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Argon-ion-induced mutant of Arabidopsis thaliana exhibiting
accelerated leaf chlorosis†

A. Sanjaya,∗1 Y. Kazama,∗2,∗3 K. Ishii,∗2 S. Ohbu,∗2 T. Abe,∗2 and M. Fujiwara∗1,∗2

Chloroplast development in leaf tissues is crucial for
plant growth and productivity. Plant leaves are com-
posed of the epidermis, which forms the outermost layer,
and the mesophyll and vasculature inside. In the model
plant Arabidopsis thaliana, chloroplasts are distributed
in leaf epidermal pavement and guard cells, as well as
in mesophyll cells. Despite vast research on the struc-
ture and function of leaf chloroplasts, there is limited
knowledge about their regulations in the plant life cycle.

To explore possible novel gene functions for leaf chloro-
plast development, we attempted a forward genetic ap-
proach. We created mutants of A. thaliana by expos-
ing dry seeds of ecotype Col-0 to accelerated argon ions
(290 keV/µm, 50 Gy) at RIBF.1) Following two rounds of
cultivation and selfing, as well as a macroscopic screen-
ing of the M3 generation of plants, we isolated a new
mutant, designated as Ar50-33-pg1.

During seedling development, Ar50-33-pg1 produced
slightly pale cotyledons and leaves under standard plant
growth conditions (Fig. 1A, B). As the mutant leaves ex-
panded and matured, their chlorosis became prominent
(Fig. 1C). This observation of accelerated leaf chloro-
sis was supported by the chlorophyll measurement of
detached leaves through spectrophotometry (data not
shown). Furthermore, Ar50-33-pg1 exhibited abnormal-
ities at the reproductive stage, including phenotypes of
late flowering, flower longevity, and low seed production
(data not shown).

Microscopic examination of expanding leaves of wild-
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Fig. 1. Growth and morphology of seedlings of Arabidop-
sis. (A) 2-week-old wild-type seedling. (B) 2-week-old
Ar50-33-pg1 seedling. In (A) and (B), images of chloro-
phyll autofluorescence were taken at the same excita-
tion condition by stereofluorescence microscopy. Scale
bar = 5 mm. (C) 4-week-old wild-type and Ar50-33-pg1
seedlings. Scale bar = 5 cm.
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Fig. 2. Fluorescence microscopy of leaf epidermal guard cells
and pavement cells of Arabidopsis. (A) Wild type. (B)
Ar50-33-pg1. Differential interference contrast (DIC) and
chlorophyll autofluorescence (colored in red) images of
cells from epidermal peels of growing rosette leaves. Scale
bar = 10 µm.

type and Ar50-33-pg1 plants under normal observation
conditions revealed that a certain population of mu-
tant epidermal chloroplasts lacked chlorophyll autoflu-
orescence signal (Fig. 2). Meanwhile, mutant mesophyll
chloroplasts retained chlorophyll autofluorescence until
later stages of leaf senescence. Therefore, the chloro-
sis leaf phenotype of Ar50-33-pg1 might involve tissue-
dependent chloroplast abnormalities between the epider-
mis and mesophyll.

Backcrossing and segregation analyses indicated that
the chlorotic phenotype of Ar50-33-pg1 is associated
with impaired epidermal chloroplasts and is caused by
a single nuclear recessive allele. Through whole-genome
resequencing, Ar50-33-pg1 was revealed to contain a
∼0.9 Mb deletion from position 12621534 to 13561533
in chromosome V, which spans approximately 40 puta-
tive or well-characterized protein-coding genes. One of
them encoded a known chloroplast membrane-localized,
ATP-independent metalloprotease, Ethylene-dependent
Gravitropism-deficient and Yellow-green 1 (EGY1).2)

Ar50-33-pg1 was then crossed with an egy1 mutant3)
in both directions. All F1 seedlings were similar to both
parents in that they commonly exhibited accelerated leaf
chlorosis with epidermal chloroplast defects. F1 plant
phenotypes at the reproductive stage were all wild type-
like. Therefore, EGY1 was deemed to be the main causal
gene for the impaired chloroplast phenotypes in Ar50-33-
pg1.
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Effect of heavy-ion irradiation on survival rate of Torenia fournieri
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A heavy-ion beam is a powerful mutagen that has
high linear energy transfer (LET). We previously demon-
strated that the value of LET affects the size and type
of the induced mutations in a model plant Arabidopsis
thaliana; a C-ion beam with an LET of 30.0 keV/µm
predominantly induce small mutations that affect al-
most single genes, while an Ar-ion beam with an LET of
290 keV/µm can induce chromosomal rearrangements in-
cluding translocation and large inversions or deletions.1)
We focus on the induction of chromosomal rearrange-
ments because they can affect multiple genes resulting
in the induction of new phenotypic traits that have not
been ever observed by single gene mutations.

To investigate such a broad spectrum of phenotypes,
we aim at observing the floral phenotypes of Torenia
fournieri after the irradiation of heavy-ion beams with
high LET, because its simple floral structure with col-
orful petals allows us to observe the change in the phe-
notypes with high visibility.2) Moreover, T. fournieri is
a useful plant for genetic analysis and molecular biology
because of its small genome size (2n = 18, 171 Mb), and
because of the transformation techniques established.3,4)
Once an interesting mutant is isolated, mutations includ-
ing rearrangements responsible for its phenotype can be
determined by whole-genome resequencing. Dry seed
irradiation and screening of seed propagated mutants
needs to be conducted using an inbred strain, to effi-
ciently perform the investigation of the phenotypic mu-
tation spectrum followed by whole-genome resequencing.
In this study, prior to performing mutant screening, dose
dependence on survival was examined and the effect of
LETs on survival was compared.

The inbred line ‘Zairai murasaki’ was kindly provided
by Dr. Nishijima of the National Institute of Floricul-
tural Science. Dry seeds of ‘Zairai murasaki’ were ir-
radiated with Ar ions with LETs of 184 keV/µm and
290 keV/µm, respectively, at a dose range of 25–200 Gy

0

20

40

60

80

100

0 50 100 150 200 250 300 350 400 450 500

Su
rv

iv
al

 ra
te

 (%
)

Dose (Gy)

Ar (184 keV/µm)

Ar (290 keV/µm)

C (50 keV/µm)

Fig. 1. LET-dependent effect on survival rate in T. fournieri.
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Fig. 2. Photographs of wild-type flower (A); a mutant flower
with a rough-edged pistil and petals (B), and a mutant
flower without the yellow spot (C). Bars: 1 cm for whole
photos, 1 mm for the photos of pistils.

in the RIKEN RI-beam factory. C-ion beam irradia-
tion with an LET of 50 keV/µm was carried out by
the Wakasa Wan Multi-purpose Accelerator with Syn-
chrotron and Tandem at the Wakasa Wan Energy Re-
search Center at a dose range of 100–500 Gy. Irradiated
M1 seeds were surface-sterilized and incubated on 0.7%
agar containing 1/2 MS medium supplemented with 3%
sucrose at 25◦C under long-day conditions (16 h light,
8 h dark). About 30–50 seeds were sown for each irradi-
ation treatment. After 1.5 months, the survival rate (the
number of plants having true leaves per total number of
germinated plants) was determined.

In any LET, survival rates were decreased as the ir-
radiation dose increased (Fig. 1). The effect on survival
rate differed among LET values; it increased as LET
values increased. The Ar ion beam with the LET of
290 keV/µm was the most effective for the reduction
of the survival rates, although the effect of higher val-
ues of LET will need to be tested. Based on the rule
of thumb that a dose showing around 90% survival is
the most effective in mutation induction, the most effec-
tive doses on mutation induction were estimated from
the current results; 300 Gy, 75 Gy, and 50 Gy for the
C ion (50 keV/µm), Ar ion (184 keV/µm), and Ar ion
(290 keV/µm), respectively.

Mutant screening is carried out in the M2 generation
because a phenotype caused by recessive mutation is ex-
pressed in the M2 generation. However, we identified
two mutants from 30 and 16 M1 plants after irradiation
with LETs of 290 keV/µm and 184 keV/µm, respectively.
The former has jagged pistil and petals (Fig. 2B), and
the latter has no yellow spot (Fig. 2C). These pheno-
types were observed in all flowers produced on the same
branch. The detection of mutations responsible for these
phenotypes is in progress.
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