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Genetic studies using mutant resources have significantly 
contributed to elucidating plant gene function. Massive 
mutant libraries sequenced by next-generation sequencing 
technology facilitate mutant identification and functional 
analysis of genes of interest. Here, we report the creation 
and release of an open-access database (https://miriq.agr.
kyushu-u.ac.jp/index.php), called Mutation-induced Rice in 
Kyushu University (MiRiQ), designed for in silico mutant 
screening based on a whole-genome-sequenced mutant 
library. This database allows any user to easily find mutants 
of interest without laborious efforts such as large-scale 
screening by PCR. The initial version of the MiRiQ database 
(version 1.0) harbors a total of 1.6 million single-nucleotide 
variants (SNVs) and InDels of 721 M1 plants that were 
mutagenized by N-methyl-N-nitrosourea treatment of the 
rice cultivar Nipponbare (Oryza sativa ssp. japonica). The 
SNVs were distributed among 87% of all 35,630 annotated 
protein-coding genes of the Nipponbare genome and were 
predicted to induce missense and nonsense mutations. The 
MiRiQ database provides built-in tools, such as a search 
tool by keywords and JBrowse for mutation searches. Users 
can request mutant seeds in the M2 or M3 generations 
from a request form linked to this database. We believe 
that the availability of a wide range of gene mutations 
in this database will benefit the plant science community 
and breeders worldwide by accelerating functional genomic 
research and crop improvement.

Keywords: In silico mutant screening • Next-generation 
sequencing • N-methyl-N-nitrosourea (MNU) • Oryza sativa
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Introduction

In higher plants, gene knockout by mutagenesis is an effec-
tive strategy for elucidating the biological function of genes. 
Numerous forward and reverse genetic studies using artificially 

induced mutants have been conducted in Arabidopsis, rice and 
maize (Jankowicz-Cieslak and Till 2015). Mutant populations of 
crop plants are used as breeding materials as well as genetic 
tools for basic plant science. Rice (Oryza sativa L.) is a valuable 
monocotyledon and crop species model due to its compact and 
fully sequenced genome. Transformation and genome-editing 
techniques are well established in rice, and extensive research 
data and databases are available, including gene annotation 
databases (MSU7.0, http://rice.uga.edu/cgi-bin/gbrowse/rice/; 
RAP-DB: https://rapdb.dna.affrc.go.jp/), a transcriptome cover-
ing almost all organs/tissues during the entire life cycle (Sato 
et al. 2013), proteome and metabolome databases (Agrawal 
and Rakwal 2011, Kusano et al. 2015) and gene/QTL-related 
information based on empirical evidence (curated genes on 
RAP-DB; Oryzabase, https://shigen.nig.ac.jp/rice/oryzabase/). 
Moreover, thousands of cultivars and wild relatives of rice are 
available as natural variation resources and provide valuable 
materials for breeding and evolutionary biology research (Jack-
son 1997, Nonomura et al. 2010, Huang et al. 2012). Nipponbare 
(O. sativa ssp. japonica) was the first rice cultivar to have its 
genome and full-length mRNA sequenced, and the database 
continues to be updated frequently (Kikuchi et al. 2003, Sasaki 
2005, Kawahara et al. 2013). The next challenge for functional 
genomics is determining the function of all genes encoded by 
the rice genome, thereby increasing the need for reverse genetic 
tools. The rice research community has made great efforts to 
generate several types of mutant libraries, such as T-DNA and 
Tos17 (Hirochika et al. 2004). However, some of these formerly 
public mutant libraries have already been closed to the public. 
More recently, a large-scale CRISPR (Clustered Regularly Inter-
spaced Palindromic Repeats)/Cas9 mutant library was devel-
oped in rice (Meng et al. 2017), but it has not been a publicly 
available resource outside the country of origin.

Unlike transformation and genetic-editing techniques that 
must be subjected to environmental risk/safety assessments, 
chemical mutagenesis is known to be a relatively safe technique 
that can create novel mutations. N-methyl-N-nitrosourea 
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(MNU) is a highly effective chemical mutagen used in plants 
and can randomly induce point mutations. Such point muta-
tions can cause a complete loss of function, hypomorphic 
mutations (partial loss of function) or hypermorphic mutations 
(increases in gene activity). This variety of mutations can be use-
ful in revealing the function of any gene, including embryonic 
lethal mutations in essential genes. MNU causes the alkylation 
of guanine bases, resulting in G/C to A/T transition. Satoh and 
Omura (1979) developed an effective MNU treatment method 
for fertilized egg cells just after rice fertilization. Compared with 
conventional mutagenesis of dry seeds, mutagenesis of fertil-
ized egg cells yields a higher mutation efficiency and reduces the 
frequency of M1 chimeric plants and intercellular competition. 
Using this method, our institute has developed and released 
>10,000 rice mutant lines (Oryzabase, https://shigen.nig.ac.jp/
rice/oryzabase/). These mutant lines have included a broad 
range of phenotypic abnormalities, leading to the identifica-
tion of gene functions (Satoh et al. 2010). In the reverse genetic 
approach, mutation screening steps are required for each target 
gene. Targeting Induced Local Lesions In Genomes (TILLING) 
is a PCR-based reverse genetic approach to identify single-
nucleotide polymorphisms (SNPs) in a gene of interest from 
mutant libraries obtained by chemical mutagenesis (Till et al. 
2003). In this method, an SNP can be detected as a mismatch 
cleavage of mutant and wild-type DNA heteroduplexes by the 
Cel I enzyme. TILLING has identified a large number of gene 
mutations and has helped to elucidate many gene functions in 
plants (Kurowska et al. 2011). Although the conventional TILL-
ING method is proven to be a high-throughput technique for 
obtaining mutants by reverse genetic screening, the method 
always requires a large-scale PCR screening of mutants for each 
gene that takes several weeks.

The recent next-generation sequencing (NGS) technique 
allows the identification of genome-wide variations among mul-
tiple samples. Hence, developing an open, online platform pub-
lishing mutant libraries whose genomes are sequenced by NGS 
is expected to significantly accelerate gene function analysis 
and genomics. Such an online mutant screening (in silico TILL-
ING) strategy has been proposed for over a decade (Wang et al. 
2012), but no publicly available platform is currently available. 
Recently, we reported the whole-genome sequencing (WGS) 
of a small MNU-mutant population (N = 261) and its genomic 
features (Kubo et al. 2022). This pilot study demonstrated the 
feasibility of in silico TILLING. Here, we report a recently devel-
oped web-based tool for searching mutations that includes an 
easy interface for users to screen mutations within genes of 
interest using a search function and JBrowse visualization.

Results and Discussion

Mutant library construction and variant 
identification
We developed 721 mutant M1 plants derived from MNU treat-
ment of fertilized egg cells of the rice cultivar Nipponbare 
to construct an in silico mutant library. WGS of the 721 M1

Fig. 1 SNV impacts on rice annotated genes. The distributions of 
missense, nonsense and silent mutations for 35,630 IRGSP-1.0 protein-
coding genes and 55,801 MSU7.0 genes. 

plants resulted in an average of 12.0 Gb short reads per indi-
vidual. To identify the induced mutation variants, the short-
read sequences were mapped onto the Nipponbare reference 
genome (genome size, 373.2 Mb). The average depth of cov-
erage for each mutant genome was 24.5, and the breadth of 
coverage was 98.0%. By resequencing the mutant genomes, 
a total of 1,595,263 induced mutations, including single-
nucleotide variants (SNVs) (1,588,402) and InDels (6,861), were 
detected through the variant call procedure reported previ-
ously (Kubo et al. 2022). The mutation rate was estimated to 
be 6.0 SNVs/Mb. The average numbers of SNVs and InDels per 
individual were 2,203.1 and 9.5, respectively (Supplementary 
Tables S1, S2). Of the 1,588,402 SNVs, 92.0% were G/C to A/T 
transitions, as expected for MNU mutagenesis (Supplemen-
tary Table S3). The effects of induced mutations on gene func-
tion were annotated using the SnpEff program. The identified 
SNVs induced nonsense mutations in 10.3% of 35,630 protein-
coding genes annotated by IRGSP-1.0, and missense mutations 
in 85.8% of them. In the MSU7 annotation, nonsense mutations 
were found in 14.5% of the 55,801 annotated genes, and mis-
sense mutations were found in 88.4% of them (Fig. 1). The SNVs, 
characterized as high and moderate impact levels, were found 
in 87.5% of the RAP-DB protein-coding genes (31,174 of 35,630 
genes) (Supplementary Table S4). Thus, the current collection 
of mutations covered around 90% of all rice genes with at least 
one nonsynonymous mutation. These results show that MNU-
induced mutants derived from treating single fertilized egg cells 
are an effective source for constructing rice in silico mutant 
libraries. Among these mutants, the occurrence of InDels was 
extremely minor, affecting only about 0.016% of all genes (573 
of 35,630 genes); statistical data for the InDels are shown in 
Supplementary Table S5 and Fig. S1.

Database content
To use the defined mutant library effectively, we constructed 
a database containing detailed information about mutation 
sites. This database, named the Mutation-induced Rice in 
Kyushu University (MiRiQ) database (hereafter called MiRiQ-
DB), was developed with PHP/MySQL-containing variant types, 
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Fig. 2 A sitemap schematic diagram of the MiRiQ-DB. There are six main functions: Top Page, Search Tool, Genome Browser, Download, Detailed 
Information and Request Seeds. Arrows indicate options to move to the next page. 

the mutation effects and positional coordinates on the Nippon-
bare rice reference genome and the Genome Browser JBrowse 
(Skinner et al. 2009) to display variant positions and short 
reads on the gene annotation. The MiRiQ-DB portal (https://
miriq.agr.kyushu-u.ac.jp/index.php) provides five major func-
tions: Search Tool, Genome Browser, Download, Detailed Infor-
mation and Request Seeds (Figs. 2, 3A). Users can search muta-
tion variants influencing genes of interest through the Search 
Tool, Genome Browser and Download functions as detailed 
below.

Search Tool. Mutated variations can be searched by keywords 
such as specific gene ID, chromosomal position and mutant line 
ID. The Search Tool identifies mutation variants by the possible 
impact of mutations on gene function as proposed by the gene 
model of IRGSP-1.0/MSU7.0. A single gene ID is acceptable to 
initiate a keyword search in ‘Search by gene ID’, but not multiple 
IDs. Users can search for variations within a specified genomic 
region using ‘Search by positions’. Search by mutant ID gener-
ates a list of up to 500 variation sites contained in the searched 
mutant genome. The hit variations are classified according to 
the functional impact of the mutations predicted by the SnpEff 
program against the IRGSP-1.0/MSU7.0 gene model. The func-
tional impact levels contain four levels in order of impact: High, 
Moderate, Low and Modifier. The High impact variants have 
a highly disruptive effect on the protein; stop-gain (nonsense) 

and frame-shift variants are classified into this impact level. 
Moderate and Low impacts mainly correspond to missense 
and synonymous mutations, respectively. Modifier describes 
UTR, intron and upstream/downstream variants and is pre-
dicted to change gene expression levels. Details of variant effects 
are shown on the SnpEff website (https://pcingola.github.io/
SnpEff/). The resultant output data (Search results) from the 
Search Tool is documented as an embedded table contain-
ing position, locus ID/Transcript ID, variant type, quality score, 
mutant line ID and the SnpEff annotation. Nucleotide and 
amino-acid change type with the site position within gene/pro-
tein position are also included in the output list. This table can 
be saved and edited in a Microsoft Excel format after copying 
and pasting.

Genome Browser. The MiRiQ-DB uses the JBrowse Genome 
Browser to visualize the positions of mutant variants within 
the Nipponbare IRGSP-1.0 genome (Fig. 3B–D). The mutation 
type based on the MSU7.0 and RAP-DB can be selected from 
the Available Tracks window. If a mutation site [shown by the 
Genome Browser as the mutant line number (NIMxxx) with a 
gene ID] is found within the gene of interest, clicking on the 
mutation site generates a pop-up window showing detailed 
information about the SNV, including the effect of the SNV on 
the gene function quality value score and chromosome posi-
tion. Furthermore, clicking on the sample ID in the ‘Attributes’ 
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Fig. 3 The MiRiQ-DB web interface. (A) The top page of the MiRiQ-DB. (B) A JBrowse screen displaying the position of induced mutation variants. 
This screen is shown by clicking the ‘Genome Browser’ button on the top page. Multiple displays are available at the Available Tracks function, 
such as gene model and variant type classified by SnpEff impact. (C) Detailed information about the mutation site can be viewed as a pop-up 
window by clicking the sample ID (NIM line ID) shown in JBrowse. Clicking the sample ID displays the short-read information view (D). (D) The 
short-read information view. Check the ‘5_BAM’ to display the short reads. 

section of the pop-up window generates the short reads around 
SNVs along the gene. Checking the “5_BAM” in the “Available 
Tracks” is required to display the short reads. Since M1 mutant 
genomes were sequenced, about half of the short reads are 
expected to contain mutation variants at the variation site.

Download. Batch downloads of the result files are available by 
selecting ‘Download’ at the top of the page (Fig. 3A). The vari-
ant call files and the SnpEff output files can be downloaded in 
text format, and both file types provide information about the 
mutant line number (NIMxxx) carrying the mutation. By keep-
ing these result files on the PC, users can screen and filter the 
genes of interest in text files or Microsoft Excel files without an 
internet connection. The SnpEff result file is classified based on 

the annotations model (MSU7.0 and RAP-DB) and the impact 
level affecting gene function by chromosome.

Detailed Information and Request Seeds. Users can find 
instructions about using the Genome Browser to find a muta-
tion site in the target gene region from the Detailed Informa-
tion tab. Also, statistical data of the mutated variations found 
in the current mutant library can be seen with this function. 
When interesting mutants are found, users may request the 
seeds via the ‘Request Seeds’ function at the top page of the 
MiRiQ-DB. The mutant seeds in the M2 or M3 generation will 
be distributed from the Institute of Genetic Resources, Kyushu 
University, Japan. Therefore, users can immediately analyze the 
morphological and physiological traits of the intended mutants 
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in an early segregating mutant population after validating the 
mutated variation by Sanger sequencing. We believe that the 
MiRiQ-DB will be a valuable tool for reverse genetic research 
and crop breeding by the plant science community.

Conclusion
The MiRiQ-DB is a freely available and open-access web tool for 
searching and browsing mutation sites around genes of inter-
est from the MNU-induced rice mutant library. The current 
version of this database is based on 721 mutant individuals 
and contains about 1.6 million variations. This level of varia-
tion covers almost all of the annotated genes encoded by the 
Nipponbare genome with nonsynonymous mutations. Users 
can easily find gene mutations without a command user inter-
face using this database’s Search Tool and the mutant Genome 
Browser. This easy-to-access information about mutation sites 
without the hassle of large-scale screening will facilitate efficient 
gene function analysis and designed breeding with the mutant 
lines. The mutant seed materials are publicly available from the 
MiRiQ-DB.

Materials and Methods

Plant materials and mutagenesis
MNU mutagenesis of fertilized egg cells in the Japanese rice cultivar Nipponbare 
(O. sativa L. ssp. japonica) was conducted basically according to the method 
of Suzuki et al. (2008). Briefly, panicles with flowers pollinated on the day of 
anthesis were dipped in a 1.0-mM MNU solution for 45 min at about 25∘C at 
approximately 18 h after flowering. The M1 and M2 plants were grown to obtain 
leaf samples and seeds in 2017–2020.

WGS and variant discovery analysis.
Total genomic DNA was extracted from leaf samples of the M1 plants (plant 
ID NIM 1∼496) and the bulked M2 plants (NIM 497∼750, n = 6–10 for each 
line) using the CTAB method with some modification (Murray and Thomp-
son 1980) or a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). DNA library 
construction was carried out following protocols developed by Illumina Co., 
Ltd (San Diego, CA, USA) and MGI Tech Co. Ltd (Shenzhen, China). Paired-
end sequencing was performed using Illumina HiSeq and Novaseq systems 
and an MGITech DNBSEQ-T7. Paired-end reads preprocessed by Trimmo-
matic v 0.39 (Bolger et al. 2014) were mapped to Os-Nipponbare-Reference-
IRGSP-1.0 pseudomolecules (Kawahara et al. 2013) using bwa-mem software 
(Li and Durbin 2010). Mutagen-induced variants were identified by meth-
ods described in our previous report (Kubo et al. 2022) using the Genome 
Analysis Tool Kit v 4.1.2.0 best practices (Poplin et al. 2017) with minor mod-
ification. Mutation effects on gene function were predicted using SnpEff v4.1 
with default parameters (Cingolani et al. 2012) using the gff files (IRGSP1.0.51, 
10 March 2021 and MSU release 7, 21 November 2011) obtained from IRGSP-
1.0 (http://ftp.ensemblgenomes.org/pub/plants/release-51/gff3/oryza_sativa/) 
and MSU7.0 (http://rice.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/
o_sativa/annotation_dbs/pseudomolecules/version_7.0/).

Database construction
The MiRiQ-DB was built on the Linux operating system (Ubuntu 18.04.4 Long 
Term Support). The variant search server provides functionality for users to 
search for relevant variants based on specified keywords, chromosomes, posi-
tional information, mutant line names and SNP/InDel types. The JBrowse 
server (version 1.4) presents variant positions, short-read data on the reference 

genome and the RAP-DB and MSU7.0 gene models. Users can effectively explore 
mutations by adjusting the impact types (High, Moderate, Modifier and Low) 
as determined by the SnpEff program. Additionally, a separate hosting server 
has been set up using the Amazon Web Service to facilitate the bulk down-
load of variant information, thereby reducing the strain on network resources 
caused by downloads. The user interface uses the web application framework 
Bootstrap (version 3.3.4).

Supplementary Data

Supplementary data are available at PCP online.

Data Availability

The sequencing reads of the mutants in this paper have been 
deposited in the Sequence Read Archive of the DDBJ/GenBank 
data libraries under the accession numbers DRA014011 and 
DRA016274.
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