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Heavy-ion irradiation is a powerful mutagen that pos-
sesses high linear energy transfer (LET). Since the value
of LET affects DNA lesion formation in several aspects,
including the efficiency and density of double-stranded
break along the particle path,1,2) mutations induced af-
ter the DNA lesion repair would also be affected by
the value of LET. Whole-genome resequencing is an
effective way to assess the effect of the value of LET
on mutation induction, and provides sufficient number
of mutations from each mutant to perform statistical
analyses.3) Here, we investigated the differences in the
mutation type induced by irradiation with two repre-
sentative ions, namely C ions (LET: 30.0 keV/µm) and
Ar ions (LET: 290 keV/µm), by whole-genome rese-
quencing of the Arabidopsis mutants produced by these
irradiations.
Dry seeds of A. thaliana were irradiated with C ions

(30.0 keV/µm) or Ar ions (290 keV/µm) with doses
found to induce 95% survival rates and the highest mu-
tation frequencies.4) For the C-ion and Ar-ion irradi-
ations, doses of 50 and 400 Gy were adopted, respec-
tively. Eight mutants showing morphological pheno-
types were screened in the M2 generation after each
irradiation. Then, the phenotypes of the mutants were
confirmed in the M3 generation. In total, 16 mu-
tants were selected, and DNA pools were extracted
from 40 plants of their individual progeny. The ex-
tracted DNA was sequenced using the HiSeq 2500 and
HiSeq 4000 sequencing systems (Illumina Inc., https:
//www.illumina.com). The obtained reads were input
into AMAP, as described previously.5)

The rearrangements including translocations and
large deletions (≥ 100 bp) that were induced by Ar ions
were 4.6 times more frequent than those induced by the
C ions; the average number of rearrangements in a mu-
tant genome was 10.3 and 2.3 for Ar ions and C ions, re-
spectively (Fig. 1). These differences were statistically
significant (P < 0.01; two-sided Welch’s t-test). Both
Ar and C ions induce rearrangements. However, more
complicated rearrangements occurred following Ar-ion
irradiation, in which fragments of several hundred kbp
to several Mbp were produced and joined with direction
or positions different from those of the original ones.
Conversely, Ar ions induced small mutations including
base substitutions and small indels (< 100 bp), which
were 2.3-fold less frequent than C ions: the average
number of small mutations in a mutant genome was
18.3 and 41.6 for Ar ions and C ions, respectively. This
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Fig. 1. Mutations in each of the eight mutants induced by C-

and Ar-ion irradiation. The rearrangements are plotted

as lines on the interior of the circles. Small mutations

are indicated by lines on the exterior of the circles. The

mutations in each mutant are differently colored.

Table 1. Sum of homozygously mutated genes detected in

eight mutants.

difference was also statistically significant (P < 0.01;
two-sided Student’s t-test).
The effects on gene mutations were also different be-

tween C-ion and Ar-ion irradiations. The sum of ho-
mozygously mutated genes in eight individual mutants
after irradiation with Ar and C ions are shown in Ta-
ble 1. After C-ion irradiation, amino-acid changes were
frequently observed, which were caused by small muta-
tions. On the other hand, Ar-ion irradiation frequently
induced truncations of genes or losses of whole genes
caused by rearrangements.
These data demonstrate that the nature of mutations

is significantly different between beams with different
LET values. Such a selective irradiation will be a pow-
erful tool for forward genetics as well as studies on chro-
mosomal rearrangements in conjunction with the tech-
nics of mutation detection through high-throughput se-
quencing.
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Analysis of carbon ion-induced mutations by exome sequencing of an
unselected rice population
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Massively parallel sequencing technology has been
utilized in many areas of biology including mutation
analysis, by using a large amount of gene and genome
sequencing information to achieve a comprehensive
and genome-wide analysis. Heavy-ion beams are one
of the physical mutagens that are classified as high-
LET radiation and are known to induce double strand
breaks of DNA in a cell along with its track. The re-
sulting mutations, including deletions, insertions, in-
versions and base substitutions, that occur on the
genome can cause the inactivation and/or temporal
change of gene expressions that are necessary for mor-
phogenesis. We have developed a custom-designed
oligonucleotide probe library to capture entire exons
within the rice genome, which targets a total of 300,746
genomic loci at the same time. We also developed a
bioinformatics pipeline to map the sequencing reads to
the reference Nipponbare genome sequence and iden-
tify reliable mutations in a highly paralleled way by
using the “HOKUSAI” parallel computing system op-
erated by the Advanced Center for Computing and
Communication, RIKEN. In addition to these previous
efforts to make the genome-based mutation detections,
we developed a pre-mixed target capture procedure to
further reduce the usage of the custom-designed tar-
get capture oligonucleotide probes, which takes nearly
half of the overall cost in whole exome sequencing, by
mixing multiple libraries with different index sequences
prior to the target capturing: this reduces the per-
sample oligonucleotide probe usage to 1/8th of that of
the original protocol.

In the present study, we analyzed a total of 110 in-
dependent M2 lines from carbon-ion beam irradiations
(12C6+, 135 MeV/u, LET: 30 keV/µm, 150 Gy) to
Nipponbare rice seeds, the water content of which was
adjusted to 13%. The irradiated seeds were grown in
a paddy field, and the M2 seeds were harvested from
each line. In each line, 10 to 15 plants were grown
in soil, and an equal amount of leaf blades were col-
lected from each plant and subjected to genomic DNA
extraction and sequencing library preparation. As a
control, 8 pools of non-irradiated Nipponbare plants
were also processed in the same maner. A total of 8
libraries were mixed together prior to the target cap-
turing and then sequenced in a half lane on a HiSeq
4000 instrument. The obtained sequencing dataset was
processed using our bioinformatics pipeline described
above. As a result, the number of mutations within the
target region of whole exome capturing was between 3
and 26 in each line (Fig. 1). The average number of
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mutations was 9.06 ± 0.37 (average ± standard er-
ror) per line. There were a total of 997 mutations,
which consisted of 573 base substitutions, 372 dele-
tions, 36 insertions, 13 substitutions, and 3 inversions,
identified from the irradiated M2 lines. The percentage
of deletions and insertions, against all detected muta-
tions, was 40.9%, which was consistent with the previ-
ously described characteristics of mutations induced by
highly accelerated heavy-ion beams, which often cause
nucleotide substitutions and deletions and insertions
of less than 100 bp.1) In contrast, no mutation was
identified in non-irradiated Nipponbare pools, indicat-
ing that the mutations detected from the carbon-ion-
irradiated samples were likely to be induced by the
mutagenesis.

Based on an interpolation from the proportion of
target exon regions against the entire genome (the to-
tal length of the target exon regions is 9.12% of the
length of the entire genome), roughly 100 mutations
are expected to be induced in the entire genome. This
might be an underestimation due to the difference in
biological significance between protein-encoding exons
and other genomic regions, which are mostly intergenic
regions and repetitive elements; however, this estima-
tion was of the same order as our previous results (175
to 549 mutations per genome in the 12 mutants ana-
lyzed) obtained from the whole genome sequencing of
morphological mutants in rice.2)
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Fig. 1. Number of mutations detected from the
carbon-ion irradiated rice M2 lines (Nos. 1–64).
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