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Development of a DNA marker for cultivar
identification of “Harushizuka”, a new satsuma
mandarin cultivar created by heavy-ion irradiation
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‘Harushizuka’ is a novel late-maturing satsuma mandarin (Citrus unshiu Marcow.) cultivar developed through heavy-ion
irradiation-induced mutagenesis. The S1152 line, selected from a nucellar seedling of the ‘Aoshima unshu’ cultivar for
superior fruit quality, was irradiated with both carbon and neon ions. Mutations in fruit shape, color, and peel charac-
teristics were observed in the neon-ion-irradiated group. From this group, we isolated the ‘Harushizuka’ cultivar, which
exhibits delayed fruit coloring. The harvest season for ‘Harushizuka’ is approximately one month later than that of reg-
ular C. unshiu, allowing for a more spread-out harvesting period. To develop DNA markers for cultivar protection and
identification, we performed whole-genome mutation analysis of ‘Harushizuka’” and its original cultivar ‘Aoshima
unshu’. Two mutations were identified: a 30-bp deletion and a 20-bp insertion. The PCR assay targeting the deletion suc-
cessfully differentiated ‘Harushizuka’ from 21 other C. unshiu cultivars. Our findings demonstrate that whole-genome
mutation analysis is a powerful tool for developing DNA markers, even in citrus cultivars with low genetic diversity
caused by bud mutations or nucellar embryogenesis. The established marker enables rapid and accurate identification

of ‘Harushizuka’, contributing to the protection of breeders’ rights and the prevention of unauthorized propagation.

Key Words Citrus unshiu, heavy-ion irradiation, whole-genome sequencing.

Introduction

Satsuma mandarin (Citrus unshiu Marcow.) is the most
widely produced fruit in Japan, with a cultivated area of
35,400 ha and a shipment of 617,100 tons in 2023 (MAFF
2024). In the same year, Shizuoka Prefecture had a culti-
vated area of 4,800 ha and shipped 90,600 tons, ranking
third nationwide and making it one of the prefecture’s
major agricultural products. Shizuoka Prefecture is a major
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production area for C. wunshiu, primarily cultivating the
‘Aoshima unshu’ cultivar, which accounts for approxi-
mately 70% of the total C. unshiu cultivation area in the re-
gion. As a result, the concentration of harvest and shipping
operations during a limited period, due to the predominance
of a single cultivar, represents a major challenge for citrus
production in the prefecture. More than 30 years ago,
Shizuoka Prefecture selected two individuals (S1152 and
S1164 lines) believed to be early-ripening strains from ap-
proximately 600 nucellar seedlings of ‘Aoshima unshu’.
Although these strains exhibited an earlier harvest season
compared to ‘Aoshima unshu’, these strains demonstrated
poor fruit-bearing capacity, a tendency toward biennial
bearing, and vigorous vegetative growth, which collectively
hindered stable fruit production.

Over the past quarter-century, more than 90 new varieties
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and beneficial mutants have been developed in Japan using
ion-beam irradiation (Abe 2021, Abe et al. 2012b, 2015).
These mutants include rice with reduced cadmium accumu-
lation (Ishikawa et al. 2012), aromatic rice with increased
numbers of fertile grains (Okasa et al. 2020), tearless and
non-pungent onion (Kato et al. 2016), lettuce with reduced
polyphenol oxidase activity (Sawada et al. 2016), and
peanuts with decreased levels of major allergens (Cabanos
et al. 2012). Mutagenesis using heavy-ion beams has the
advantage that a sufficient mutation rate can be achieved
even at low doses that do not reduce survival rates, thereby
enabling effective mutant selection (Ichida et al. 2019,
Kanaya et al. 2008, Kazama et al. 2008, Oono et al. 2020).
In recent years, however, climate change has led to seri-
ous quality issues, such as an increased incidence of rind
puffing and reduced citric acid content after long-term stor-
age, both of which contribute to diminished fruit flavor.
Rind puffing is a physiological disorder characterized by
the significant separation of the peel from the flesh, result-
ing in reduced palatability and storability (Kawase et al.
1984). To address these challenges, we initiated a breeding
program utilizing heavy-ion induced mutation techniques,
resulting in the development of a novel, late-maturing culti-
var of C. unshiu, ‘Harushizuka’. It was officially registered
in Japan on March 6, 2024 (Registration No. 30107, https://
www.hinshu2.maff.go.jp/vips/cmm/apCMM 112.aspx?TOU
ROKU NO=30107&LANGUAGE=Japanese).
Traditionally, cases of suspected infringement of breed-
ers’ rights have been addressed by comparing the character-
istics of trees and fruits. However, with recent advances
in DNA analysis technology, simple and highly accurate
methods for cultivar identification based on genetic infor-
mation have been developed in plant science. This study
aimed to establish a DNA-based identification method for
‘Harushizuka’, a cultivar expected to be widely adopted in
Shizuoka Prefecture and to contribute to increased producer
income. In citrus, several DNA marker systems have been
developed and used, including SSR, CAPS (Fujii et al.
2019, Ninomiya ef al. 2015, Nishimura ef al. 2024, Nonaka
et al. 2017), InDel markers (Noda et al. 2021, Okamoto
et al. 2023), and TagMan-MGB SNP genotyping assays
(Endo et al. 2020). These markers are based on a combina-
tion of genotypes at multiple loci and offer the advantage of
being immediately applicable to new varieties without the
need for new markers. Additionally, they improve effi-
ciency by requiring only a minimal set of markers. How-
ever, although these markers can be applied to hybrid
varieties with high frequency, their application to varieties
bred through genetic mutation is challenging (Noda et al.
2020). In cultivars developed through bud mutation, nucel-
lar embryogenesis, or heavy-ion beam-induced mutations,
genetic diversity is extremely low (Ichida er al. 2019,
Kazama et al. 2017, Oono et al. 2020), making it difficult
to detect polymorphisms and design DNA markers. To
overcome this limitation, we employed next-generation
sequencing (NGS) to analyze the whole genome of ‘Haru-
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shizuka’ and identify its unique mutation sites. NGS is a
high-throughput sequencing technology that has signifi-
cantly advanced research in the life sciences. In forward
genetics, NGS plays a crucial role in gene function identifi-
cation, as demonstrated in model plants such as Arabidopsis
thaliana (Ashelford et al. 2011, Austin et al. 2011, Du ef al.
2020, Katano et al. 2016, Nhat et al. 2021, Schneeberger
et al. 2009, Uchida et al. 2011, Yamatani et al. 2018) and
rice (Oryza sativa) (Abe et al. 2012a, Fekih et al. 2013,
Koide et al. 2018, Morita et al. 2021).

In this study, we developed a new citrus cultivar, ‘Haru-
shizuka’, through mutagenesis using heavy-ion irradiation
and identified mutation sites unique to ‘Harushizuka’
through whole-genome analysis using NGS. Based on these
results, we developed DNA markers that enable the accu-
rate identification of ‘Harushizuka’.

Materials and Methods

Plant materials and heavy-ion mutagenesis

The S1152 line selected from the nucellar seedlings of
‘Aoshima unshu” had an earlier ripening time than
‘Aoshima unshu’, but its fruit quality was as good as that of
‘Aoshima unshu’. The S1152 was used as the material for
irradiation. The branches were cut to approximately 6 cm in
length, arranged so that they did not overlap, and secured in
place with adhesive tape so that the buds were aligned on
the front. The axillary buds of branches were irradiated in
the dose range of 10 to 50 Gy of neon (Ne) ions (135
MeV/u, 61 keV/pum) and 20 to 50 Gy of carbon (C) ions
(135 MeV/u, 23 keV/um) in the RI-Beam Factory from
2001 to 2002. Irradiated branches were grafted on 2-year-
old Poncirus trifoliata. The survival rate was recorded 6
months after grafting the grown plants in the greenhouse.
The survival plants (M,;V,) were planted in the field in
March 2004. Morphological mutants were selected in 2009,
and from these, a secondary selection for agriculturally
valuable traits was carried out in 2011. After that, investi-
gations continued using MV, and M, V; plants until 2019.

For cultivar identification using PCR, 22 citrus varieties
and lines were used as test materials (Table 1). For each
variety and line, hardened new leaves were collected from
trees cultivated at the Fruit Tree Research Center of the
Shizuoka Prefectural Research Institute of Agriculture and
Forestry (Shizuoka City, Shizuoka Prefecture, Japan) for
DNA extraction. Additionally, fruit peels were collected
from seven of these varieties. All collected samples were
stored either under refrigeration or frozen in liquid nitrogen
until analysis.

Whole-genome mutation analysis

Fresh leaves of ‘Aoshima unshu’ and ‘Harushizuka’
were flash-frozen in liquid nitrogen and ground into a fine
powder. Genomic DNA was extracted using the DNeasy
Plant Mini Kit (QIAGEN, Germany). The extracted DNA
was sequenced using the HiSeq X Ten platform (Illumina,
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Table 1. Cultivars and lines used for cultivar identification
No. Variety or line Scientific name Registration No.?  JP NO.¢ Origin/Mutation type
1 “Nichinan No. 1’ Citrus unshiu Marcow. 1981 —  Bud mutations of ‘Okitsu wase’
2 ‘Ueno wase’ 915 —  Bud mutations of ‘Miyagawa wase’
3 “Yura wase’ 4723 —  Bud mutations of ‘Miyagawa wase’
4 ‘Toyofuku wase’ 4423 —  Nucellar seedling derived from ‘Ooura wase’
5 ‘Miyamoto wase’ 82 —  Bud mutations of ‘Miyagawa wase’
6 ‘Takabayashi wase’ 637 —  Mutations of ‘Okitsu wase’
7 ‘Miyagawa wase’ — 117351 Bud mutations of original satsuma
8 “Okitsu wase’ Mikan Norin No. 1 170630 Nucellar seedling derived from ‘Miyagawa wase’
9 ‘Taguchi wase’ 4725 —  Bud mutations of ‘Okitsu wase’
10 “Yamashita beni wase’ 410 —  Bud mutations of ‘Miyagawa wase’
11 “Otsu No. 4’ 312 117319 Nucellar seedling derived from ‘Juman unshu’
12 “Ishiji’ 8449 —  Mutations of ‘Sugiyama unshu’
13 ‘Sugiyama unshu’ — 117516 Mutations of Owari-line Citrus unshiu.
14 ‘Katayama unshu’ — 168850 Mutations of Owari-line Citrus unshiu.
15 ‘Imamura unshu’ 206 117329 Mutations of Owari-line Citrus unshiu.
16 ‘Aoshima unshu’ — 117320 Bud mutations of Owari-line Citrus unshiu.
17 A-44 — —  Gamma ray-induced mutant derived from ‘Aoshima unshu’
18 ‘Jutaro unshu’ 642 —  Bud mutations of ‘Aoshima unshu’
199 ‘Mineta’ 23035 —  Mutations of ‘Aoshima unshu’
204 “Yoichiro’ 20680 —  Bud mutations of ‘Aoshima unshu’
21¢ S1152 — —  Nucellar seedling derived from ‘Aoshima unshu’
22¢ ‘Harushizuka’ 30107 —  lon beam-induced mutant derived from S1152

9 Both hardened new leaves and fruit peels were collected.

b Description by the Plant Variety Protection Office, MAFF, Japan (https://www.hinshu2.maff.go.jp/en/en_top.html).
¢ Description by the Genebank at NARO, Japan (https://www.gene.affrc.go.jp/databases-plant_search.php).

CA, USA). The resulting read sequences were analyzed us-
ing AMAP, as previously described (Ishii et al. 2016), with
minor modifications: i) The pseudomolecule sequence of
C. unshiu ‘Miyagawa wase’ (Shimizu et al. 2017), obtained
from http://citrusgenome.jp (note that the website is cur-
rently inaccessible; the draft genome sequence is available
at https://www.citrusgenomedb.org/Analysis/6389062, and
the pseudomolecule sequence is accessible via the Wayback
Machine at http://web.archive.org/web/20211127190709/
http://citrusgenome.jp/), was used as the reference genome.
From this genome, 390 sequences longer than 100 kbp
were extracted and used for mutation analysis. ii) Among
the software tools internally utilized by AMAP, only GATK
(McKenna et al. 2010), Pindel (Ye et al. 2009), and Break-
Dancer (Chen et al. 2009) were used in this analysis. iii)
Candidate mutations observed in both ‘Aoshima unshu’
and ‘Harushizuka’ were excluded as possible background
mutations present in ‘Aoshima unshu’. iv) Candidate muta-
tions were filtered by excluding those overlapping with pre-
annotated repetitive regions (Shimizu et al. 2017), rather
than identifying repetitive regions using RepeatMasker, as
these were considered potential false positives. v) Candi-
date mutations with a read depth of less than 5 or greater
than 1000 were excluded as potential false positives. vi)
Candidate mutations supported by less than 20% of the
reads mapped to the variant site were also excluded as
potential false positives. The remaining candidate mutations
were visually confirmed using the Integrative Genomics

Viewer (IGV; Robinson et al. 2011) to ensure that they
were not present in ‘Aoshima unshu’ and did not overlap
with repetitive regions. For candidate mutations called by
GATK, 300 sites were manually inspected after sorting
them in descending order by quality score. We referred to
the gene function prediction performed by Shimizu et al.
(2017). To predict transcription factor binding sites around
the mutation, we used the Binding Site Prediction tool of
PlantRegMap (Tian et al. 2020), targeting a region 50 bp
upstream and downstream of the mutation. The species was
specified as Citrus sinensis.

Cultivar identification using PCR

Hardened new leaves and fruit peels from each cultivar
or line were rapidly frozen in liquid nitrogen and ground in
microtubes. Genomic DNA was extracted from the result-
ing powdered samples using the DNeasy Plant Mini Kit
(QIAGEN). The extracted DNA was stored at —20°C.
Based on whole-genome mutation analysis, primers were
designed to amplify mutation sites using Primer-BLAST
(Ye et al. 2012), to generate PCR products of approxi-
mately 200 bp in length (Table 2). Genomic DNA was ad-
justed to a final concentration of 20 ng/ul and used as the
template for PCR. The total volume of the PCR reaction
mixture was 25 pl, consisting of the following components:
10 ul of sterile water, 12.5 ul of 2x Tks Gflex™ Buffer
(TaKaRa Bio Inc., Japan), 0.5pul of Tks Gflex™ DNA
Polymerase (TaKaRa Bio Inc.), 1 pl of genomic DNA, and
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Table 2. PCR primers for the identification of the ‘Harushizuka’ cultivar
Target PCR amplicon size (bp)
Primer sequence (5" to 3')
Scaffold Mutation ‘Aoshima unshu’ ‘Harushizuka’
. . forward: GCGATGCACCTGCTCCATTA

- +
scaffold00072 20-bp insertion reverse: AGATGTTTGTTCACAGAGGGGA 193 193 +213
chrd 30-bp deletion forward: AGCACATGATATGAAGTACGCT 200 200+ 170

reverse: ACCACATTGGAGTAGTGACTGT

forward and reverse primers added to a final concentration
of 0.5 uM each. PCR was performed under the following
conditions: initial denaturation at 94°C for 1 min, followed
by 36 cycles of 98°C for 10s, 60°C for 15 s, and 68°C for
30s, with a final extension at 68°C for 5 min. Amplified
products were separated by electrophoresis using 4%
MetaPhor Agarose (Lonza Japan Ltd., Japan) containing
GelRed™ (Biotium Inc., CA, USA) under conditions of
10V for 22.5h. Bands were visualized using the E-BOX
gel documentation system (Vilber Bio Imaging, France).

Data availability

The sequence data have been deposited in the DNA Data
Bank of Japan Sequence Read Archive (DRA) under acces-
sion numbers DRR795572-DRR795573.

Results

Heavy-ion mutagenesis in C. unshiu

Survival rates decreased with increasing doses (Table 3).
Many of the surviving branches exhibited abnormal leaf
morphology in the first leaves after treatment, but they sub-
sequently grew normally and produced normal leaves.
When C and Ne ions were irradiated at 20 Gy or less, there
were no differences in branch length and axillary bud num-
ber between wild-type and irradiated trees after 1 year
(Kagami et al. 2003). The morphological mutations se-
lected only from the Ne-ion irradiation treatment group in
2009 were leaf shape, fruit shape, smooth peel, chimaera
peel, and delayed fruit coloring. In particular, morphologi-
cal mutations in fruit appeared at the LDs, dose of 20 Gy
(Table 3). Ultimately, the S1200 line, which exhibits de-
layed fruit coloring, was selected in 2011 from the 20 Gy
Ne-ion irradiation treatment group. The shape of the har-
vested fruit of S1200 is almost indistinguishable from that

Table 3.

of ‘Aoshima unshu’. However, the time when the fruit
color changes from green to orange is one month later than
that of ‘Aoshima unshu’. These characteristics were con-
firmed to be stable in experiments using M,V, and M,V;
plants. In June 2021, S1200 was applied for cultivar regis-
tration as ‘Harushizuka’.

Development of variety identification markers
through whole-genome mutation analysis

Although S1152 is the direct irradiated parent of ‘Haru-
shizuka’, it has seen limited cultivation to date. In contrast,
‘Aoshima unshu’ is one of the most widely cultivated citrus
varieties across Japan. Fruits harvested at similar maturity
stages from ‘Aoshima unshu’ can be visually indistinguish-
able from those of ‘Harushizuka’, making it a likely candi-
date for misidentification. Therefore, from a practical
standpoint, ‘Aoshima unshu’ was selected as a comparative
variety to evaluate the effectiveness of molecular markers
for the identification of ‘Harushizuka’. To detect mutations
that occurred in ‘Harushizuka’, whole-genome sequencing
was performed for both ‘Aoshima unshu’ and ‘Haru-
shizuka’, yielding sequencing data equivalent to 211x and
198x genome coverage, respectively (Supplemental Table
1). The draft genome sequence of ‘Miyagawa wase’
(Shimizu et al. 2017) was used as the reference genome,
and the analysis focused on large-scale structural variations
to identify cultivar-specific markers, enabling cultivar iden-
tification using PCR. Mapping the read sequences from the
two cultivars to the reference genome sequence, which was
limited to sequences longer than 100 kbp, yielded average
depths of 106 for ‘Aoshima unshu’ and 89.6 for ‘Haru-
shizuka’ (Supplemental Table 1). Variant calling using
GATK identified 18,155 candidate mutations excluding
those located within repetitive sequences. These included
small-scale mutations such as single-base substitutions. All

Morphological mutants (M,V,) induced by heavy-ion irradiation

Ton Dose (Gy) No. of irradiated  No. of survival No.. of morpho- Characteristics of mutants
branches plants (%) logical mutants
20 60 20(33) 0
C 30 20 8 (40) 0
40 20 3(15) 0
10 40 24 (60) 1 Leaf: obovate shape
Ne 20 60 29 (48) 4 Fruit: delayed fruit coloring, smooth peel, chimeric peel, oblate shape
50 20 3(15) 0
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of the candidate mutations were identified as being present
in ‘Harushizuka’ and absent in ‘Aoshima unshu’. After
sorting the candidate mutations by descending quality
score, the top 300 were manually inspected. Although these
mutations were initially classified as present in ‘Haru-
shizuka’ but absent in ‘Aoshima unshu’, 246 were sub-
sequently confirmed to be present in both cultivars. The
remaining 54 sites were determined to be false positives
(data not shown). As a result, no mutations specific to
‘Harushizuka’ were identified, possibly reflecting the low
genetic diversity between ‘Aoshima unshu’ and ‘Haru-
shizuka’. Next, we focused on indels, which are useful for
mutation detection using PCR. 457 and 905 candidate
mutations were identified by Pindel and BreakDancer,
respectively, as being present in ‘Harushizuka’ but absent
in ‘Aoshima unshu’. Manual inspection of these candidates
led to the identification of two mutations: a 30-bp deletion
located on chr4 of the reference genome and a 20-bp inser-
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tion located on scaffold00072 (Fig. 1). Since the proportion
of reads supporting the variant at each site among the
mapped reads is close to 50%, each variant was determined
to be heterozygous (Table 4, Supplemental Figs. 1, 2). The
insertion on scaffold00072 is identical to the subsequent
20 bp sequence and is therefore considered a tandem du-
plication (Supplemental Fig. 1B). A T-to-C substitution
located 7 bp downstream of the insertion was also detected
in ‘Aoshima unshu’ (data not shown), suggesting that this
variant likely arose as a spontaneous mutation. This sub-
stitution is linked to the insertion. Although some reads
carrying this substitution seem unlinked to the insertion,
those of sufficient length have duplicated sequences that
are soft-clipped at their ends, suggesting that the 20-bp se-
quence harboring the allele with this substitution was likely
duplicated by heavy-ion beam irradiation. The insertion on
scaffold00072 was found to affect two hypothetical genes,
Ciunshiu_ml16645.g and Ciunshiu_ m28282.g (Fig. 1). Four

A 20-bp insertion (heterozygous)
[ AAGTCTCCCAACCAAATTGG |
scaffold00072
5 | 3
698,487, (bp)
Ciunshiu_m28282.g 1
Ciunshiu_m36082 '
3’ [m 5
698,485 | (bp)
Ciunshiu_m36081 !
3 % 5
698,485 (bp)
Ciunshiu_m28282
3’ [%M 5
‘Ciunshiu_m36083
3’ 5
5698,486 (bp)
Ciunshiu_m16645.g :
3" [% 5
698,485 | (bp)
1,000 bp !
B
chrd 30-bp deletion (heterozygous)
5 ] 3
254,874 254,905 (bp)
10 bp

Fig. 1.

Two mutations identified in ‘Harushizuka’ through whole-genome mutation analysis. A. Insertion mutation on scaffold00072. B. Dele-

tion mutation on chr4. White lines represent genomic sequences. White boxes represent coding sequences (CDSs), while black and grey lines

indicate 5 untranslated regions (5" UTRs) and introns, respectively.

Table 4. Mutations uniquely identified in the ‘Harushizuka’ cultivar

Location Mutati
Mutation Zygosity utatlf)n reoada Mapped read count”
Scaffold Start End proportion (%)
chr4 254875 254904 30-bp deletion heterozygous 49 39
scaffold00072 698487 698488 20-bp insertion heterozygous 46 96

4 Value at start location.
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Cultivar identification of ‘Harushizuka’ using PCR targeting mutation sites. The lane numbers correspond to the cultivar or line num-

bers listed in Table 1. A—B. PCR results targeting the 20-bp insertion on scaffold00072. A. Genomic DNA extracted from hardened new leaves
was used as the template. B. Genomic DNA extracted from fruit peels was used as the template. C—D. PCR results targeting the 30-bp deletion
on chr4. C. Genomic DNA extracted from hardened new leaves was used as the template. D. Genomic DNA extracted from fruit peels was used

as the template.

transcript variants of Ciunshiu_ m28282.g were predicted.
In the variant Ciunshiu_m36083, the coding sequence
(CDS) was disrupted by an insertion, resulting in a
frameshift and the destruction of the stop codon, which
may potentially affect the function of the encoded protein.
The 5’ untranslated regions (5" UTRs) were disrupted in the
variants Ciunshiu_m36081 and Ciunshiu_m36082. In the
variant Ciunshiu_m28282, the insertion occurred in the
second intron. In Ciunshiu_m16645.g, the 5’ untranslated
region (5° UTR) was disrupted. Genes with insertions
affecting the CDS or the 5" UTR exhibited sequence simi-
larity to a gene encoding an E3 ubiquitin-protein ligase.
Although the deletion on chr4 did not affect any gene
(Fig. 1B), binding site prediction using PlantRegMap re-
vealed that a C2H2 family transcription factor binding site
(motif: orangel.1g011334m.g, p-value: 7.34e-05, g-value:
0.0158) was located within the deleted region (254,870-
254,889 bp).

Cultivar identification of ‘Harushizuka’ using PCR
PCR primers were designed to target two mutations iden-
tified in this study (Table 2). PCR was performed using
genomic DNA extracted from hardened new leaves of all
22 citrus cultivars or lines, and clear bands were observed
in every case (Fig. 2A, 2C). To evaluate whether cultivar
identification is feasible using fruit samples distributed in
the market, fruit peels from seven of these cultivars were
also used as PCR templates. These samples similarly yielded
clear bands (Fig. 2B, 2D). The PCR targeting the insertion

mutation on scaffold00072 could not distinguish between
‘Harushizuka’ and its irradiation source S1152, as both ex-
hibited the same band pattern (Fig. 2A, 2B). This mutation
is therefore not specific to ‘Harushizuka’ and is highly
likely to have been present in S1152. In the PCR targeting
the deletion mutation on chr4, only ‘Harushizuka’ produced
a specific amplification product of 170 bp (Fig. 2C, 2D),
which was not observed in the other 21 C. unshiu cultivars
or lines, demonstrating its effectiveness for identifying
‘Harushizuka’. The 170-bp band specific to ‘Harushizuka’
appeared fainter than the upper band (Fig. 2C, 2D). One
possible explanation is that the mutation exists as a chimera
within the plant. However, this is unlikely, given that only
46% of the sequencing reads support the deletion (Table 4).
An alternative possibility is that, in plants, the DNA meth-
ylation status of genomic regions can influence PCR ampli-
fication efficiency (Kiselav et al. 2015). These results
indicate that the deletion mutation on chr4 serves as an
effective DNA marker for distinguishing ‘Harushizuka’
from other C. unshiu cultivars.

Discussion

In C. unshiu, the LDs, dose was found to be suitable for
mutant selection. Even after irradiation at the LDs,, one
year later, no differences were observed in branch length or
axillary bud number between wild-type and irradiated trees
(Kagami et al. 2003). Heavy-ion beam irradiation allows
for the selection of useful mutants at low doses without
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compromising survival rates. Examples of mutants that
emerged at LDy, irradiation doses include dianthus mutants
that produce white flowers (Sugiyama et al. 2008) and a
microalgae mutant with an altered oil composition (Ikeda et
al. 2014, Kaya et al. 2020). LD irradiation may be neces-
sary for mutants that are difficult to produce. Mutations in
the C. unshiu fruit were observed only after irradiation with
20 Gy of Ne ions with 61 keV/um. Therefore, Ne ions with
61 keV/um are more suitable than C ions with 23 keV/um
for C. unshiu mutagenesis by branches. Heavy-ion beams
can change the LET (linear energy transfer, the amount of
energy transferred per unit length to the material along the
ion’s trajectory) by varying the ion species and ion velocity.
In A. thaliana, the dose-response relationship for flowering
rate was strongly dependent on the LET of the ions, rather
than the ion species (Kazama et al. 2008). Furthermore, ir-
radiation with C ions or Ar ions at 290 keV/pm resulted in
high lethality (Kazama et al. 2008). Additionally, it exhib-
ited similar effects on the frequency of morphological
mutations and the characteristics of DNA alterations (Hirano
et al. 2012). These findings suggest that the biological ef-
fects depend more on LET than on the ion species. As a
result, C-ion irradiation induces only single-nucleotide
variants (SNV) and deletions (DEL) with 23-30 keV/um in
rice mutants. In contrast, 50-60 keV/um induces complex
mutations accompanied by chromosomal structural changes
such as insertions (INS), replacements (RPL), and inver-
sions (INV) in addition to SNV and DEL. Ne-ion irradia-
tion with 63—70 keV/um also induces complex mutations
similar to those induced by C ions with 50-60 keV/pum
(Ichida et al. 2019). The fruit mutations were observed only
with Ne-ion irradiation, which may suggest that complex
mutations due to cluster damage occurring at 61 keV/um
are effective in inducing fruit mutations. In this study,
mutation analysis revealed only two indel mutations, and
no SNV mutations were detected. However, the absence of
SNV mutations in this study does not necessarily mean that
SNV mutations did not occur at all. To ensure the reliability
of this method as a cultivar identification technique, candi-
date mutations located in repetitive sequence regions were
excluded from the analysis. Furthermore, since the purpose
of this paper is not to comprehensively examine all candi-
date mutations detected by GATK and discuss the overall
mutation landscape, we focused on verifying only the top
300 most reliable candidate mutations.

‘Harushizuka’ is a mutant derived from S1152, which it-
self is a nucellar seedling of ‘Aoshima unshu’, generated
through heavy-ion beam irradiation. In PCR targeting the
deletion mutation on chr4, a single band was observed in
21 cultivars or lines, including S1152, while two bands
were detected only in ‘Harushizuka’, indicating that this
marker was likely created by heavy-ion beam irradiation.
In contrast, PCR targeting the insertion mutation on
scaffold00072 produced two bands in both ‘Harushizuka’
and S1152 among the 22 cultivars or lines tested. This muta-
tion is not specific to ‘Harushizuka’ but is highly likely to
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have been present in S1152. Therefore, the same band
was detected in both ‘Harushizuka’ and S1152, resulting
in a distinct pattern from that of other C. unshiu culti-
vars. Although this is a common mutation found in both
S1152 and ‘Harushizuka’, this insertion mutation on
scaffold00072 is considered to affect genes that exhibited
sequence similarity to a gene encoding an E3 ubiquitin-
protein ligase. It has been reported that 1,415 genes of
A. thaliana belong to the E3 ubiquitin ligase gene family
(Mazzucotelli et al. 2006), accounting for approximately
5% of the total gene repertoire of this species. S1152 ex-
hibits an earlier ripening phenotype compared to ‘Aoshima
unshu’. In citrus, transcription factors belonging to the
MADS-box family have been identified as regulators of
fruit ripening (Terol ez al. 2019). Although no direct inter-
action between MADS-box transcription factors and E3
ubiquitin ligases has been reported, E3 ubiquitin ligases are
involved in regulating various biological processes in
plants (Mazzucotelli et al. 2006); therefore, further investi-
gation is required to determine how this mutation affects
the phenotype.

‘Harushizuka’ exhibits a delayed fruit color change from
green to orange, occurring approximately one month later
than in ‘Aoshima unshu’, and the harvest time is also about
one month later. A comparative transcriptome analysis be-
tween a late-ripening mutant and the wild type of Citrus
sinensis identified 52 differentially expressed transcription
factors. Among these, the C2H2 family was the third most
abundant, as classified by Wu et al. (2016). In the present
study, a deletion site on chr4 was found to contain a C2H2
family binding site, suggesting that transcription factor
binding may be inhibited in ‘Harushizuka’. This mutation
could potentially influence the delayed coloration pheno-
type; however, its exact role remains uncertain. In the
mutation analysis, only the sequences longer than 100 kbp
from the draft genome of ‘Miyagawa wase’ were used as
the reference sequence. Notably, 7.3% of the short reads
from ‘Harushizuka’ could not be mapped to this reference
genome. The genes responsible for late-maturing traits in
‘Harushizuka’ may also be located in genomic regions that
are not used as reference sequences.

In this study, we developed a DNA marker that enables
the simple identification of the ‘Harushizuka’ cultivar using
PCR. ‘Harushizuka’ is not only late-maturing, but also ex-
hibits traits that make it suitable for long-term storage, such
as a low incidence of rind puffing, high citric acid content,
and is expected to be a variety that can be marketed in
March or April (Sone et al. 2023). As the cultivation of
‘Harushizuka’ becomes more widespread, concerns arise
about potential infringements of breeders’ rights. However,
by utilizing the findings of this study, it will be possible to
respond quickly to determine whether an infringement has
occurred. Furthermore, this technology is expected to act as
a deterrent against cultivar theft, thereby strengthening the
protection of breeders’ rights.



B S Breeding Science
Preview

Author Contribution Statement

KI, TO, HK, and TA conceived and designed the study. TT,
IS, TN, HK AK, and TA experimented with mutant screen-
ing. KI and YS conducted the whole-genome mutation and
sequence analyses. TO, KT, MK, and YS performed the
PCR experiments. KI, TO, and TA wrote the manuscript.
All authors read and approved the final version of the
manuscript.

Acknowledgments

We thank the RIKEN Nishina Center and the Center for
Nuclear Study, University of Tokyo for the operation of
RIBF for performing the ion-beam irradiations. We are
also grateful for allocating computational time of the
HOKUSAI BigWaterfall supercomputer at RIKEN ICS. This
project was supported by the Cross-ministerial Strategic
Innovation Promotion Program (SIP) “Technologies for
creating next-generation agriculture, forestry and fisheries”
(funding agency: Bio-oriented Technology Research Ad-
vancement Institution, NARO).

Literature Cited

Abe, T. (2021) Ion beam mutagenesis for crop improvement. Plant
Breeding and Genetics Newsletter 47: 17-19.

Abe, A., S. Kosugi, K. Yoshida, S. Natsume, H. Takagi, H. Kanzaki,
H. Matsumura, K. Yoshida, C. Mitsuoka, M. Tamiru et al. (2012a)
Genome sequencing reveals agronomically important loci in rice
using MutMap. Nat Biotechnol 30: 174—178.

Abe, T., H. Ryuto and N. Fukunishi (2012b) Chapter 9: Ion beam
radiation mutagenesis. /n: Shu, Q.Y., B.P. Forster and H.
Nakagawa (eds.) Plant Mutation Breeding and Biotechnology,
CABI, Oxfordshire, UK, pp. 99-106.

Abe, T., Y. Kazama and T. Hirano (2015) lon beam breeding and gene
discovery for function analyses using mutants. Nuclear Physics
News 25: 30-34.

Ashelford, K., M.E. Eriksson, C.M. Allen, R. D’Amore, M.
Johansson, P. Gould, S. Kay, A.J. Millar, N. Hall and A. Hall
(2011) Full genome re-sequencing reveals a novel circadian clock
mutation in Arabidopsis. Genome Biol 12: R28.

Austin, R.S., D. Vidaurre, G. Stamatiou, R. Breit, N.J. Provart, D.
Bonetta, J. Zhang, P. Fung, Y. Gong, PW. Wang et al. (2011)
Next-generation mapping of Arabidopsis genes. Plant J 67: 715—
725.

Cabanos, C.S., H. Katayama, H. Urabe, C. Kuwata, Y. Murota, T.
Abe, Y. Okumoto and N. Maruyama (2012) Heavy-ion beam irra-
diation is an effective technique for reducing major allergens in
peanut seeds. Mol Breed 30: 1037-1044.

Chen, K., J.W. Wallis, M.D. McLellan, D.E. Larson, J.M. Kalicki,
C.S. Pohl, S.D. McGrath, M.C. Wendl, Q. Zhang, D.P. Locke et al.
(2009) BreakDancer: an algorithm for high-resolution mapping of
genomic structural variation. Nat Methods 6: 677-681.

Du, Y., Y. Hase, K. Satoh and N. Shikazono (2020) Characterization
of gamma irradiation-induced mutations in Arabidopsis mutants
deficient in non-homologous end joining. J Radiat Res 61: 639—
647.

Endo, T., H. Fujii, T. Yoshioka, M. Omura and T. Shimada (2020)

Ishii, Okubo, Shirakawa, Tomura, Kato, Teraoka, Sawano, Nakajima, Kagami, Kamio et al.

TagMan-MGB SNP genotyping assay to identify 48 citrus culti-
vars distributed in the Japanese market. Breed Sci 70: 363-372.
Fekih, R., H. Takagi, M. Tamiru, A. Abe, S. Natsume, H. Yaegashi,
S. Sharma, S. Sharma, H. Kanzaki, H. Matsumura et al. (2013)
MutMap+: genetic mapping and mutant identification without

crossing in rice. PLoS One 8: ¢68529.

Fujii, H., T. Narita, H. Oshino, T. Endo, T. Kawakami, H. Goto, T.
Yoshioka, M. Omura and T. Shimada (2019) CAPS markers with
stability and reproductivity for discriminating major citrus culti-
vars in Japan. DNA Polymorphism 27: 71-79.

Hirano, T., Y. Kazama, S. Ohbu, Y. Shirakawa, Y. Liu, T. Kambara,
N. Fukunishi and T. Abe (2012) Molecular nature of mutations
induced by high-LET irradiation with argon and carbon ions in
Arabidopsis thaliana. Mutat Res 735: 19-31.

Ichida, H., R. Morita, Y. Shirakawa, Y. Hayashi and T. Abe (2019)
Targeted exome sequencing of unselected heavy-ion beam-
irradiated populations reveals less-biased mutation characteristics
in the rice genome. Plant J 98: 301-314.

Tkeda, K., R. Kose, T. Okuda, Y. Sakakura, K. Kaya, Y. Kazama and
T. Abe (2014) Effects of Ar-ion beam irradiation on survival rate
of Aurantiochytrium sp. RIKEN Accelerator Progress Report 48:
310.

Ishii, K., Y. Kazama, T. Hirano, M. Hamada, Y. Ono, M. Yamada and
T. Abe (2016) AMAP: a pipeline for whole-genome mutation
detection in Arabidopsis thaliana. Genes Genet Syst 91: 229-233.

Ishikawa, S., Y. Ishimura, M. Igura, M. Kuramata, T. Abe, T. Senoura,
Y. Hase, T. Arao, N.K. Nishizawa, H. Nakanishi et al. (2012) Ion-
beam irradiation, gene identification, and marker-assisted breeding
in the development of low-cadmium rice. Proc Natl Acad Sci USA
109: 19166-19171.

Kagami, H., T. Abe, K. Sakamoto, Y. Miyazawa, I. Sawano and S.
Yoshida (2003) Effects of heavy-ion beam irradiation on the sur-
vival and growth of Satsuma mandarin. RIKEN Accelerator
Progress Report 36: 136.

Kanaya, T., H. Saito, Y. Hayashi, N. Fukunishi, H. Ryuto, K.
Miyazaki, T. Kusumi, T. Abe and K. Suzuki (2008) Heavy-ion
beam-induced sterile mutants of verbena (Verbena x hybrida) with
an improved flowering habit. Plant Biotechnol 25: 91-96.

Katano, M., K. Takahashi, T. Hirano, Y. Kazama, T. Abe, H. Tsukaya
and A. Ferjani (2016) Suppressor screen and phenotype analyses
revealed an emerging role of the monofunctional peroxisomal
enoyl-CoA hydratase 2 in compensated cell enlargement. Front
Plant Sci 7: 132.

Kato, M., N. Masamura, J. Shono, D. Okamoto, T. Abe and S. Imai
(2016) Production and characterization of tearless and non-
pungent onion. Sci Rep 6: 23779.

Kawase, K., Y. Minamikawa and S. Inoue (1984) Physiological stud-
ies on puffing in satsuma mandarin fruits. J Japan Soc Hort Sci 53:
373-379.

Kaya, K., Y. Kazama, T. Abe and F. Siraishi (2020) Influence of
medium components and pH on the production of odd-carbon fatty
acids by Auwurantiochytrium sp. SA-96. Journal of Applied
Phycology 32: 1597-1606.

Kazama, Y., H. Saito, Y.Y. Yamamoto, Y. Hayashi, H. Ichida, H.
Ryuto, N. Fukunishi and T. Abe (2008) LET-dependent effects of
heavy-ion beam irradiation in Arabidopsis thaliana. Plant
Biotechnol 25: 113—-117.

Kazama, Y., K. Ishii, T. Hirano, T. Wakana, M. Yamada, S. Ohbu and
T. Abe (2017) Different mutational function of low- and high-
linear energy transfer heavy-ion irradiation demonstrated by
whole-genome resequencing of Arabidopsis mutants. Plant J 92:



DNA marker for ‘Harushizuka’ cultivar identification

1020-1030.

Kiselav, K.V., A.S. Dubrovina and A.P. Tyunin (2015) The methyla-
tion status of plant genomic DNA influences PCR efficiency. J
Plant Physiol 175: 59-67.

Koide, Y., A. Ogino, T. Yoshikawa, Y. Kitashima, N. Saito, Y.
Kanaoka, K. Onishi, Y. Yoshitake, T. Tsukiyama, H. Saito et al.
(2018) Lineage-specific gene acquisition or loss is involved in
interspecific hybrid sterility in rice. Proc Natl Acad Sci USA 115:
E1955-E1962.

MAFF (2024) Statistics of cultivated area and shipment volume of
fruits in 2023. Ministry of Agriculture, Forestry and Fisheries,
Japan. https://www.maff.go.jp/j/tokei/dashboard/data/kazyu.html
(in Japanese).

Mazzucotelli, E., S. Belloni, D. Marone, A.M. De Leonardis, D.
Guerra, N. Di Fonzo, L. Cattivelli and A.M. Mastrangelo (2006)
The E3 ubiquitin ligase gene family in plants: regulation by degra-
dation. Curr Genomics 7: 509-522.

McKenna, A., M. Hanna, E. Banks, A. Sivachenko, K. Cibulskis, A.
Kernytsky, K. Garimella, D. Altshuler, S. Gabriel, M. Daly et al.
(2010) The genome analysis toolkit: A MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res 20:
1297-1303.

Morita, R., H. Ichida, Y. Hayashi, K. Ishii, Y. Shirakawa, S. Usuda-
Kogure, K. Ichinose, M. Hatashita, K. Takagi, K. Miura et al.
(2021) Responsible gene analysis of phenotypic mutants revealed
the linear energy transfer (LET)-dependent mutation spectrum in
rice. Cytologia 86: 303-309.

Nhat, V.Q., Y. Kazama, K. Ishii, S. Ohbu, H. Kunitake, T. Abe and
T. Hirano (2021) Double mutant analysis with the large flower
mutant, ohbanal, to explore the regulatory network controlling
the flower and seed sizes in Arabidopsis thaliana. Plants (Basel)
10: 1881.

Ninomiya, T., T. Shimada, T. Endo, K. Nonaka, M. Omura and H.
Fujii (2015) Development of citrus cultivar identification by
CAPS markers and parentage analysis. Hort Res (Japan) 14: 127—
133 (in Japanese with English summary).

Nishimura, K., M. Okuma, J. Kaneyoshi, A. Yamasaki, K. Nagasaka,
K. Murata, Y. Monden, K. Kato, H. Nishida, T. Nakazaki et al.
(2024) Workflow for development of CAPS markers with one type
of restriction enzyme to identify citrus cultivars. Tree Genet
Genomes 20: 27.

Noda, T., K. Daiou, T. Mihara and Y. Nagano (2020) Development of
Indel markers for selection of Satsuma mandarin (Citrus unshiu
Marc.) hybrids that can be used for low-cost genotyping with
agarose gels. Euphytica 216: 115.

Noda, T., K. Daiou, T. Mihara and Y. Nagano (2021) Potential appli-
cation of simple easy-to-use insertion-deletion (InDel) markers in
citrus cultivar identification. Breed Sci 71: 601-608.

Nonaka, K., H. Fujii, M. Kita, T. Shimada, T. Endo, T. Yoshioka and
M. Omura (2017) Identification and parentage analysis of citrus
cultivars developed in Japan by CAPS markers. Hort J 86: 208—
221.

Okamoto, M., Y. Monden, A. Shindo, T. Takeuchi, T. Endo, Y.
Shigematsu, K. Takasaki, H. Fujii and T. Shimada (2023) A target
cultivar-specific identification system based on the chromato-
graphic printed array strip method for eight prominent Japanese
citrus cultivars. Breed Sci 73: 146—157.

Okasa, A.M., M. Riadi, K. Toriyama, K. Ishii, Y. Hayashi, T. Sato, T.
Abe, Trisnawaty, N.J. Panga and R. Sjahril (2020) Mutation
breeding for improvement of aromatic rice mutant by using ion

Breeding Science
Preview

BS

beam irradiation. IOP Conf Ser Earth Environ Sci 486: 012091.

Oono, Y., H. Ichida, R. Morita, S. Nozawa, K. Satoh, A. Shimizu, T.
Abe, H. Kato and Y. Hase (2020) Genome sequencing of ion-
beam-induced mutants facilitates detection of candidate genes
responsible for phenotypes of mutants in rice. Mutat Res 821:
111691.

Robinson, J.T., H. Thorvaldsdottir, W. Winckler, M. Guttman, E.S.
Lander, G. Getz and J.P. Mesirov (2011) Integrative genomics
viewer. Nat Biotechnol 29: 24-26.

Sawada, R., T. Hirano, K. limura, T. Abe and Y. Ozaki (2016) Low
polyphenol oxidase mutant induced by '2C°" ion beam irradiation
to protoplasts of lettuce (Lactuce sativa L.). Hort Res (Japan) 15:
347-353 (in Japanese with English summary).

Schneeberger, K., S. Ossowski, C. Lanz, T. Juul, A.H. Petersen, K.L.
Nielsen, J.-E. Jorgensen, D. Weigel and S.U. Andersen (2009)
SHOREmap: simultaneous mapping and mutation identification
by deep sequencing. Nat Methods 6: 550-551.

Shimizu, T., Y. Tanizawa, T. Mochizuki, H. Nagasaki, T. Yoshioka, A.
Toyoda, A. Fujiyama, E. Kaminuma and Y. Nakamura (2017)
Draft sequencing of the heterozygous diploid genome of satsuma
(Citrus unshiu Marc.) using a hybrid assembly approach. Front
Gene 8: 180.

Sone, Y., T. Ohta, M. Kato, S. Nakamura and T. Abe (2023) Breeding
of Satuma mandarin (Citrus unshiu Marcow.) cultivar ‘Haru-
shizuka’ suitable for long-term storage by heavy-ion beam irradia-
tion. /n: Abe, T. (ed.) Hinshu kairyou user kai houkoku in Nishina
Center for Accelerator Based Science 2022 (ISSN 2435-3183),
RIKEN, p. 15.

Sugiyama, M., Y. Hayashi, N. Fukunishi, H. Ryuto, T. Terakawa and
T. Abe (2008) Development of flower colour mutant of Dianthus
chinensis var. semperflorens by heavy-ion irradiation. RIKEN
Accelerator Progress Report 41: 229.

Terol, J., M.J. Nueda, D. Ventimilla, F. Tadeo and M. Talon (2019)
Transcriptomic analysis of Citrus clementina mandarin fruits mat-
uration reveals a MADSbox transcription factor that might be
involved in the regulation of earliness. BMC Plant Biol 19: 47.

Tian, F., D.C. Yang, Y.Q. Meng, J. Jin and G. Gao (2020)
PlantRegMap: charting functional regulatory maps in plants.
Nucleic Acids Res 48: D1104-D1113.

Uchida, N., T. Sakamoto, T. Kurata and M. Tasaka (2011) Identifica-
tion of EMS-induced causal mutations in a non-reference
Arabidopsis thaliana accession by whole genome sequencing.
Plant Cell Physiol 52: 716-722.

Wu, J., L. Fu and H. Yi (2016) Genome-wide identification of the
transcription factors involved in Citrus fruit ripening from the
transcriptomes of a late-ripening sweet orange mutant and its wild
type. PLoS One 11: e0154330.

Yamatani, H., K. Kohzuma, M. Nakano, T. Takami, Y. Kato, Y.
Hayashi, Y. Monden, Y. Okumoto, T. Abe, T. Kumamaru et al.
(2018) Impairment of Lhca4, a subunit of LHCI, causes high accu-
mulation of chlorophyll and the stay-green phenotype in rice. J
Exp Bot 69: 1027-1035.

Ye, J., G. Coulouris, I. Zaretskaya, I. Cutcutache, S. Rozen and T.
Madden (2012) Primer-BLAST: A tool to design target-specific
primers for polymerase chain reaction. BMC Bioinformatics 13:
134.

Ye, K., M.H. Schulz, Q. Long, R. Apweiler and Z. Ning (2009)
Pindel: a pattern growth approach to detect break points of large
deletions and medium sized insertions from paired-end short
reads. Bioinformatics 25: 2865-2871.


https://www.maff.go.jp/j/tokei/dashboard/data/kazyu.html

