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Development of a high-performance bioinformatics pipeline for rice
exome sequencing
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Heavy-ion beams cause DNA double strand breaks
in a cell along with the beam direction and induce mu-
tations, including insertions, deletions, inversions, and
base substitutions in genome. Recent advances in mas-
sively parallel (aka “next generation”) DNA sequenc-
ing technology enabled us to perform a comprehensive
analysis of genomic mutations in base-pair resolution.
We have been establishing heavy ion beam-irradiated
rice progenies as a bioresource that are subjected to
screening experiments to meet scientific and agricul-
tural needs. Although among crops, rice has a rel-
atively small genome size (approximately 400 million
bases per haploid), most parts are filled with repeti-
tive and junk elements and only 10% is predicted to
encode proteins. We have developed a system to en-
rich rice exons, which are genomic regions transcribed
and translated into proteins, and to determine their
nucleotide sequences. By this strategy, called exome
sequencing, it is possible to reduce sequencing costs
significantly by eliminating meaningless sequences and
focusing on the regions encoding proteins.

In the present study, we have developed a high-
performance bioinformatics pipeline for analyzing rice
exome sequencing results, and we identify the most sig-
nificant mutations without the need for prior knowl-
edge. The pipeline was implemented on Hokusai
GreatWave, which is a parallel computing platform op-
erated by Advanced Center for Computing and Com-
munication, RIKEN. In the pipeline, raw sequencing
reads (100–150 bp in length) are mapped to reference
Nipponbare sequences using Burrows-Wheeler Aligner
(BWA) software1), sorted, and realigned, and the data
is stored in the standard BAM format. Programs with
3 distinct algorithms (GATK2), Pindel3), and Bed-
tools4)) are used to identify the mutations. We im-
plemented a filter to remove duplicated and unreliable
mutation candidates. The list of mutations were stored
in tab-delimited text file and accessible from generic
spreadsheet software. In parallel, the quality of raw
reads were checked by FastQC5) program and the re-
sults were stored as an HTML-formatted report for re-
view. The entire process was executed automatically
and in parallel through a batch job controlling system.
The deployment of an in-house bioinformatics pipeline
enabled reliable comparison of results from different
experiments (batches), since the pipeline is controlled
by a versioning system; therefore, it is possible to re-
produce exactly the same program and database ver-
sions any time.

To test the validity of variant calling and the fol-

∗1 RIKEN Nishina Center

lowing filtration, we analyzed the exome sequencing
results from 8 individual rice mutants obtained via
carbon- and neon-ion irradiations. As the result, there
were 62,024 mutation candidates in GATK and Pin-
del outputs, but most of those mutations are com-
mon among the mutants and are likely to be intra-
cultivar polymorphisms between our parental Nippon-
bare line and the reference sequence. Our newly im-
plemented filtering program effectively removed such
variations and identified 117 line-specific mutations,
which are likely to be caused by heavy-ion beam ir-
radiations. PCR and sequencing analysis showed that
among the randomly-chosen 87 loci, 85 had the defined
mutations. These results indicates that the process
for narrowing down the candidates, which was imple-
mented in the pipeline is reasonable and greatly im-
proves the efficiency, as confirmed in subsequent ex-
periments. This pipeline is a fundamental resource for
rapid, comprehensive, and cost-effective genome-wide
mutation screening and analysis of rice.

Fig. 1. A flow chart of the developed bioinformatics

pipeline for exome sequencing datasets
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Rice is one of the most important crop plants and is also an 

important model plant, because its entire genome sequence is 
available. In this work, we studied heavy-ion beam induced 
mutations in rice plants. Heavy-ion beams have been 
recognized as a useful mutagen for mutation breeding, 
because they can induce mutations at high rates with 
relatively low irradiation doses in plants. For inducing 
mutations in rice, we used imbibed seeds or dry seeds. When 
imbibed rice seeds were irradiated with ion beams, mutations 
could be induced with a relatively low dose of radiation. As a 
result, the time for ion-beam irradiation was shorter. The 
disadvantage of using imbibed seeds, however, is that these 
seeds cannot be used for long as seed germination will occur. 
Therefore, we cannot irradiate imbibed rice seeds during a 
period that is not suitable for cultivation of rice plants. 
However, when dry rice seeds were used for ion-beam 
irradiation, we could store the irradiated seeds for long time 
periods (at least several months). Therefore, the dry rice 
seeds could be irradiated even if the machine time fell during 
a period unsuitable for cultivation. Previously, we have 
reported several mutations induced by heavy-ion beam 
irradiation to imbibed rice seeds 1-3). However, there is no 
information in the literature regarding the types of mutations 
inuduced by heavy-ion beam irradiation on dry rice seeds. To 
reveal the types of mutations induced by heavy-ion beams on 
dry rice seeds, we irradiated dry rice seeds (Oryza sativa L. 
cv. Nipponbare) with carbon ions (12C6+ ions, 25 Gy, LET: 
30 keV m-1) in the RIKEN RI-beam factory. We obtained 
one plastochron mutant, named 6-279, from the M2 
population. The mutant line 6-279 showed a phenotype with 
a short plastochron. For example, when a wild-type (WT) 
plant prouduced its 4th leaf, 6-279 produced its 7th leaf (Fig. 
1). It has been reported that the mutants of 
PLASTOCHRON1 (PLA1) or PLASTOCHRON2 (PLA2) 
genes show similar short plastochron phenotypes 4, 5). A 
sequence analysis of both PLA1 and PLA2 genes revealed 
that 6-279 showed a 2 bp deletion accompanied by a 1-bp 
filler DNA in the first exon of PLA2 gene (Fig. 2). These 
mutaions caused a frameshft in PLA2 gene, resulting a 
premature stop codon. There was no mutation in the PLA1 
gene of this mutant. These results suggest that 6-279 is a 
mutant of PLA2 gene. 

In the present study, we identified one mutation induced 
by heavy-ion beam irradiation to rice dry seeds. To 
characterize the types of mutations induced by heavy-ion 
beams on dry rice seeds, it is important to analyze a number 
of rice mutants, which is currently in progress. 
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Fig. 1 Phenotipic characterization of 6-279 mutant. 
6-279 (left) produced its 7th leaf whereas WT plant 
(right) produced its 4th leaf. Scale bar = 1 cm. 

Fig. 2 Schematic representation of PLA2 gene. PLA2 
gene consists of 6 exons. A 2 bp deletion with a filler 
DNA was detected in the first exon of the PLA2 gene. 
The deleted 2 bp in 6-279 is shown in red, and the 
filler DNA is indicated in blue. The boxes and lines 
indicate exons and introns of PLA2 gene, respectively. 
The Arrow indicates the direction of the PLA2 gene. 
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