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Abstract: Mutation breeding is based on the induction of genetic variations; hence knowledge of the frequency and
type of induced mutations is of paramount importance for the design and implementation of a mutation breeding
program. Although y ray irradiation has been widely used since the 1960s in the breeding of about 200 economically
important plant species, molecular elucidation of its genetic effects has so far been achieved largely by analysis of
target genes or genomic regions. In the present study, the whole genomes of six y-irradiated M, rice plants were
sequenced; a total of 144—188 million high-quality (Q>20) reads were generated for each M; plant, resulting in genome
coverage of >45 times for each plant. Single base substitution (SBS) and short insertion/deletion (Indel) mutations
were detected at the average frequency of 7.5x107°-9.8x107° in the six M rice plants (SBS being about 4 times more
frequent than Indels). Structural and copy number variations, though less frequent than SBS and Indel, were also
identified and validated. The mutations were scattered in all genomic regions across 12 rice chromosomes without
apparent hotspots. The present study is the first genome-wide single-nucleotide resolution study on the feature and
frequency of y irradiation-induced mutations in a seed propagated crop; the findings are of practical importance for
mutation breeding of rice and other crop species.
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1 Introduction

Since the 1960s, y ray irradiation has been used
widely as an efficient tool for mutation induction in
about 200 economically important plant species
(http://mvd.iaea.org). A great number of mutants
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have been generated for genetic studies and for
breeding of new varieties, which have been grown in
areas up to billions of hectares (Ahloowalia et al.,
2004). In the last century, numerous studies were
carried out at the cytological and phenotypic levels
with the aim of assessing the genetic effect of y irra-
diation. Since the beginning of this century, molecu-
lar genetic tools have been adopted to characterize
mutations induced by physical and chemical muta-
gens, which has revealed features of induced muta-
tions and the estimation of mutation frequency in
various plants (Nawaz and Shu, 2014). However,
molecular genetic analysis is only suitable for char-
acterizing mutations in selected genes or genomic
regions of limited size. New technical platforms are
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required for revealing the full picture of induced
mutations at the whole genome level.

Next-generation sequencing (NGS) technology,
because of its high throughput and cost effectiveness,
is appropriate for holistically examining genetic var-
iations across the whole genome. For example,
NGS-based analysis has been used for examining
genetic variations in transgenic rice plants (Kawa-
katsu et al., 2013; Endo et al., 2015) and for investi-
gating the molecular spectrum of somaclonal varia-
tion in regenerated rice (Miyao et al., 2012). Recently,
NGS techniques were also used to study the fre-
quency and type of spontaneous (Ossowski et al.,
2010) and induced mutations, i.e. fast neutron muta-
genesis in Arabidopsis (Belfield et al., 2012), ethyl
methanesulfonate in lotus (Mohd-Yusoff et al., 2015),
and v irradiation in poplar (Henry et al., 2015).

Rice is one of the most important staple crops
and a plant model for functional genomics studies.
Rice mutation breeding has been especially success-
ful, with more than 400 varieties being developed
worldwide (http://mvd.iaea.org). Rice mutant varie-
ties, either directly developed by y irradiation or de-
rived from important mutant varieties, have been
grown on tens of millions of hectares (Ahloowalia
et al., 2004). To reveal the feature of mutations in-
duced by vy irradiation, Morita et al. (2009) sequenced
selected mutant genes and observed small deletion
being the most frequent mutation type. Analysis of
mutant genes cloned by forward genetics also re-
vealed similar results (Nawaz and Shu, 2014). To date,
there is no report on the whole genome analysis of
mutants induced by y rays. We sequenced the ge-
nomes of six y-irradiated M, rice plants with the aim
of finding the frequency, type, and feature of muta-
tions induced by y rays in a model plant species.

2 Materials and methods

2.1 Generation and characterization of mutant
populations

In 2010, a single plant of the rice (Oryza sativa
L.) cultivar Nipponbare was chosen as the starting
material (generation Py) of the present experiment. In
2011, seeds harvested from this plant were grown into
a small population, from which seeds (generation P;)
were harvested and used for y ray (**’Cs) irradiation at
the Irradiation Centre of the Zhejiang Academy of

Agricultural Sciences (Hangzhou, China). Three doses
(150, 250, and 350 Gy given at a dose rate of about
1 Gy/min) were applied to dried seeds. Subsequent
measurement using a ferrous sulfate dosimeter (Pet-
tersson and Hettinger, 1967) revealed the actual ab-
sorbed doses as 165, 246, and 389 Gy, respectively.

In 2012, the irradiated seeds (P;M;) were sown
after germination on a seedling bed, together with
untreated controls; eighty seedlings for each dose
were individually transplanted for the development of
mutated populations in the experimental farm of
Zhejiang University, Zijingang Campus (Hangzhou,
China). Seeds (generation P,M,) were harvested from
P;M, plants on a panicle basis (five panicles per plant).
To assess the effect of y irradiation on the fertility, seed
set rates were examined for 10 P;M; plants per dose.

In 2013, P,M, seedlings were grown on panicle
rows in the experimental farm of Zhejiang Zhijiang
Seed Co. (Yuhang, Hangzhou, China). Chlorophyll
(Chl)-deficient mutants (albino, yellow) were ob-
served 14 d after sowing and the mutation frequency
was calculated on a panicle basis, i.e. the percentage
of panicle rows with Chl-deficient seedlings. P,M,
populations were raised by transplanting 24 plants per
panicle row in paddy fields, together with control
plants. At the mature stage, P,M, plants were in-
spected visually for morphological and fertility mu-
tations. In each of the three P,M, populations, two
panicle rows were identified, one having a few plants
with a mutant phenotype with the others having the
wild-type (WT) phenotype, and one with plants that
all had the WT phenotype. Then, one plant with a
mutant phenotype from each of the panicle rows with
mutant plants and one plant from each of the WT
panicle rows were chosen and subjected to genotyp-
ing using 24 simple sequence repeat (SSR) markers
according to Peng et al. (2003). Consequently, the
three plants with a mutant phenotype, i.e. 165-MS,
246-MS, and 389-MS, and the three plants with no
discernible mutant phenotype, i.e. 165-NP, 246-NP
and 389-NP, were chosen for genome sequencing
(Table 1).

In 2014, P;M; plants of the three sequenced
P,M; plants without a discernible mutant phenotype,
and WT sibling plants of the three sterile/dwarf P,M,
mutant plants, were grown in the experimental farm
of the Jiaxing Academy of Agricultural Sciences
(Jiaxing, China) and used to investigate mutation
inheritance.
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Table 1 Phenotypes and absorbed doses of y rays of six sequenced P,M, plants

P,M, plant  y ray dose (Gy) Phenotype

165-MS 165 Plant exhibited empty and smaller (about 60% of Nipponbare) grains, and dwarfism
(about half plant height of Nipponbare at maturity)

165-NP 165 No discernible mutant phenotype

246-MS 246 Plant exhibited empty grains while their grain sizes and plant heights were similar to
those of Nipponbare

246-NP 246 No discernible mutant phenotype

389-MS 389 Plant exhibited empty grains and slightly shorter plant height (about 1/4 shorter
compared to that of Nipponbare)

389-NP 389 No discernible mutant phenotype

2.2 Genome sequencing and bioinformatics analysis

Genomic DNAs were extracted from leaf tissues
by a modified CTAB (cetyltrimethylammonium
bromide) method (Zheng et al., 2014) and fragmented
to about 500 bp by a DNA ultrasonic disruptor (Co-
varis, Massachusetts, USA) to construct sequencing
libraries, according to the manufacturer’s instructions.
Short paired-end (PE) reads (100 bp) were generated
using the Illumina HiSeq2000 sequencing platform
by Novogene Bioinformatics Technology Co., Ltd.
(Beijing, China). Raw reads were pre-processed to
remove adaptors and low-quality reads (=50% of their
nucleotides with quality value <5F). E-corrections
were performed with the program “Correction” to
further reduce the low-frequency k-mers (Li et al.,
2009). Furthermore PE reads with N contents
of >10% on one side were also removed. The clean
data have been deposited in GenBank (BioProject ID:
PRINA296568).

The clean data were mapped to the Oryza sativa
L. cv. Nipponbare reference genome v7.0 (ftp://
ftp.ensemblgenomes.org/pub/plants/release-21/fasta/
oryza_sativa/dna) using BWA v0.5.9 (Li et al., 2009).
Single nucleotide polymorphisms (SNPs) and short
insertions/deletions (Indels) (up to 50 bp) were re-
ported by SAMtools v0.1.18 (Li et al., 2009). The
following filters were used to reduce the error rates of
SNPs and Indels: a target depth of >15 and a target
minimum mapping quality of 20. SNPs and Indel loci
having more than four reads different from the re-
maining reads were defined as heterozygous, other-
wise they were homozygous. All mutations were
further annotated by ANNOVAR (Annotate Variation)

(Wang et al., 2010). The SNPs detected between
M,P, plants and the reference Nipponbare consist of
the differences between the reference Nipponbare and
the Nipponbare seed in the present study, and for
simplicity, SNPs are referred to as the single base
substitution (SBS) mutations induced by irradiation
hereafter.

Structural variations (SVs), i.e. insertion, dele-
tion, inversion, intra-chromosomal translocation (ITX),
and inter-chromosomal translocation (CTX), were
reported by BreakDancer v1.1 (Chen et al., 2009),
based on PE reads (>4) mapping to the reference
genome. Copy number variations (CNVs) were de-
tected by CNVnator, which is based on the statistical
analysis of read depth (RD) (Abyzov et al., 2011). For
this purpose, the whole genome was first divided into
non-overlapping bins of 100 bp and the count of
mapped reads within each bin was used as the final
RD signal after correction for GC-bias.

2.3 Verification of identified mutations

The presence of mutations revealed by genome
sequencing was further examined by polymerase
chain reaction (PCR) analysis of the 389-NP and
389-MS plants. For SBSs, a total of 20 exonic muta-
tions were randomly selected; site-specific primers
were designed and used to amplify fragments en-
compassing the mutations (Table S1). PCRs were
performed in 50 pl volumes with 100 ng of genomic
DNA, 25 pl of 2x master mix (containing 2x PCR
buffer, 4 mmol/L MgCl,, 0.4 mmol/L deoxyribonu-
cleoside triphosphates (ANTPs), 50 U/ml of Tag DNA
polymerase; TOYOBO Co., Ltd.), and 1 ul each of
10 umol/L primers. The following generalized PCR
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profile was used: 5 min at 94 °C; followed by 3540
cycles of 30 s at 94 °C, 30 s at 49-58 °C, and 30-90 s
at 72 °C; with a final extension at 72 °C for 8 min. The
cycle number and annealing temperature were opti-
mized for amplification of the respective fragments.
The amplicons were separated on a 1.0% agarose gel
and target DNAs were recovered using a DNA gel
extraction kit (Axygen Biotechnology Co., Ltd.,
Hangzhou, China) for Sanger sequencing by Shang-
hai Ruidi Biological Technology Co., Ltd. (Shanghai,
China). Similarly, a total of 40 exonic Indel mutations
within non-repetitive sequences (Indels 1-20 and Indels
31-50) and 20 within repetitive sequences (Indels
21-30 and Indels 51-60) were randomly selected for
Sanger sequencing (Table S2).

Verification of SVs was performed for three in-
sertions, five deletions, and two inversions, using
site-specific primers designed to amplify fragments
around the rearranged regions (Table S3). PCRs were
performed in 20-ul volumes and the amplicons were
separated on 1.0% agarose gels, followed by detec-
tion with ethidium bromide (for insertions and dele-
tions) or by Sanger sequencing (for inversions).

Seven CNV mutations were randomly selected,
and site-specific primers were designed and used to
amplify fragments in the mutated sequence (Table S4).
CNV mutations were verified by quantitative real-
time PCR (qPCR) using SYBR Green GoTaq”
gPCR Master Mix Kit (Promega, USA) in a 10-pl
volume with 50 ng of genomic DNA in 1x GoTaq"
gPCR Master Mix (containing PCR buffer, MgCl,,
dNTPs, Taqg DNA polymerase), and 0.5 pmol/L of
each primer. The following program was used for all
gPCRs: 10 min at 95 °C; and 40 cycles of 10 s at
95 °C, 30 s at 55 °C, and 30 s at 72 °C. Relative gene
copy number was calculated using the 2744C method,
with the rice actin gene as the internal standard (Lu
etal., 2015).

To test whether the mutations identified in P,M,
plants could be transmitted into the M; generation,
five M, sibling plants of 389-MS were grown into
five P3Mj lines and examined for the presence of
seven mutations (two SBSs and five Indels; Tables S1
and S2). Genomic DNAs were extracted from 32 plants
of each P;M; line and subjected to high-resolution
melting (HRM) curve analysis, according to Tan et al.
(2013). In brief, PCRs were performed in a 10-pl
volume with 25 ng of DNA, 5 pul of 2% master mix

(TOYOBO Co., Ltd.), 0.2 pl each of 10 pumol/L pri-
mers, and 1 pl of 10x EvaGreen (Biotium, USA),
covered with a drop of mineral oil. HRM analysis was
performed on a Lightscanner (Idaho Technology Inc.,
USA) and data were analyzed using its proprietary
software, Call ITTM 2.0. The WT Nipponbare was
used as a reference and samples with relative fluo-
rescence differences (AF) of >0.05 were considered
to be significantly different from Nipponbare (Hofin-
ger et al., 2009).

All PCR primers were designed according to the
genome sequence of rice cultivar Nipponbare (http://
www.gramene.org), using Primer Premier 5 software.
All PCR primers were synthesized by Shanghai
Sangong Biological Engineering Technology & Ser-
vices Co., Ltd., China.

3 Results
3.1 Selection and sequencing of P,M, plants

vy irradiation had a significant effect on seedling
growth, reproduction of M, P, plants, and mutagenesis
of P,M, plants. With increasing irradiation dose, the
seed-set of P;M; plants was reduced significantly to
as low as 17.6%, and the frequency of Chl-deficient
mutations reached 12% in P,M, on a panicle-row
basis (Fig. 1a).

SSR genotyping of the selected six P,M, plants
showed that they all had a genotype identical to that
of Nipponbare (Fig. S1); therefore, the possibility that
they were off-type plants (mixtures or out-crossed
plants) was excluded.

A total of 144—188 million high-quality (0>20)
reads was generated for the six P,M; plants, i.e.
165-MS, 165-NP, 246-MS, 246-NP, 389-MS, and
389-NP. The sequence reads were mapped to the
Nipponbare reference genome, resulting in genome
coverage of > 45 times for each plant (Fig. 1a).

3.2 Single base substitution and short Indel
mutations

SBSs and short Indels were detected between the
genomes of the P,M, plant and Nipponbare. After
removing the mutations common to any two P,M,
plants, which were likely to have resulted from the
genome differences between the progenitor Nippon-
bare at P, generation used in the present study and the
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Fig. 1 y ray mutagenesis and genome-wide profiling of induced mutations in rice

(a) Treatment of rice seeds with y rays at three absorbed doses: 165, 246, and 389 Gy. The effects of y rays on seed-set in P1M;
and chlorophyll (Chl)-deficient mutation rates (the number of panicle rows with Chl-deficient seedlings among the total of 50
panicle rows at each dose) in P,M, are shown. A red arrow indicates an albino seedling in one of the P,M, panicle rows at the
seedling stage. Six P,M, plants (165-MS, 165-NP, 246-MS, 246-NP, 389-MS, and 389-NP) were selected for sequencing,
with the sequencing depth and mutation rate per site of each plant shown within parentheses. Seed-set rates with different
letters indicate significant difference (P<0.05) among P;M, populations. (b) Distribution of mutations across 12 chromosomes
in the genomes of the six P,M, plants, which, from outside to inside, are 165-MS, 165-NP, 246-MS, 246-NP, 389-MS, and
389-NP, respectively. Each radiating line stands for a mutation position of a single base substitution (SBS) (left) or an
insertion/deletion (Indel) (right). (c, d) Molecular spectra of y ray-induced mutations: (c) frequencies of substitution (left) and
Indel (right) mutations located in the different genomic regions of the six P,M, plants; (d) frequencies of specific types of SBS
with the transitions/transversions (Ti/Tv) ratios shown in sequence (left), and frequencies and sizes of Indel mutations iden-
tified (right) in the six P,M, plants
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Nipponbare used for reference genome sequencing, a
total 0f 2349 to 3915 SBSs and 752 to 834 Indels were
identified in the six plants (Table 2).

Although the Chl-deficiency mutation rates in-
creased and the seed-set rates decreased with in-
creasing irradiation dose (Fig. 1a), the numbers of
SBS mutations per P,M; plant remained largely sim-
ilar at 165 and 246 Gy, but were reduced at 389 Gy.
Furthermore, the mutation rates in plants without
discernible mutated phenotype were all higher than
those with sterile mutant phenotypes at the same dose
(Fig. 1a; Table 2).

More heterozygous mutations than homozygous
ones of both SBS and Indel were observed in the six
P,M; plants (Table 2). Both SBS and Indel mutations
scattered across the 12 chromosomes (Table S9),
without apparent hotspots (Fig. 1b). They were located
in coding, regulatory, or inter-genic regions (Fig. 1c).

All six possible types of substitutions were ob-
served, with the transitions (Ti: C:G>T:A and T:A>
C:G) to transversions (Tv: C:G>A:T, C:G>G:C,
T:A>G:C, and T:A>A:T) ratios ranging from 1.15 to
1.68 (Fig. 1d). Among Indels, single base deletions
and insertions were the most frequent, and short Indels
(<4 bp) were more prevalent than long ones (Fig. 1d).

The mutations detected by NGS could include
false positives, particularly in repetitive regions;
therefore, a random selection of SBS and Indel
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mutations was subjected to validation by Sanger se-
quencing. Consequently, an estimated 25% SBSs and
20% Indels are false positives in non-repeated se-
quences and 55% Indels are false positives in repeated
sequences (Tables S1 and S2). Furthermore, to verify
whether the detected SBSs and Indels could be in-
herited, we designed markers for two SBSs and five
Indels to genotype P3;Mj; plants and confirmed that the
mutations were all passed to the P;Mj; plants (Tables S1
and S2).

3.3 Structural and copy number mutations

SVs were previously detected in y ray-
mutagenized plants through cytogenetic studies. Us-
ing NGS and bioinformatics analysis, we detected
428-906 SVs and 521-1832 CNVs in the six plants
(Figs. 2 and 3). However, only about 10% of SVs and
about 29% of CNVs were subsequently confirmed by
PCR analysis (Tables S3 and S4).

3.4 Estimate of mutation frequency

Based on the validation rates, the actual numbers
of SBS and Indel mutations would be 1762 to 2936
and 426 to 486, respectively, in the six y ray-
mutagenized P,M,; plants (Table 3). With a rice ref-
erence genome size of 373 Mb, the mutational rates
would be 4.7x107°-7.9x10° for SBSs and 1.1x10 -
1.3x107° for Indels (Table 3).

Table 2 Number and nature of single base substitutions (SBSs) and short insertion/deletion (Indel) mutations identi-
fied by next-generation sequencing (NGS) and bioinformatics analysis in the six y ray-mutagenized plants

Total number SBS

Insertions (In) and deletions (Del)

P,M,
plant Ingilsist:trilgns SBS numbelr Exonic mutatiozn Indel numbf}:r Exonic mutation' .
(Hom/Het) (Syn/Nonsyn) (Hom/Het) (frame-/nonframe-shift)

165-MS 4009 3257 (347/2910) 71 (26/45) 752 (649/103) (126/626) 41 (15/26)
165-NP 4698 3915 (417/3498) 87 (27/60) 783 (665/118) (115/668) 36 (13/23)
246-MS 4209 3437 (324/3113) 91 (27/64) 772 (657/115) (108/664) 41 (16/25)
246-NP 4692 3899 (484/3415) 84 (25/59) 793 (690/103) (97/696) 29 (9/20)
389-MS 3135 2349 (330/2019) 102 (40/62) 786 (681/105) (118/668) 46 (11/35)
389-NP 3326 2492 (356/2136) 89 (31/58) 834 (727/107) (100/734) 45 (16/29)

!Figures in parentheses refer to the numbers of SBS mutations found in homozygous or heterozygous state, respectively; * Figures in paren-
theses refer to the numbers of SBS mutations in exonic regions that were synonymous or nonsynonymous, respectively; * Indel figures in
parentheses are deletion/insertion numbers followed by homozygous/heterozygous mutation numbers; * Frame/nonframe-shift figures in
parentheses refer to the numbers of exonic mutations that were of frame-shift or nonframe-shift, respectively
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Table 3 Estimation of actual numbers and rates of single base substitution (SBS), insertion/deletion (Indel), structural
variation (SV), and copy number variation (CNV) mutations in the six P,M, plants based on the number of mutations
identified by next-generation sequencing (NGS) and bioinformatics analysis, and the validation rates

SBS Indel SV CNV Total
P_M i i
pfani No Rate non}\rI: ' el?itive reNe(:)t'itliIi/e Rate No Rate No Rate No Rate
o (x109) P P (109 "% (x10) (x10°°) (<10
sequence sequence
165-MS 2443 6.64 202 225 1.14 87 0.23 523 1.40 3480 9.32
165-NP 2936 7.92 238 218 1.22 64 0.17 149 0.40 3606 9.66
246-MS 2578 7.00 203 233 1.17 69 0.19 505 1.35 3588 9.61
246-NP 2924 7.83 216 235 1.21 62 0.17 218 0.58 3654 9.79
389-MS 1762 4.72 242 217 1.23 89 0.24 497 1.33 2807 7.52
389-NP 1869 5.05 253 233 1.30 43 0.11 408 1.09 2806 7.52
100 !
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Fig. 2 Structural variation (SV) mutations induced by y rays in six P,M, rice plants
(a) Percentages of SV mutations with different sizes; (b) Frequencies of SV mutations in different genomic regions
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Fig. 3 Frequencies of copy number variation (CNV)
mutations in different genomic regions in the six y ray-
mutagenized P,M, rice plants

4 Discussion

Mutation breeding is based on induction of ge-
netic variations by various mutagens; hence knowledge
of the frequency and type of mutations induced is
pivotal for the efficient design and implementation

of mutation breeding programs. Previous studies on
genetic effects of mutagenic treatment are either based
on phenotypic data or focused on selected genes or ge-
nomic regions (Morita et al., 2009; Yoshihara et al.,
2013; Nawaz and Shu, 2014); hence the knowledge
generated has been limited in quantity and is incom-
plete in nature. The present study reveals the muta-
genic effect of y rays in plants at a single-nucleotide
resolution.

4.1 Origin of mutations

Although the rice cultivar Nipponbare used in
the present study (progenitor Nipponbare, Nip-P) is
the same as the reference genome (Nip-R), the ge-
nome of the starting plant of Nip-P must have already
been different from that of Nip-R because of spon-
taneous mutations over generations since their di-
vergence. Therefore, the genetic variations identified
in the P,M, plants might have resulted from three
sources: (1) the genome differences between Nip-P
(Po) and Nip-R; (2) spontaneous mutations from Py to
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P, and from P;M; to P,M,; and (3) y ray-induced
mutations (from P; to P;M;) inherited to P,M,.

The difference between Nip-P (Py) and Nip-R
could be homozygous or heterozygous at a particular
locus; if it was homozygous, all M, plants would be
different from Nip-R at the site, in the form of com-
mon mutations among the six P,M, plants; if it was
heterozygous, it would be segregating in the P,M,
populations, but there was a good probability that at
least two M, plants had the same mutation. For
spontaneous mutations generated from Py to Py, the
situation would be similar to the heterozygous alleles
between Nip-P and Nip-R, whereas spontaneous
mutations originating from P;M; to P,M; would be
unique and different between any P,M,; plants. By
contrast, all y ray-induced mutations should be unique
to individual seeds and different between any two
P,M; plants from different panicle rows, because the
probability of generating a common mutation, either
spontaneously or artificially induced (e.g. by y rays),
in two different individuals is extremely low, con-
sidering the random nature and extremely low fre-
quency of such event.

Based on the above analysis, we reasoned that all
genetic variations that are common in any two of the
six plants either were caused by the difference be-
tween Nip-R and Nip-P or resulted from spontaneous
mutation from P, to P;. Hence they were excluded
from mutation frequency analysis. Among the muta-
tions unique to each P,M; plant, y ray-induced muta-
tions should be the absolute majority, because all
known spontaneous mutation rates in the plant are
several orders of magnitude lower than the rate of
7.5%x107° per generation per site, the lowest rate re-
vealed among the six P,M; plants. The reported
spontaneous mutation rates are about 1x107° per
generation per site in Arabidopsis (Ossowski et al.,
2010), from 3.23x107'° (Ness et al., 2012) to 11.5%
107" (Ness et al., 2015) in Chlamydomonas rein-
hardtii, and from (1.67+0.04)x10™"° (Zhu et al., 2014)
to 2.00x10'° mutations per base per generation
(Farlow et al., 2015) in yeast. The differences of
spontaneous mutation rates between rice and Ara-
bidopsis should not be greater than those between
Arabidopsis and Chlamydomonas reinhardtii or be-
tween Arabidopsis and yeast, because phylogenetic
Arabidopsis is more conserved with rice than with
Chlamydomonas reinhardtii or yeast. Therefore the

spontaneous mutation rate in rice should be similar to
or slightly higher than (due to longer growth duration)
that in Arabidopsis, e.g. about 510" per generation
per site.

4.2 Type of v irradiation-induced mutations

Previous studies on mutant genes showed that y
ray-induced mutations consisted mainly of deletions
(Morita et al., 2009; Nawaz and Shu, 2014) or of both
deletions and SBSs in M, seedlings (up to 48.4% of
total mutations (Yoshihara et al., 2013)). However,
we observed that SBSs were much more abundant
than Indels in the present study (Table S2). Our ob-
servation is similar to the fast-neutron-induced muta-
tions revealed by NGS, where more SBSs were de-
tected than Indels (Belfield et al., 2012). y rays are
known to damage DNA in two ways, i.e. direct de-
posit of ionizing energy resulting in DNA double
strand breaks (DSBs), and indirect action of reactive
oxygen species (e.g. HO,, *OH, O;) generated by
ionization-induced water radiolysis (Lee ef al., 2009;
Lagoda, 2012), which could result in damage at the
nucleotide level. Hence it is not unexpected to detect
SBS mutations in the P,M, plants. However, the
predominance of SBS mutations over Indels does not
necessarily reflect that more single nucleotide dam-
ages were produced than DSBs, because a large
proportion of Indel mutations could be lethal or could
not be passed down into their progeny due to somatic
and haplontic competition (Prina et al., 2012).

Henry et al. (2015) failed to detect SBS mutations
in the five poplar plants with relatively high sequenc-
ing depth (<14.5%). They attributed the non-finding of
SBS mutation, which was different from previous
reports on this subject, to the differences of materials
used. Our analysis of their data also suggested that the
non-finding is highly likely to be false negative due to
the tremendous amount of heterozygous loci present in
every poplar plant, which is estimated to be several
orders of magnitude more than the number of muta-
tions induced by vy irradiation. As direct evidence, they
reported a 7% Indel mutation frequency in non-
irradiated control plants (see Table 1 of Henry et al.
(2015)); seemingly such Indels are more likely to be
from heterozygous sites rather than mutations gener-
ated spontaneously in a single generation.

We observed all six possible types of substitu-
tions; the Ti/Tv ratios (1.15 to 1.68; Fig. 1d) appear to
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be in the middle between those reported for sponta-
neous mutations (2.41-2.73 (Ossowski et al., 2010))
and fast-neutron-induced mutations (0.86 (Belfield
et al., 2012)) in Arabidopsis plants. The Ti/Tv ratios
are slightly lower than those reported for ethylme-
thane sulfonate (EMS) mutagenesis (1.63—1.83 (Mohd-
Yusoff et al., 2015)) and greater than those in regen-
erated plants of rice (1.1 (Miyao et al., 2012)) and
Arabidopsis (0.92 (Jiang et al., 2011)). These differ-
ences must be related to the nature of mutagens, but
the underlying mechanism awaits further study.
False-positive variants are usually associated
with sequencing and alignment errors (Dohm ef al.,
2008; Nakamura et al., 2011). We have taken several
measures to reduce such errors, e.g. a target depth
of >15 and a target minimum mapping quality of 20
(for details see Section 2.2). Furthermore, to examine
the percentage of mutations truly induced by vy rays,
we verified the mutation by Sanger sequencing. The
false-positive detection rates of SBSs and Indels are
similar to those in previous studies (Park et al., 2014).

4.3 Mutation frequency

Based on the number of mutations revealed by
whole genome sequencing of rice plants and the
subsequent validation rates of selected mutations, we
estimated that y irradiation of dry seeds resulted in
heritable mutations at frequencies of 7.5x10°° to
9.8x10°° per generation per site (base pair) (Table 3),
with a limited dose effect within the range of doses
applied. In fast-neutron-mutagenized Arabidopsis
plants, Belfield et al. (2012) estimated the mutation
rates for SBS and Indel mutations at 2.6x10~ and
0.9x107", respectively, which are about 10 times less
than we observed for v irradiation in rice. However,
the mutation frequencies observed in the present
study are similar to those reported in regenerated
(5.9x107" to 3.3x10°° SBSs per regeneration (Miyao
et al., 2012)) and in EMS-induced rice plants
(4.8x10°° to 5.0x10 ° SBSs (Henry et al., 2014)), and
in EMS-mutagenized Lotus japonicus ((6.8+4.9)x10™°
per generation per site (Mohd-Yusoff ez al., 2015)).

The underlying mechanism leading to higher
mutation rates in plants without discernible mutated
phenotypes than those with sterile mutant phenotypes
at the same dose (Fig. 1a; Table 2) has yet to be un-
covered. It might have resulted from the non-
transmission of a greater proportion of deleterious

mutations from P;M; to P,M; plants, as was reported
in the pollen mutagenesis study in Arabidopsis (Naito
et al., 2005).

In summary, the present study represents the first
whole-genome single nucleotide resolution examina-
tion of the inheritable mutations induced by y rays in a
seed-propagated plant. The findings of the present
study are of direct importance for the proper and
efficient use of y rays in plant breeding and genetic
studies. The similar mutation rates of plants irradiated
with different doses of y rays suggest that a lower
dose than that commonly used could be applied. The
existence of thousands of induced mutations in each
P,M; plant suggested that selected mutants should be
subjected to further breeding by backcrossing to clear
the deleterious mutations, and single seed selection,
instead of bulk selection, should be applied in mutant
line development because background mutations may
still be segregating in M3 and advanced generations.
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