections to gene models and report newly characterized
genes or relevant publications. Together, these developments strengthen RAP-DB as a primary, literature-based
gene annotation resource and provide a practical foundation for molecular breeding in rice.
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Introduction

Rice (Oryza sativa) serves as a staple food for nearly half
of the global population and plays a central role in global
food security. The genome sequence of the japonica
rice cultivar ‘Nipponbare’ was completed in 2004 by the
International Rice Genome Sequencing Project (IRGSP)
and has since been updated several times (International
Rice Genome Sequencing Project 2005; Kawahara et
al. 2013). Although high-quality genome assemblies,
including telomere-to-telomere (T2T) assemblies of
multiple rice cultivars, have recently been generated
using advanced sequencing technologies such as PacBio,
Oxford Nanopore Technologies (ONT), and Hi-C, the
latest IRGSP Nipponbare reference genome (Os-Nippon-
bare-Reference-IRGSP-1.0) remains widely used as the
primary reference for rice genomics (Wang et al. 2018;
Qin et al. 2021; Zhang et al. 2022; Shang et al. 2023; Guo
et al. 2025). In parallel, comprehensive gene annotations
based on this reference genome have been developed
and are publicly available through databases such as the
Rice Annotation Project Database (RAP-DB), the Rice
Genome Annotation Project (RGAP), and the Informa-
tion Commons for Rice (IC4R) (Sakai et al. 2013; Sang et
al. 2020; Hamilton et al. 2025). Together, these resources
have provided foundational knowledge across diverse
areas of rice biology, genetics, and breeding.

At the same time, our understanding of rice gene
functions and their associated traits has expanded sub-
stantially, with a growing number of studies reporting
functional characterization of individual genes (Fig. S1).
This expansion accelerated following the release of the
rice reference genome sequence and its gene annotation
(International Rice Genome Sequencing Project 2005;
Ohyanagi et al. 2006), which established a fundamental
platform for functional genomics. Progress in this field
has been driven in part by the accumulation of large-
scale genomic and transcriptomic datasets enabled by
rapid advances in sequencing technologies. In addition,
the advent of genome editing technologies has facilitated
precise functional validation of genes, further accelerat-
ing discoveries in rice functional genomics.

The resulting scientific outputs, including literature
describing functional studies and high-throughput
sequencing datasets, have been deposited in public
repositories such as PubMed for literature and the Inter-
national Nucleotide Sequence Database Collaboration
(INSDC) databases (SRA/DRA/ENA) for sequencing
data. To fully exploit these literature-based functional
insights and large-scale genomic and transcriptomic
datasets for functional genomics and molecular breeding,

organizing and integrating them into genome annotation
databases that provide efficient access, cross-referencing,
and reuse for the research community is essential.

Over the past decade, rapid advances in functional
genomics and breeding technologies, including marker-
assisted selection and speed breeding, have made molec-
ular breeding based on rational design a practical strategy
for crop improvement. This approach relies on detailed
knowledge of the genes underlying key agronomic traits
(Zeng et al. 2017; Watson et al. 2018; Chukwu et al.
2019; Agata et al. 2020; Wei et al. 2021; Tian et al. 2021;
Yang et al. 2023). Recent developments in genome edit-
ing technologies have enabled precise modifications not
only of protein-coding regions but also of regulatory ele-
ments involved in transcription, splicing, and translation,
resulting in phenotypic changes in traits such as flower-
ing time, amylose content, and grain size (Sukegawa et al.
2022; Zhang et al. 2025). Furthermore, targeted modifi-
cations of transcriptional regulatory elements have been
shown to fine-tune complex traits, including panicle
branching and multi-pathogen resistance, by modulat-
ing gene expression levels (Kuroha et al. 2025; Han et al.
2025). These strategies ultimately depend on accurate
genetic dissection of agronomic traits and high-resolu-
tion information on the underlying genes and alleles.

Several databases have been developed to compile
information on rice gene functions and associated agro-
nomic traits extracted from published literature. For
example, funRiceGenes systematically curates gene
function data from published studies, providing a com-
prehensive resource for exploring gene functions, phe-
notypes, and relevant literature (Huang et al. 2022). An
additional challenge in rice genomics is inconsistent gene
nomenclature, as individual genes are often referred to
by multiple names across studies. Oryzabase addresses
this issue by compiling gene names and symbols reported
in the literature, thereby facilitating the resolution of
nomenclature inconsistencies (Yamazaki et al. 2010). In
addition to nomenclature, Oryzabase provides extensive
information on mutants, quantitative trait loci (QTLs),
genetic markers, and genomic diversity. Furthermore,
Q-TARO/OGRO offers curated datasets of agronomi-
cally important rice QTLs and genes derived from the
literature, contributing to the identification of trait-asso-
ciated loci relevant to breeding programs (Yonemaru et
al. 2010; Yamamoto et al. 2012). Comprehensive data-
bases that integrate genomic and transcriptomic infor-
mation with literature-derived functional annotations,
therefore, represent valuable resources for advancing
molecular breeding.
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The gene annotation in the current version of RAP-DB
was originally constructed for the IRGSP-1.0 genome in
2011 (Sakai et al. 2013). Gene models were generated
based on alignments of full-length ¢cDNA sequences
from Oryza sativa ssp. japonica, mRNA sequences from
monocot species (including rice, wheat, maize, etc.), and
ab initio gene predictions, resulting in the prediction of
45,998 loci. Functional annotations were assigned using
computational approaches, including sequence similarity
searches against GenBank mRNA and UniProt protein
databases, as well as functional domain prediction using
InterProScan, which also provided Gene Ontology (GO)
term assignments.

Since the major update in 2013, RAP-DB has been
continuously maintained and enhanced through the
incorporation of new datasets, additional functionalities,
and improvements to the user interface. To further sup-
port the rice research community, expert-driven manual
curation has been conducted to refine gene models and
improve functional annotations. More recently, curated
information on agronomically important genes and
their functional alleles has been made available to facili-
tate molecular breeding research. RAP-DB also inte-
grates transcriptome profiles from more than 700 RNA
sequencing samples and genome-wide polymorphism
data from 1,358 diverse rice varieties. By combining lit-
erature-based functional annotation with transcriptomic
and genome diversity resources, RAP-DB continues to
serve as a central platform for rice genomics and breed-
ing research. This paper describes recent developments
and ongoing activities in RAP-DB.

Materials and Methods

Manual Curation of Gene Models and Functional
Annotations

Manual curation was conducted to update gene struc-
tures and functional annotations based on newly pub-
lished literature. Relevant articles were identified by
expert curators through keyword-based searches in
PubMed (Sayers et al. 2021). We first retrieve recently
published rice-related articles by searching PubMed
using keywords such as “Oryza sativa” and “rice” We
then screen titles and abstracts to identify papers that
are likely to contain gene-specific functional information
in rice. When candidate papers include gene symbols
or gene identifiers, we map them to the corresponding
RAP-DB gene models. Finally, curators examine the full
text to extract and curate relevant information, includ-
ing gene function, subcellular localization, and related
traits. When necessary, gene models were updated based
on reported transcript structures, sequence informa-
tion, and other supporting evidence. External resources,
including gene annotations from RGAP (https://rice.uga.
edu/) and RefSeq (https://www.ncbi.nlm.nih.gov/refseq/)
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, as well as RNA sequencing and Iso-Seq read alignments,
were also consulted to validate and refine the updated
gene models. In addition, information on known allelic
variants reported in the literature for genes associated
with agronomically important traits was collected. This
included details such as variant type and genomic posi-
tion, the cultivars in which the alleles were identified, and
their effects on phenotypic traits.

The process of updating gene models and functional
annotations in RAP-DB is managed using an in-house
web application developed specifically to support cura-
tion workflows. During each update, InterProScan is re-
executed for all genes using the latest program version
and database sources (Jones et al. 2014; Blum et al. 2025).
For the latest annotation release, published on 5 February
2026, InterProScan v5.73-104 and the most recent ver-
sion of the go.obo file downloaded from the Gene Ontol-
ogy Resource website (https://geneontology.org/) were
used to assign InterPro domains and GO terms (Gene
Ontology Consortium et al. 2023). In addition, gene-
associated information from Oryzabase (https://shigen.
nig.ac.jp/rice/oryzabase/), including gene symbols, gene
names, Trait Ontology (TO), and Plant Ontology (PO)
terms, was updated to reflect the latest available data.
Enriched and depleted ontology terms were tested using
Fisher’s exact test, and multiple testing correction was
performed using the false discovery rate (FDR) method
(Benjamini and Hochberg 1995).

To compare gene annotations across major rice anno-
tation databases, protein sequence datasets were down-
loaded from RAP-DB (https://rapdb.dna.naro.go.jp/do
wnload/irgspl.html), RGAP (https://rice.uga.edu/dow
nload_osalr7.shtml), RefSeq (https://www.ncbi.nlm.ni
h.gov/genome/annotation_euk/Oryza_sativa_Japonica
_Group/102/), and IC4R (https://ngdc.cncb.ac.cn/icdr
/download). Based on the overlap of exonic regions, we
made an ID conversion table among RAP-DB, RGAP,
RefSeq, and IC4R (Table S1). The completeness of each
annotation set was evaluated using BUSCO v5.8.2 with
the embryophyta_odb10 reference dataset (Manni et al.
2021).

Artificial Intelligence (Al)-Assisted Literature Classification
for Manual Curation

To train the text classification model, a labeled dataset
consisting of positive and negative literature sets was
assembled. The positive dataset comprised 4699 articles
previously used for manual curation. For each publica-
tion, titles and abstracts were used as input data. The neg-
ative dataset consisted of an equal number of rice-related
articles sampled from PubMed using the keywords “rice”
and “Oryza sativa,” excluding articles already included in
the positive dataset. To minimize bias toward a particular
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publication period, we sampled articles published since
2000 across a broad time range.

To classify literature relevant to rice gene function, two
natural language processing (NLP) models were imple-
mented: fastText and Bidirectional Encoder Represen-
tations from Transformers (BERT) (Bojanowski et al.
2016; Joulin et al. 2016; Devlin et al. 2018). For fastText,
the Python fasttext library v0.9.3 was used with default
parameter settings. For BERT, the pre-trained "bert-base-
uncased"” model was fine-tuned using the implementation
provided in the transformers library v4.37.2. The final
model was trained using the following hyperparameters:
50 epochs, a batch size of 16 for training and 32 for evalu-
ation, 500 warm-up steps, a weight decay of 0.01, and a
learning rate of 1x107. Five-fold cross-validation was
performed using 80% of the labeled dataset for training
and 20% for testing in each fold. Model performance was
evaluated using precision, recall, and F1 score to assess
effectiveness in selecting literature for manual curation.

Transcriptome Sequencing and Data Analysis

For Iso-Seq analysis, rice plants (cv. Nipponbare) were
grown in a growth chamber, and fully expanded leaves
were sampled every two hours over a 24-h period, one
month after sowing. At each time point, one leaf was
harvested from each of three individual plants, resulting
in three leaves per time point. Total RNA was extracted
from all samples using the Promega Maxwell 16 LEV
simplyRNA Tissue Kit and then pooled in equal amounts
to obtain an RNA sample for Iso-Seq library preparation.
Iso-Seq libraries were constructed using a PacBio Iso-Seq
kit, and three size-selected libraries (1-2 kb, 2—3 kb, and
3-6 kb) were prepared. Sequencing was performed on
the PacBio RS II platform using two SMRT cells for the
1-2 kb library, three cells for the 2-3 kb library, and four
cells for the 3—6 kb library. The resulting reads were pro-
cessed using the Iso-Seq analysis pipeline v3.0.1, which
included extraction of full-length non-chimeric reads,
clustering of similar transcripts, and polishing to gen-
erate high-quality consensus sequences (Guizard et al.
2023). Polished transcripts were mapped to the reference
genome (Os-Nipponbare-Reference-IRGSP-1.0) (Kawa-
hara et al. 2013), and redundant isoforms were removed
based on the alignments using cDNA_cupcake v16.0.0
(https://github.com/Magdoll/cDNA_Cupcake). In total,
24,172 non-redundant Iso-Seq transcripts were obtained.
Complete coding sequences (CDSs) were predicted for
each transcript using TransDecoder v5.5.0 (https://githu
b.com/TransDecoder/TransDecoder).

RNA sequencing data for 746 publicly available Nip-
ponbare samples representing diverse tissues and growth
conditions were obtained from public databases (SRA/
DRA/ENA) (Table S2). Raw sequencing data were pre-
processed using Trimmomatic v0.39 with the parameters:

Page 4 of 14

ILLUMINACLIP:illumina_adapter_sequences.fa:2:30:10,
LEADING:15, TRAILING:15, SLIDINGWIN-
DOW:10:15, and MINLEN:30 (Bolger et al. 2014).
Clean reads were aligned to the reference genome using
HISAT?2 v2.2.1 with the parameters —min-intronlen 20
and —max-intronlen 10,000 (Kim et al. 2019). Transcript
abundances were estimated as transcripts per million
(TPM) using StringTie v2.2.1 (Pertea et al. 2015).

Detection of Genome-Wide Variations
Publicly available whole-genome resequencing data
from diverse rice varieties were obtained from public
databases (SRA/DRA/ENA) (Table S3). Raw reads were
preprocessed using Trimmomatic v0.38 with the parame-
ters: ILLUMINACLIP:adapters.fa:2:30:10, LEADING:20,
TRAILING:20, SLIDINGWINDOW:10:20, and MIN-
LEN:30. Filtered paired-end reads were aligned to the ref-
erence genome using BWA-MEM v0.7.17 (Li and Durbin
2009). PCR duplicates were identified and removed using
Picard v2.18.17 (https://broadinstitute.github.io/picard/),
and variant calling was performed using the Haplotype-
Caller module in GATK v4.2.4.0 (Van der Auwera and
O’Connor 2020). Joint genotyping across all samples was
conducted using the GenotypeGVCFs module in GATK.
Following genotyping, variant filtering was applied to
obtain high-confidence single-nucleotide polymorphisms
(SNPs) and insertions/deletions (InDels). Variants
with sequencing depth outside the range of the average
depth + five standard deviations were excluded. For SNPs,
additional filtering criteria included QD <2.0, MQ <40.0,
FS>60.0, SOR > 3.0, MQRankSum < - 12.5, and ReadPos-
RankSum < - 8.0. For InDels, the criteria were QD <2.0,
FS>200.0, SOR>10.0, and ReadPosRankSum < -20.0.
Filtered variants were annotated using SnpEft v5.2f (Cin-
golani et al. 2012) to predict potential effects on gene
structure and function based on the latest RAP-DB gene
annotation. The annotated variant dataset was imple-
mented in TASUKE + version 20,241,122 together with
the latest RAP-DB gene annotation (Kumagai et al. 2019).
Biallelic SNPs were extracted from the genome-wide
variation dataset using PLINK v1.9 (Chang et al. 2015).
SNPs with a minor allele frequency (MAF)<0.05 or a
missing genotype rate>10% were excluded. The result-
ing high-confidence SNP dataset was used as input for
ADMIXTURE v1.3.0 (Alexander et al. 2009), which was
run with values of K (number of ancestral populations)
ranging from 4 to 20.

Results

Refinement of Rice Gene Annotations Through Continuous
Literature-Based Manual Curation

Since the major update in 2013 (Sakai et al. 2013), RAP-
DB has been continuously updated with revised gene
models and functional annotations, with new releases
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Table 1 Overview of rice gene annotation databases

RAP-DB RGAP RefSeq IC4R
Organization NARO UGA NCBI NGDC
References This study Hamiltonet - Sang et
al. (2025) al. (2020)
Release date* Feb5,2026 Feb7,2012 Aug7,2018 Mar?27,
2018
Frequency of Twice ayear No updates Irrequ- Irregular
update lar (not (not
specified) specified)
Number of loci 43,740 55,986 34,948 62,151
Number of 46,035 66,338 42,392 79,499
protein coding
transcripts
Number of non- 1893 0 11,590 6210
protein coding
transcripts
BUSCO
Complete 99.1% 91.6% 99.6% 93.4%
[Single, Dup.] [91.3%, [70.7%, [68.8%, [63.6%,
7.8%] 20.9%] 30.9%] 29.7%]
Fragmented 0.5% 5.0% 0.1% 4.4%
Missing 0.4% 3.4% 0.3% 2.2%

“For RGAP, RefSeq and IC4R, the release date refers to the latest available
annotation data
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Fig. 1 Trendsin the number of manually curated genes in RAP-DB. Annual
increase in the number of curated transcripts in RAP-DB from 2013 to Feb-
ruary 2026. As of February 2026, 7031 transcripts corresponding to 6747
loci have been manually curated based on peer-reviewed publications

issued approximately twice per year. The latest RAP-
DB gene annotation release, dated 5 February 2026,
comprises 43,740 loci and 47,928 transcript isoforms
(Table 1). To enhance functional characterization, Inter-
ProScan has been applied to all annotated transcripts at
each release to assign protein functional domains and
GO terms. In the most recent release, functional domains
were detected in 26,815 loci (58.5%), and 18,946 loci
(41.3%) were annotated with at least one GO term. In the
same release, 1,893 non-protein-coding transcripts are
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annotated. Among these, 22 transcripts, including long
noncoding RNAs (IncRNAs) and miRNAs, have updated
functional annotations based on manual curation.

Through collaboration with Oryzabase (Yamazaki et al.
2010), manually curated rice gene names, symbols, and
associated TO and PO terms have been incorporated into
RAP-DB. Consequently, 7,161 loci (16.4%) were anno-
tated with TO terms, 4,416 loci (10.1%) were associated
with PO terms, and 15,364 loci (35.1%) were assigned
gene names or symbols curated in Oryzabase.

To date, manual curation based on newly published lit-
erature has refined the gene models and functional anno-
tations of 7,031 transcripts corresponding to 6,747 loci
(15.4%), drawing on evidence from 4,904 peer-reviewed
publications (Fig. 1). These curated entries are clearly
indicated in RAP-DB by a “Curated” label, signifying that
their gene models and functional annotations have been
reviewed and refined by expert curators (Fig. 2A).

Manual curation involves not only the extraction
of gene functions and associated phenotypes but also
the verification and, where necessary, revision of gene
structures using multiple lines of supporting evidence.
As RAP-DB is one of the primary annotation databases
for the rice reference genome and provides official rice
gene identifiers (e.g., Os06g133000 or Os06t133000-
01) (McCouch and CGSNL, 2008), it plays a central role
in maintaining consistent and accurate gene models.
This framework enables the correction of misannotated
gene structures and the incorporation of newly identi-
fied genes when supported by reliable evidence. RAP-
DB gene identifiers are originally assigned according to
genomic position. When a new gene model is introduced,
we assign an identifier that is consistent with surround-
ing loci while ensuring that it does not conflict with exist-
ing or obsolete identifiers.

To ensure accurate gene structures, RAP-DB integrates
information reported in the literature with annotations
from other major resources, including RGAP and Ref-
Seq. In addition, RNA-Seq and Iso-Seq transcript align-
ments are used as transcriptomic evidence to support
gene model validation. These datasets are visualized in
JBrowse, allowing direct comparison with RAP-DB gene
models (Fig. S2).

As aresult of these sustained efforts, the quality of gene
annotation has improved substantially compared with
the computationally predicted gene models released on
Oct 31, 2011. The BUSCO completeness score for entire
gene models in the most recent release increased to
99.1%, compared with 79.4% for the original annotation,
demonstrating the effectiveness of continuous manual
curation in improving annotation quality and complete-
ness (Table S4).

To further characterize manually curated genes, we
examined the distribution of TO, PO, GO, and InterPro
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0s06t0133000-01 . 2, 2018

Description

Granule-bound starch synthase, Synthesis of amylose in endosperm

RAP-DB Gene Symbol(s)

Wx

RAP-DB Gene Name(s)

waxy, Waxy

Position

chr06:1765622..1770574(+ strand)

Locus

0s06g0133000

Other variants

0s06t0133000-02 Mar. 12, 2010

Gene ontology (GO)

Molecular Function: alpha-1,4-glucan glucosyltransferase (UDP-glucose donor) activity (GO:0004373)
glycosyltransferase activity (GO:0016757)

Functional domain (InterPro)

Glycosyl transferase, family 1 (IPRO01296)
Bacterial/plant glycogen synthase (IPRO11835)
Starch synthase, catalytic domain (IPRO13534)

Transcript evidence

AK070431 (Oryza sativa Japonica Group, Nipponbare)
Oryza sativa Japonica Group cDNA clone:1023052C23, full insert sequence

Protein Evidence

QODEV5  (Oryza sativa subsp. japonica)
Granule-bound starch synthase 1, chloroplastic/amyloplastic

Literature

"Pan-genome analysis highlights the extent of genomic variation in cultivated and wild rice."
Zhao Q et al. Nat Genet, 50(2):278-284 (2018) [PubMed]

"The amylose content in rice endosperm is related to the post-transcriptional regulation of the
‘waxy gene."

Wang ZY et al. Plant J, 7(4):613-22 (1995) [PubMed]

"Effects of the first
tobacco protoplasts'
Yong-zhong Li et al. Plant Science, 108(2):181-190 (1995) [DO1]

tron of rice Waxy gene on the expression of foreign genes
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 Annotation features of the transcript and locus information pages in RAP-DB, shown for the Wx locus. Panels A-D show features of the transcript
page, whereas panels E-G show features of the locus page. A Basic annotation information on the transcript page, including curated annotation features
updated through manual curation, as indicated by the “Curated”label with the date of curation. These curated features include descriptions of gene prod-
ucts and functions, gene symbols and names, transcript and protein evidence. Gene Ontology terms and InterPro functional domains are also updated
through re-analysis at each update cycle. B Literature information used for manual curation. C Gene expression profiles across 746 RNA-Seq samples
derived from 45 datasets, together with sample metadata. D Direct links to TASUKE + for exploration of local genome-wide variant data, as well as known
alleles and mutations extracted by manual curation from peer-reviewed publications. E Locus-page information, including transcript isoform structures,
gene symbol, and gene name. F Microarray-based gene expression profiles previously provided by RiceXPro. G Gene co-expression network information

previously provided by RiceFREND

domain terms among curated loci (Tables S5-S10). TO
analysis revealed enrichment of traits related to envi-
ronmental stress tolerance, including salt (TO:0006001),
drought (T0O:0000276), cold (TO:0000303), and heat
tolerance (T0O:0000259), as well as yield-related traits
such as plant height (T0:0000207), tiller number
(TO:0000346), seed set percentage (TO:0000455), and
grain- and panicle-related attributes. Genes involved in
disease resistance, including blast disease (TO:0000074)
and bacterial blight resistance (TO:0000175), were also
frequently represented (Fig. 3A; Table S9).

PO term analysis showed significant enrichment
for terms associated with leaf (P0O:0025034), root
(PO:0009005), and inflorescence (PO:0009049), indicat-
ing that these organs and tissues are frequent targets of
functional studies (Fig. 3B; Table S10). GO term analy-
sis revealed that curated genes were commonly anno-
tated with terms such as ATP binding (GO:0005524),
protein binding (GO:0005515), protein kinase activity
(GO:0004672), protein phosphorylation (GO:0006468),
and regulation of DNA-templated transcription
(GO:0006355) (Fig. S3). These terms are typically linked
to regulatory processes, including signal transduction
and transcriptional control, suggesting that a large pro-
portion of curated genes encode regulatory proteins.
In contrast, GO terms associated with housekeeping
functions, such as structural constituent of ribosome
(GO:0003735), translation (GO:0006412), RNA modifi-
cation (G0O:0009451), and ribosome (GO:0005840), were
underrepresented among curated genes.

InterPro domain analysis revealed significant enrich-
ment of domains associated with disease resistance,
including the leucine-rich repeat domain superfamily
(IPR032675), leucine-rich repeat (IPR001611), and NB-
ARC (IPR002182) domains. Domains linked to regula-
tory functions, such as the protein kinase-like domain
superfamily (IPR011009), P-loop—containing nucleoside
triphosphate hydrolase (IPR027417), and winged helix-
like DNA-binding domain superfamily (IPR036388) were
also enriched (Fig. S4). By contrast, domains such as the
F-box-like domain superfamily (IPR036047) and F-box
domain (IPR001810), which are typically associated with
metabolic enzymes and ubiquitin-mediated proteolysis,
respectively, were less frequent among curated genes.

Enhancing Manual Curation with Al-Assisted Literature
Selection

To facilitate the identification of publications suitable
for functional annotation of rice genes, we developed an
Al-assisted system to evaluate newly published literature
for relevance to manual curation. Two machine-learning
models, fastText (Joulin et al. 2017; Bojanowski et al.
2017), and BERT (Devlin et al. 2018), were evaluated for
this task. fastText is a lightweight word-embedding clas-
sifier optimized for speed and accuracy, whereas BERT is
a deep contextual language model that captures bidirec-
tional relationships in text.

Using five-fold cross-validation, both models achieved
F1 scores close to 0.9, indicating high predictive perfor-
mance (Fig. S5A). To assess generalizability, the trained
models were applied to an independent dataset of 216
newly published articles, and predictions were com-
pared with curator assessments. Both models achieved
F1 scores of approximately 0.8 in this external evaluation,
demonstrating robust performance on previously unseen
data (Fig. S5B). In addition, articles judged suitable for
curation by curators consistently received higher rele-
vance scores from both models, indicating their utility in
supporting literature selection (Fig. S5C).

To integrate this functionality into routine curation
workflows, we developed an in-house, web-based appli-
cation termed “Al Curator” (Fig. S6). This tool retrieves
articles from PubMed based on keywords and publica-
tion dates and automatically evaluates their relevance
using the trained AI model. In addition to article titles
and relevance scores, the application displays abstracts
and, when available, gene identifiers and gene symbols
extracted from full-text content. Incorporation of Al
Curator into the curation workflow has substantially
improved efficiency by enabling curators to prioritize
high-confidence publications and accelerate functional
annotation in RAP-DB.

Community-Driven Curation to Sustain and Enrich RAP-DB

Annotations

While expert manual curation has been central to ensur-
ing annotation accuracy and reliability, this approach is
inherently time-consuming and labor-intensive. In recent
years, increasing contributions from the rice research
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community have enabled more efficient and comprehen-
sive updates to gene annotations.

A representative example is the work of the Rice
WRKY Working Group, which reconciled inconsistent

nomenclature for WRKY transcription factors across
publications (Rice WRKY Working Group 2012). WRKY
genes form a large transcription factor family involved
in diverse processes, including biotic and abiotic stress
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responses, senescence, and development. Using this
curated dataset, we revised the gene symbols and
names of 75 WRKY loci in RAP-DB to reflect unified
nomenclature.

In addition, two recently curated gene family resources
were integrated into RAP-DB. Naithani et al. (2021) cata-
loged 144 members of the S-domain subfamily of recep-
tor-like kinases (SDRLKSs), which participate in signaling
pathways related to development and stress responses.
Gottin et al. (2021) reported more than 1,000 leucine-
rich repeat—containing receptor (LRR-CR) genes, many
of which are receptor-like kinases involved in pathogen
recognition and plant innate immunity. These datasets
were used to update gene identifiers, gene symbols, and
names, as well as functional descriptions for the corre-
sponding RAP-DB entries.

To further promote community participation, we
recently introduced a user feedback system that allows
researchers to propose gene model revisions and submit
information on newly characterized genes or relevant
publications (Fig. S7). This initiative supports collabora-
tive curation and helps ensure that RAP-DB remains cur-
rent and accurate.

These community-driven updates, together with lit-
erature-based expert curation, likely contribute to the
sustained growth in RAP-DB usage. In 2024, RAP-DB
received an average of 715,000 page views and 60,700
visits per month (Fig. S8A). Although most users access
RAP-DB from Japan and China, substantial usage also
originates from the United States, India, South Korea,
and Taiwan, underscoring its importance to the global
rice research community (Fig. S8B).

Comprehensive Gene Expression Profiles and
Co-expression Networks

As a satellite database of RAP-DB, TENOR was previ-
ously released to provide gene expression profiles for
leaves and roots under various abiotic stress conditions
(Kawahara et al. 2016). Since then, numerous transcrip-
tome studies conducted under diverse cultivation condi-
tions and in mutant backgrounds have been deposited
in public repositories. We retrieved RNA sequencing
datasets comprising 746 Nipponbare samples spanning a
wide range of tissues and cultivation conditions, includ-
ing those previously included in TENOR, and reanalyzed
them using a unified pipeline based on the latest RAP-DB
gene models (Table S2).

Because metadata associated with RNA sequencing
datasets in INSDC repositories are often incomplete or
inconsistent, we manually curated sample attributes,
such as tissue or organ, cultivation conditions, and library
construction methods, from the original publications. To
standardize descriptions across studies, PO and Plant
Experimental Conditions Ontology (PECO) terms were
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assigned to each sample. The resulting expression profiles
are displayed on each transcript information page as part
of the functional annotation (Fig. 2C), and read align-
ment tracks for all RNA sequencing samples are available
in the genome browser (Fig. S2). These alignments also
serve as transcriptional evidence for validating and refin-
ing gene models.

In parallel, RiceXPro and RiceFREND have long served
as community resources providing large-scale micro-
array-based expression profiles and co-expression net-
works across tissues and developmental stages (Sato et
al. 2013a, b). RAP-DB integrates RiceXPro expression
profiles and RiceFREND co-expression networks with
curated gene annotations and reanalyzed RNA sequenc-
ing data, presenting them together on each locus page
(Fig. 2F-@). Collectively, these datasets indicate where
genes are expressed and with which partners they are co-
expressed, providing a valuable resource for functional
inference and prioritization of candidate genes for down-
stream analyses.

Variant Landscapes Across Diverse Rice Varieties in
TASUKE +

To support interpretation of phenotypic diversity and dis-
covery of alleles of interest, we compiled whole-genome
resequencing datasets from diverse rice varieties and
identified SNPs and indels using a unified analysis pipe-
line. The resulting variation data are provided through
TASUKE +, an interactive genome browser that enables
visualization of genome-wide polymorphisms across
multiple varieties (Kumagai et al. 2019).

RAP-DB currently hosts three major variation datasets
through TASUKE +: (i) 1,358 rice varieties collected from
multiple published studies (Table S3); (i) the NARO
Genebank Open Rice Collection, consisting of 623 acces-
sions (Tanaka et al. 2020, 2021, 2025), and a dataset of
230 rice varieties, including Japanese landraces, breeding
lines, and diverse breeding materials. TASUKE + is tightly
integrated with RAP-DB annotations, allowing users to
open genomic regions directly from transcript informa-
tion pages to visualize local variation, compare allelic
states among varieties, and inspect nucleotide-level dif-
ferences (Fig. 2D; Fig. S9). TASUKE + also provides tools
for constructing phylogenetic trees based on user-defined
genomic regions and for designing PCR primers around
target variants, facilitating downstream experimental val-
idation and molecular breeding.

For the 1358-variety dataset, resequencing reads were
retrieved from public repositories (SRA/DRA/ENA)
based on 50 publications (Table S3). Variety-level meta-
data, including names, subgroups, and geographic ori-
gins, were manually curated from the literature and
database records. This collection includes both cultivated
rice and wild Oryza accessions, capturing broad genomic
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Fig. 4 Chromosomal distribution of curated agronomically important genes (Agri. genes). Agri. genes are plotted on the 12 chromosomes and color-
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diversity among AA-genome Oryza species and support-
ing studies of evolution, domestication, and adaptation
(Fig. S10).

A Curated Catalogue of Agronomically Important Genes
and Functional Alleles

Although TASUKE + enables genome-wide visualization
of polymorphisms, the phenotypic consequences of indi-
vidual variants are not immediately apparent. To bridge
genotype and phenotype for molecular breeding, we
compiled literature-derived information on agronomi-
cally important genes and their functional alleles and
linked curated annotations to specific variants.

In the current release, RAP-DB provides a curated list
of 1,085 agronomically important loci (“Agri. genes”)
associated with traits such as flowering time, yield com-
ponents, grain quality, stress tolerance, and disease resis-
tance (Fig. 4). For each locus, the list includes the gene
symbol or name, associated traits (with TO terms when

available), and relevant literature references. In addi-
tion, functionally characterized alleles reported in peer-
reviewed publications were manually curated and linked
to the corresponding transcript pages (Fig. 2D). Each
allele entry summarizes the variant type (e.g., SNP or
indel), the cultivars carrying the allele, and the reported
phenotypic effects, together with the source reference.

The Agri. gene list supports filtering by gene symbol
or name, trait keywords, and TO identifiers, enabling
rapid identification of loci relevant to specific pheno-
types (Fig. S12). For example, a search for “amylose con-
tent” retrieves 37 loci, including Wx1 (Os06t0133000-01),
which has 10 functionally characterized alleles associated
with glutinous and high-amylose phenotypes listed on
its transcript information page (Fig. 2D). Together with
TASUKE +, these curated functional allele annotations
provide a practical resource for identifying candidate
causal variants and supporting downstream analyses in
breeding workflows.
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Discussion

Recent advances in sequencing technologies have made
it increasingly feasible to generate high-quality reference
genome assemblies. Computational annotation pipe-
lines enable rapid, genome-wide gene prediction and
functional inference based on sequence homology to
known proteins and functional domains. However, com-
putational approaches still have limitations in accurately
predicting gene function and cannot readily incorporate
the latest findings reported in the literature. To address
these limitations, RAP-DB has been actively maintained
through expert, literature-based curation over the past
15 years, with regular biannual releases. As of 5 February
2026, 6,747 loci have been manually curated from 4904
publications, yielding high-confidence functional annota-
tions that reflect current knowledge of rice genes.

While funRiceGenes cites over 7900 publications and
Oryzabase indexes more than 26,000 articles related to
rice genes, RAP-DB currently includes a larger number
of functionally characterized genes than the approxi-
mately 4500 genes reported by funRiceGenes. Unlike
databases that primarily aggregate literature information,
RAP-DB functions as a primary annotation database,
in which curated findings are directly integrated into
genome annotations by revising gene models and assign-
ing updated gene identifiers. To our knowledge, this
combination of continuous literature-driven updates and
the authority to modify primary gene models is unique
among rice gene—related databases.

Traditionally, the identification of studies relevant to
rice gene function relied on curators manually search-
ing PubMed. However, as the volume of rice-related
literature has continued to expand, this approach has
become increasingly time-consuming and inefficient.
Recent advances in Al, particularly in NLP, have substan-
tially improved document classification accuracy using
machine-learning approaches.

To improve the efficiency of manual curation, we
developed “Al Curator’, an in-house Al-assisted litera-
ture prioritization tool that ranks newly published arti-
cles according to their potential relevance for RAP-DB
curation. In practice, this prioritization substantially
improved curation efficiency by enabling curators to
focus first on high-confidence candidate papers. How-
ever, this approach also has important limitations. The
positive training set was constructed from articles that
had previously been selected for manual curation, and
therefore may contain selection bias reflecting the topics
that have historically received greater attention, particu-
larly agronomically important traits and gene functions.
As a result, Al Curator may preferentially assign higher
relevance scores to articles concerning well-studied genes
and traits. To overcome this limitation, we therefore plan
to iteratively update the model in parallel with ongoing
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manual curation, which should progressively improve its
performance across a broader range of gene functions
and traits. Al Curator is an in-house tool used exclusively
by RAP-DB curators and is not currently publicly avail-
able, because literature retrieval and model evaluation
remain time- and resource-intensive. However, because
such a prioritization system could also be useful to the
wider rice research community, we will consider its pub-
lic release in future development, depending on its prac-
tical feasibility.

In parallel with literature-based manual curation of
individual genes, we increasingly incorporate curated
gene family datasets reported in peer-reviewed studies,
including those for the WRKY, SDRLK, and LRR-CR gene
families. RAP-DB also collaborates closely with Oryza-
base, regularly exchanging gene models, symbols, names,
and publication information to improve both resources.
To further broaden participation, RAP-DB now provides
a user feedback system that allows researchers to sug-
gest gene model revisions and submit newly published
evidence of gene function. All external contributions are
reviewed using standardized procedures to ensure anno-
tation accuracy and consistency prior to integration.

RAP-DB will continue to provide up-to-date rice gene
annotations by integrating expert literature curation,
Al-assisted literature screening, and carefully reviewed
community input, while directly updating primary gene
models when new, reliable evidence becomes available.

Large volumes of next-generation sequencing data
are deposited in public repositories such as SRA, DRA,
and ENA, yet many datasets are used only once in their
original studies and are rarely reused. In addition, hetero-
geneous bioinformatics pipelines across publications hin-
der direct comparison of reported polymorphisms and
expression values. To address these challenges, we reana-
lyze published whole-genome resequencing and RNA-
Seq datasets using a standardized analysis pipeline and
disseminate the results through RAP-DB and TASUKE +.
This uniform processing framework enables direct cross-
study comparisons across cultivars and experimental
conditions.

Transcriptome data provide valuable evidence for gene
existence and functional inference. RAP-DB integrates
RNA-Seq datasets derived from 746 experimental condi-
tions retrieved from public repositories and reanalyzed
under a unified pipeline. In addition, we incorporate
established transcriptome resources from RiceXPro,
which provides microarray-based expression profiles,
and RiceFREND, which offers co-expression networks
based on RiceXPro data. Together, these resources pro-
vide a comprehensive view of gene activity across tis-
sues, developmental stages, and experimental conditions,
and are displayed alongside curated annotations within
RAP-DB.
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To support reproducibility, we provide full documen-
tation of the tools and parameters used in our genome-
wide variant analysis and RNA-Seq analysis pipelines on
the RAP-DB website, enabling researchers to reproduce
our results or process their own datasets in a compatible
manner. In parallel, we curated and normalized sample
metadata, including tissue or organ, cultivation condi-
tions, variety names, and subgroup information, using
controlled vocabularies such as PO and PECO. These
resources can be accessed through the RAP-DB “Docu-
ments” pulldlown menu, including the pages “Genome-
wide variations” (https://rapdb.dna.naro.go.jp/genome-w
ide_variations/genome-wide_var_workflow_v2.html) and
“TENOR in RAP-DB” (https://rapdb.dna.naro.go.jp/ TEN
OR_in_RAP-DB.html).

We will continue to expand RAP-DB by incorporating
additional genome assemblies from diverse rice varieties
and wild relatives, as well as transcriptome datasets sam-
pled across broader developmental stages and environ-
mental conditions. These efforts will further strengthen
RAP-DB as a standardized and comparable multi-omics
resource for the rice research community.

Early applications of DNA marker-based breeding
focused on relatively simple strategies, such as intro-
gression of a single resistance gene into elite genetic
backgrounds. In contrast, modern breeding increasingly
combines multiple loci that influence flowering time,
yield components, grain quality, stress tolerance, and dis-
ease resistance (Zeng et al. 2017; Wei et al. 2021). At the
same time, advances in genome editing technologies now
enable precise manipulation of gene function, including
targeted changes in coding regions and regulatory ele-
ments that affect transcription, splicing, and translation
(Sukegawa et al. 2022).

In this context, comprehensive information on genes
underlying agronomic traits, as well as the allelic vari-
ants present at those loci, is essential. Through manual
literature-based curation, we extract detailed information
on mutation types and phenotypic effects and integrate
this knowledge into RAP-DB gene annotations. These
curated gene and allele datasets are intended to support
the design of elite cultivars, from selecting optimal allele
combinations to identifying targets for genome editing.

Looking ahead, we will continue to expand both the
breadth and granularity of RAP-DB resources. We will
maintain ongoing literature-based curation of agronomi-
cally and biologically important genes and their alleles,
while extending genome-wide functional variant annota-
tion to improve interpretation of both coding and regu-
latory polymorphisms. Together, these efforts aim to
provide a practical data foundation for precision breed-
ing strategies that fully leverage genomic and gene-level
knowledge.
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Conclusion

We report recent advances in RAP-DB, including long-
standing efforts to manually curate gene structures and
functions, while improving the efficiency and sustainabil-
ity of these workflows; the integration of comprehensive
transcriptome and genome-wide variation datasets; and
the compilation of curated lists of agronomically impor-
tant trait-associated genes along with their known func-
tional alleles. Through continued expert curation and
collaboration with the rice research community, RAP-DB
now provides a rich, literature-supported repository of
functionally characterized genes, and updates will con-
tinue to incorporate new findings promptly.

To further enhance both efficiency and coverage
of curation, we are developing advanced Al-based
approaches, including large language models capable of
reading full-text articles to extract gene functions, associ-
ated traits, and causal variants, thereby accelerating the
curation workflow. RAP-DB is poised to serve as a stan-
dard curated gene set for pan-genome studies across rice
cultivars and Oryza species. Future developments will
extend annotations by linking SNPs, indels, and struc-
tural variations across diverse cultivars and wild rela-
tives. In parallel, we are constructing orthology mappings
between rice genes and those of other crops, enabling
cross-species transfer of knowledge and supporting com-
parative genomics and translational crop research.
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