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Introduction

Autophagy-deficient Arabidopsis mutant atg5,
which shows ultraviolet-B sensitivity, cannot
remove ultraviolet-B-induced fragmented
mitochondria+t

Gonul Dundar, 22 Mika Teranishi® and Jun Hidema (2 *2

Mitochondria damaged by ultraviolet-B radiation (UV-B, 280-315 nm) are removed by mitophagy, a
selective autophagic process. Recently, we demonstrated that autophagy-deficient Arabidopsis thaliana
mutants exhibit a UV-B-sensitive phenotype like that of cyclobutane pyrimidine dimer (CPD)-specific
photolyase (PHR1)-deficient mutants. To explore the relationship between UV-B sensitivity and autophagy
in UV-B-damaged plants, we monitored mitochondrial dynamics and autophagy in wild-type Arabidopsis
(ecotype Columbia); an autophagy-deficient mutant, atg5; a PHR1-deficient mutant, phrl; an atg5 phrl
double mutant; and AtPHR1-overexpressing (AtPHR1ox) plants following high-dose UV-B exposure (1.5 W
m™2 for 1 h). At 10 h after exposure, the number of mitochondria per mesophyll leaf cell was increased
and the volumes of individual mitochondria were decreased independently of UV-B-induced CPD
accumulation in all genotypes. At 24 h after exposure, the mitochondrial number had recovered or almost
recovered to pre-exposure levels in plants with functional autophagy (WT, phrl, and AtPHR1ox), but had
increased even further in atg5. This suggested that the high dose of UV-B led to the inactivation and frag-
mentation of mitochondria, which were removed by mitophagy activated by UV-B. The UV-B-sensitive
phenotype of the atg5 phrl double mutant was more severe than that of atg5 or phrl. In wild-type, phrl,
and AtPHR1ox plants, autophagy-related genes were strongly expressed following UV-B exposure inde-
pendently of UV-B-induced CPD accumulation. Therefore, mitophagy might be one of the important
repair mechanisms for UV-B-induced damage. The severe UV-B-sensitive phenotype of atg5 phrl is likely
an additive effect of deficiencies in independent machineries for UV-B protection, autophagy, and CPD
photorepair.

(CPDs) and pyrimidine pyrimidone (6-4) photoproducts, can
retard growth and development in Arabidopsis.*® The CPDs,

Plants use sunlight as the energy source for photosynthesis
and are inevitably exposed to harmful ultraviolet-B radiation
(UV-B, 280-315 nm). Despite UV-B being a minor proportion
of the UV radiation that reaches the earth’s surface, it causes
substantial damage to plant macromolecules such as lipids,
proteins, and membranes, and especially DNA."

UV-B induces lesions in nuclear, mitochondrial, and chlor-
oplast genome structures in plants by specifically inducing
photoproducts between adjacent pyrimidines on the same
DNA strand.>® These lesions, cyclobutane pyrimidine dimers
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which make up the largest component (~75%) of photo-
products,® are a principal cause of UV-B-induced growth inhi-
bition in plants, and are often used as a direct indicator of
UV-B damage in plants.” Exposure to UV-B also causes oxi-
dative stress via the production of reactive oxygen species
(ROS)." Because electron leakage from respiration and photo-
synthesis chains promotes the production of strong oxidants,
organelles are major sources of damaging by-products.® The
ROS produced in response to UV-B can also directly damage
DNA and proteins by inhibiting transcription and replication
and inducing mutations or cell death, thereby inhibiting plant
growth and development.®™*?

Plants have evolved many response mechanisms to adapt to
UV-B stress, e.g., repair of CPDs by photoreactivation and
nucleotide excision repair.> CPD-specific photolyases, which
absorb UVA (315-400 nm) and blue radiation as energy to
monomerize dimers, are widely distributed among species
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ranging from eubacteria to eukaryotes, but not in placental
mammals.” In plants, photoreactivation by CPD photolyase is
the primary mechanism of CPD repair.>* We previously
demonstrated that CPD photolyase is crucial for determining
the resistance of rice to UV-B and that elevated CPD photolyase
activity can significantly alleviate UV-B-induced growth inhi-
bition in rice.”* In Arabidopsis, deficiency of CPD photolyase
(PHR1, also named UV RESISTANCE 2 [UVRZ]; AT1G12370)
induces UV-B sensitivity,* indicating that UV-B-induced CPD
accumulation is a principal cause of UV-B-induced cell death
and growth inhibition in plants. In addition to CPD, other
types of DNA damage and ROS also activate damage and stress
response signaling pathways that control the expression of
genes related to protection against UV-B-induced damage in
plants.”>™*®

Recently, we reported that both artificial UV-B radiation
and natural sunlight cause vacuolar transport of whole photo-
damaged chloroplasts through an autophagy process known as
chlorophagy.” In that study, we showed that mutants of the
autophagy-related genes 2 (ATG2), 5 (ATG5) and 7 (ATG7)
exhibit UV-B-sensitive phenotypes like that of PHR1-deficient
Arabidopsis thaliana ecotype Landsberg erecta mutants (uvr2)."
These results indicated that autophagy also plays an important
role in the plant response to UV-B-induced damage.

In yeast and mammals, damaged organelles, especially
damaged mitochondria, which are the center of energy pro-
duction and several other important metabolic processes, are
removed by a selective autophagic process known as
mitophagy.”°>* Mitophagy is linked to several physiological
functions and human pathologies, such as neurodegenerative
disease.>*** However, little is known about the relationships
between UV-B-induced CPD accumulation and mitochondrial
dynamics or between mitochondrial dynamics and autophagy
in plants damaged by UV-B. Here, to understand these
relationships, we focused on the mitochondrial dynamics in
A. thaliana wild-type (WT) (ecotype Columbia); the autophagy-
deficient mutant atg5; the PHR1-deficient mutant phr1; the
atg5 phr1 double mutant (atg5 phri); and AtPHR1-overexpres-
sing transgenic plants (AtPHR1ox) exposed to UV-B. Our
results indicate that UV-B damages mitochondrial function
and causes mitochondrial fragmentation in Arabidopsis, and
that these damaged dysfunctional mitochondria are removed
by autophagy. Our results also show that, although UV-B
induces autophagy, UV-B-induced mitochondrial fragmenta-
tion and autophagy occur independently of UV-B-induced CPD
accumulation.

Materials and methods
Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia was used as WT. The
Arabidopsis T-DNA insertion lines atg5 (SAIL_129_B07)*>° and
phr1 (WiscDsLox368H08) were obtained from the Arabidopsis
Biological Resource Center. The atg5 phr1 double mutant (atg5
phr1) was obtained by sexual crossing between atg5 and phri.
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Arabidopsis AtPHR1 was transformed into phri under the
control of the cauliflower mosaic virus 35S promoter (Pro35S)
by using pBI121 vector (AtPHR1ox). The following transgenic
plants were generated as previously described:*”*® mitochon-
dria-targeted GFP (MT-GFP) driven by Pro35S was introduced
into WT, atg5 and phr1 (Mt-WT, Mt-atg5 and Mt-phr1) and
chloroplast stroma-targeted GFP (CT-GFP) driven by Pro35S
were each introduced into WT, atg5, phri, atg5 phrl (Ct-WT,
Ct-atg5, Ct-phr1, Ct-atg5 phr1) by gene transformation or sexual
crossing. When generating transgenic AtPHR1o0x expressing
mitochondria- or chloroplast-targeted GFP, the mitochondrial
isocitrate dehydrogenase (IDH) promoter (ProIDH) or ribulose
bisphosphate carboxylase small chain 2B (RBCS2B) promoter
(ProRBCS2B) was used to avoid gene silencing caused by using
the same promoter as that driving PHR1 in AtPHR10x. MT-GFP
or CT-GFP was transformed into WT under the control of the
ProIDH or ProRBCS2B as previously described.”®*° Then, the
plants expressing MT-GFP or CT-GFP were sexually crossed
with AtPHR1lox line giving Mt-AtPHR1ox or Ct-AtPHR1ox
respectively. Arabidopsis plants were grown in soil in chambers
at 23 °C under a 16 h light (6 a.m. to 10 p.m.)/8 h dark (10 p.
m. to 6 a.m.) photoperiod under white fluorescent lamps
(140 pmol m~? s™"). Fourteen-day-old seedlings were used for
all experiments.

UV-B treatments and measurement of plant growth

Fourteen-day-old seedlings were irradiated for 1 h with narrow-
band UV-B at different intensities (0.5 or 1.5 W m™>) supplied
by a xenon light source [MAX-303 (UV-VIS); Asahi Spectra Co.,
Ltd, Tokyo, Japan] filtered through a 280 nm band pass filter
(LX0280; Asahi Spectra Co., Ltd). The spectrum or energy
fluence rate was measured with a spectroradiometer
(USR-45DA; Ushio Inc., Tokyo, Japan). The UV-B irradiation
treatment was started at 10 a.m. (4 h after the start of the
photoperiod). After UV-B irradiation, plants were returned to
the growth chamber for 10 h, 24 h, or 2 d for further experi-
ments. The above-ground parts of the plants were cut off, and
fresh weights (FW) were measured individually. At least 30
plants from three biological repeats were analyzed.

Measurement of CPD level

Seedlings were irradiated with 1.5 W m™> UV-B as described
above, and then the above-ground parts of some plants were
harvested immediately. The other UV-B-irradiated seedlings
were returned to the growth chamber for repairing CPDs
under white light. To measure the level of CPD photolyase-
independent repair, UV-B-irradiated seedlings were placed in a
light-tight box before being returned to the growth chamber.
Two days after UV-B exposure, the above-ground parts were
harvested. All harvested samples were frozen in liquid nitro-
gen, then stored at —80 °C until analysis. The following manip-
ulations were carried out under dim red light to minimize
uncontrolled photoreactivation. Each seedling was homogen-
ized in liquid nitrogen. Agarose plugs were prepared, and DNA
was purified in the gel. Half of the agarose plugs were treated
with UV endonuclease as described previously (UV endonu-
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clease specifically cleaves single DNA strands at CPD sites).*
The DNA molecules were separated according to their single-
strand molecular lengths in 0.7% alkaline agarose gels by
static field electrophoresis and biased sinusoidal field gel elec-
trophoresis (Genofield; ATTO Co., Osaka, Japan).*® The DNA
length markers were DNA fragments from Hansenula wingei
chromosomes (smallest, 1.05 Mb) (Bio-Rad, Hercules, CA,
USA), T4 phage DNA (170 kb), Lambda phage DNA (48.5 kb),
and Hindlll-digested Lambda phage DNA (23.1, 9.4, 6.6, 4.3,
and 2.3 kb). The CPD frequencies were determined using a
DNA damage analysis system constructed by the Tohoku
Electric Co., (Sendai, Japan) as previously described.?® The fre-
quencies were calculated using a molecular length standard
curve, and the quantity of DNA at each migration position was
determined from quantitative image data.*’ The CPD fre-
quency was measured by subtracting the value of the UV endo-
nuclease-untreated sample from that of the UV endonuclease-
treated sample and is expressed as the number of CPD per Mb.
Three independent experiments were performed.

Laser-scanning confocal microscopy imaging

The laser-scanning confocal microscopy (LSCM) imaging was
performed using a C-apochromat LD63x water-immersion
objective (numerical aperture = 1.15; LSM800, Carl Zeiss,
Oberkochen, Germany). The excitation wavelength for GFP was
488 nm and that for chlorophyll autofluorescence was 640 nm.

Detection of dead cells

Dead cells were quantified in transgenic Arabidopsis lines har-
boring CT-GFP to estimate cell death. Two days after UV-B
exposure, plants were observed by LSCM. The percentage of
dead cells in a fixed area (containing 50 cells on average) was
determined. Four areas of the leaf were analyzed per plant,
and three plants for each genotype were analyzed (n = 12).
Dead cells were detected as entirely green cells because GFP
fluorescence spread throughout the cell after the vacuolar
degradation of chloroplast stroma during programmed cell
death.

Measurement of mitochondrial number and volume

Transgenic Arabidopsis lines harboring MT-GFP were irradiated
with 1.5 W m™ UV-B. At 10 and 24 h after UV-B exposure,
plants were observed by LSCM. Fixed image areas (212- x 212-
x 40 pm each) were monitored by changing the focus in LSCM.
The Z-stack images from LSCM were converted into three-
dimensional pictures and the number and volume of mito-
chondria were detected using Imaris microscopy analysis soft-
ware (Bitplane, Zurich, Switzerland). To determine the number
of mitochondria, three plants for each timepoint were ana-
lyzed [n = 3 (>40 cells)]. To measure the volume of mitochon-
dria, four cells per plant and four plants for each timepoint
were analyzed [n = 4 (>16 cells)].

Detection of active mitochondria

To label active mitochondria, excised leaves of seedlings were
infiltrated with 200 nM tetramethylrhodamine, ethyl ester
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(TMRE) and incubated at room temperature for 20 min,** then
fluorescence images of cells were observed and captured by
LSCM. At least three areas (212- x 212- x 40 pm each) were
assayed per plant, and four plants for each timepoint were
analyzed.

Concanamycin A treatment

The transgenic Arabidopsis lines harboring MT-GFP were irra-
diated with 1.5 W m™> UV-B. Entire transgenic Arabidopsis
plants (including roots) harboring MT-GFP were pulled from
the soil. Then, 1 pM Concanamycin A (ConcA) was added to
10 mM MES-NaOH (pH 5.5) solution, and the mixture was
infiltrated into the leaves using a 1 ml syringe. After treatment,
the seedlings were immersed in the same ConcA solution,
with filter paper laid on top to keep them submerged. The
seedlings were then returned to the growth chamber for 24 h.
Plants in the control were treated in the same way, but with
the same amount of DMSO replacing ConcA. The mesophyll
cells in the infiltrated area were observed by LSCM.

RNA extraction, cDNA synthesis, and quantitative real-time
PCR

Total RNA was isolated from rosette leaves using the RNeasy
Plant Mini kit (Qiagen, Hilden, Germany), and cDNA was syn-
thesized using random hexamer and oligo dT primers with the
PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Otsu,
Japan). An aliquot of the synthesized cDNA derived from 500
ng total RNA was subjected to qRT-PCR analysis using the
KAPA SYBR FAST PCR Kit (KAPA Biosystems, Woburn, MA,
USA) and a real-time PCR detection system (CFX96, Bio-Rad).
The p-tubulin gene was used as an internal control. Gene-
specific primers are listed in ESI Table 1.}

Statistical analysis

Statistical analyses were performed with GraphPad Prism
version 8.00 (GraphPad Software). Two-way ANOVA was used
for the comparison of paired samples followed by Tukey’s test
or Dunnett’s test for the comparison of multiple samples, as
indicated in figure legends.

Results

First, to test the relationship between CPD accumulation and
autophagy function in the UV-B sensitivity of Arabidopsis, seed-
lings of WT, atg5, phr1, atg5 phr1, and AtPHR1ox were exposed
to different doses of UV-B (1.5 or 0.5 W m™?) for 1 h. Their
growth retardation phenotypes (shoot FW) were examined 2 d
later (Fig. 1a and b). The atg5 and phrl mutants were signifi-
cantly more UV-B-sensitive than WT to the 1.5 W m~? UV-B
treatment, as previously reported.'® The growth retardation of
atg5 phri in response to UV-B was more severe than that of the
UV-B-sensitive single mutants atg5 and phri. By contrast, the
AtPHRI1o0x line showed significant resistance to UV-B com-
pared with WT. UV-B at 0.5 W m™> reduced the shoot FW of
WT, atg5, phri, atg5 phri, and AtPHR1ox plants by 24%, 25%,
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Fig.1 UV-B sensitivity and UV-B-induced CPD accumulation in
Arabidopsis plants. (a) Phenotypes of seedlings of Arabidopsis wild-type
(ecotype Columbia) (WT), all four lines including three mutants in
Columbia background, atg5, phrl, and atg5 phrl, and AtPHRlox trans-
genic before (no UV-B) and at 2 d after UV-B treatment. Plants were
exposed to 0.5 W m™2 or 1.5 W m~2 UV-B (280 nm), and then grown in
growth chamber (16 h white light /8 h dark photoperiod at 23 °C) for 2
d. (b) Fresh weight of above-ground parts of seedlings of WT, atg5, phr1,
phrl atg5, and AtPHR1ox before and at 2 d after UV-B treatment (n > 40
plants from three biological repeats). (c) Cell death frequency in indi-
cated seedlings before and at 2 d after UV-B treatment; frequency was
calculated as ratio of number of cell dead to total number of cells in a
fixed area of leaf (containing 50 cells on average). Four different areas of
leaf were assayed per plant, and three different plants for each genotype
were analyzed (n = 12). (d) UV-B-induced CPDs and their repair in
genomic DNA of indicated plants: seedlings without irradiation (no
UV-B) and those exposed to 1.5 W m~2 of UV-B for 1 h (UV-B), and seed-
lings exposed to those treatments and then grown in a growth chamber
with white light (UV-B + 2 d) or kept in a light-tight box (UV-B + 2 d
Dark) for 2 d. At least three independent experiments were performed (n
> 3). Data represent means + SE. Asterisks denote significant differences
based on two-way ANOVA (ns: not significant, *p < 0.05, **p < 0.01, ***p
< 0.001).
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27%, 45%, and 11%, respectively; whereas UV-B at 1.5 W m >
reduced the shoot FW of these lines to a greater extent, by
43%, 62%, 61%, 77%, and 33%, respectively. At 2 d after
exposure, the ratio of dead cells to total cells in the plant leaf
(cell death frequency) increased with increasing UV-B dose
(Fig. 1c and ESI Fig. 11). At 1.5 W m™~> UV-B irradiation, the
cell death frequencies were higher in atg5 and phri than in
WT, and that in atg5 phr1 was the highest among all the geno-
types examined. The cell death frequency in AtPHR1ox was
extremely low, significantly lower than in WT. Exposure to
UV-B at 0.5 W m™~ caused little cell death in AtPHR10x.

To determine the relationship between CPD accumulation
and the UV-B-sensitive phenotype, we measured CPD levels in
all the plant genotypes (Fig. 1d). Prior to UV-B exposure, the
CPD level in all plants grown under white light alone was less
than 1.5 CPD per Mb. Exposure to 1.5 W m™> UV-B for 1 h
induced similar levels of CPDs (approximately 35-40 CPD per
Mb) among all the plant genotypes. In plants that were
returned to the growth chamber under white light, CPD
accumulation decreased dramatically in WT, atg5, and
AtPHR10x, but not in the CPD PHR1-deficient mutants (phr1
or atg5 phr1), compared with the levels immediately after UV-B
exposure. The CPD levels in AtPHR1ox decreased to pre-UV-B
exposure levels, but those in WT and atg5 remained at ~12
CPD per Mb. These results strongly indicate that UV-B-induced
CPD accumulation induces cell death, thereby explaining the
UV-B sensitivity of the PHR1-deficient mutants, phr1 and atg5s
phri. However, atg5 and phri showed similar UV-B sensitivity
(Fig. 1a and b), even though the CPD level was significantly
lower in atg5 than in phr1 (Fig. 1d). Even though the CPD level
was similar in atg5 phr1 and phri (Fig. 1d), the atg5 phri
double mutant was more UV-B-sensitive than was the phri
mutant (Fig. 1a and b). These results indicate that the mecha-
nism behind the UV-B sensitivity of the autophagy-deficient
mutant, atg5, might be independent of CPD accumulation.

Next, to investigate the mitochondrial dynamics following
UV-B exposure, we expressed a construct with mitochondrial
matrix-targeted (MT)-GFP under the control of Pro35S in WT,
atg5, and phri plants to produce Mt-WT, Mt-atg5, and Mt-phri1
lines, respectively. Before performing these analyses, to
confirm the CPD levels in mitochondria in these plants
exposed to UV-B radiation, we conducted an organelle-specific
assay for detection of CPDs by using T4 endonuclease V diges-
tion and Southern blot analysis (ESI Fig. 21). We determined
the percentage of fragments with enzyme-sensitive sites (ESSs;
hereafter, CPD frequency). Exposure to 1.5 W m~> UV-B for 1 h
increased the CPD frequency in mitochondria and nuclei to
roughly same level among the plant lines examined here. The
CPD frequency in mitochondria and nuclei of Mt-WT or Mt-
atg5 lines had decreased by 10 or 24 h of recovery under white
light in the growth chamber. The rate of decrease in the CPD
frequency was slightly lower in mitochondria than in nuclei in
Mt-WT, and a similar trend was observed in Mt-atg5. However,
there was no difference in the rate of decrease in the CPD fre-
quency between mitochondria and nuclei in Mt-WT and Mt-
atg5. Some CPDs in mitochondria of Mt-WT or Mt-atg5 were
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not repaired at 24 h after UV-B exposure (approximately 40% of
UV-B induced CPD remained in both genotypes). However, the
CPD frequency in mitochondria and nuclei of Mt-phrl was
unchanged after 24 h of recovery under white light. These
results indicate that CPDs induced by UV-B exposure in mito-
chondrial DNA are repaired by CPD photolyase, PHR1.

To further investigate the mitochondrial dynamics, the
plants were exposed to UV-B (1.5 W m > for 1 h) and the meso-
phyll leaf cells were observed by LSCM. In the non-irradiated
leaves, the GFP signals were uniformly detected at the edge of
chloroplasts and in the cell center in Mt-WT, Mt-atg5, and Mt-
phri (Fig. 2a), and a similar number of GFP signals was

. Mt-atg5

Mt-hrl

- 8

No UV-B(0h) <

10h

Magnified

24 h

Magnified
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observed in each line (Fig. 2b). In these plants, the number of
GFP-fluorescent dots per cell (hereafter, ‘number of mitochon-
dria’) was significantly increased (Fig. 2a and b) whereas the
volumes of individual dots (hereafter, ‘mitochondrial volume’)
were significantly decreased at 10 h after UV-B exposure, com-
pared with no UV-B irradiation (Fig. 2c). To determine whether
mitochondrial fragmentation caused the phenomena of
increased number of mitochondria and decreased mitochon-
drial volume, we treated the leaves of Mt-WT and Mt-atg5 with
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a mito-
chondrial uncoupler that causes rapid and dramatic fragmen-
tation of mitochondria®® (ESI Fig. 3t1). Compared with the
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Fig. 2 Changes in number and volume of mitochondria in autophagy- and photorepair-deficient Arabidopsis mutants exposed to UV-B. (a) Laser-
scanning confocal microscope image of leaf mesophyll cells in mitochondrial matrix MT—-GFP-expressing seedlings (Mt-WT, Mt-atg5, and Mt-phr1)
that were non-irradiated or exposed to UV-B 1.5 W m™2 for 1 h. Images were taken 10 and 24 h after UV-B treatment. Green, mitochondria; red,
chlorophyll. Scale bars, 20 pm. (b) Number of mitochondria (MT-GFP dots) per cell was counted with Imaris microscopy analysis software (Imaris
software). Images from three different biological replicates were used for calculation. Data represent means + SE (n > 40 cells for each time point).
(c) Volume of each mitochondrion as estimated by 3D conversion of MT-GFP dots by Imaris software. Data are means of three independent experi-
ments (n > 16 cells for each time point). Data represent means + SE. Asterisks denote significant differences based on two-way ANOVA (*p < 0.05,
**p < 0.01, ***p < 0.001). ns, not significant.
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control, the CCCP treatment significantly increased the
number of mitochondria in Mt-WT and Mt-atg5 (p < 0.01), and
to a greater extent in Mt-atg5 than in Mt-WT (ESI Fig. 3b¥).
Damaged mitochondria fragment and then are degraded by
the ATG5-dependent autophagy system. The CCCP treatment
also led to decreased mitochondrial volume (ESI Fig. 3cf¥).
Therefore, this finding supports that the increased number of
mitochondria and decreased mitochondrial volume following
UV-B exposure might signify mitochondrial fragmentation
resulting from UV-B-induced damage, which accelerates mito-
chondrial fission and suppresses mitochondrial fusion.

By contrast, at 24 h after UV-B exposure, the mitochondrial
dynamics were significantly different among Mt-WT, Mt-atg5,
and Mt-phr1 (Fig. 2). The number of mitochondria in Mt-WT
was significantly increased at 10 h after UV-B exposure, but it
had almost returned to the pre-exposure level at 24 h after
UV-B exposure (Fig. 2b). In the case of mitochondrial volume,
a significant decreasing was observed at 10 h after UV-B
exposure in Mt-WT, but it tended to return to the pre-exposure
level at 24 h after UV-B exposure (Fig. 2c). In Mt-atg5, the
number of mitochondria was significantly increased by 10 h
and further increased at 24 h after UV-B exposure; the number
of mitochondria increased in the center of the cell at 24 h after
UV-B exposure (Fig. 2a and b). However, the mitochondrial
volume was significantly decreased by 10 h and further
decreased by 24 h after UV-B exposure (Fig. 2¢). The mitochon-
drial number and mitochondrial volume showed similar
trends in Mt-phr1 and Mt-WT at 10 h after UV-B exposure
(Fig. 2b and c). However, at 24 h after UV-B exposure, the
number of mitochondria decreased to lower than the pre-
exposure level, and the volume increased to higher than the
pre-exposure level. At 24 h after UV-B exposure, the GFP-fluo-
rescent dots were aggregated in cells of the Mt-phrl mutant
(Fig. 2a). The observed aggregation was thought to be respon-
sible for the decreased number and the increased volume of
mitochondria in Mt-phr1 at 24 h.

The number of mitochondria had increased by 10 h after
UV-B exposure in all genotypes examined, suggesting that
UV-B induces mitochondrial fragmentation independently of
PHR1-deficiency or autophagy. If this is the case, then the
degradation of UV-B-damaged mitochondria in the vacuole by
autophagy should occur in Mt-WT and Mt-phr1, but not in the
autophagy-deficient mutant Mt-atg5, between 10 and 24 h
after UV-B exposure. To test this possibility, we investigated
changes in the number of mitochondria in Mt-WT, Mt-atg5,
and Mt-phri treated with the vacuolar type H'-ATPase-inhibitor
ConcA, which inhibits autophagic degradation in vacuoles®*>°
(Fig. 3). The ConcA treatment did not affect the number of
mitochondria in non-UV-B-irradiated Mt-atg5 and Mt-phri.
Under UV-B irradiation, the number of mitochondria
increased only in Mt-atg5 (Fig. 2b). In contrast, ConcA treat-
ment after UV-B irradiation increased the number of mito-
chondria in Mt-WT and Mt-phr1, and to a lesser degree in Mt-
atg5. Thus, without ConcA treatment, UV-B-induced fragmen-
ted mitochondria were removed by autophagic degradation in
Mt-WT and MT-phr1. These results suggest that a large pro-
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Fig. 3 Increased number of mitochondria in Arabidopsis exposed to
UV-B by treatment with vacuolar-type H*-ATPase inhibitor concanamy-
cin A (ConcA) (a) Laser-scanning confocal microscope image of leaf
mesophyll cells in mitochondrial matrix MT—GFP-expressing plants (Mt-
WT, Mt-atg5, and Mt-phrl) that were non-irradiated or UV-B-irradiated
(1.5 W m~2 for 1 h) and then untreated or treated with ConcA. Images
were taken 24 h after UV-B treatment. Green, mitochondria; magenta,
chloroplasts. Scale bars, 20 pm. (b) Number of mitochondria per cell as
quantified by counting MT-GFP dots within each cell with Imaris soft-
ware (n = 10 cells). Data represent mean + SE of three independent
experiments. Asterisks and different letters denote significant differ-
ences based on two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). ns,
not significant.

portion of mitochondria removal is mediated by atg5-depen-
dent autophagy.

To determine that whether the GFP signals were indicative
of functional living mitochondria or not, we stained the leaves
of Mt-WT, Mt-atg5, and Mt-phr1 with TMRE at 24 h after UV-B
exposure (1.5 W m™2 for 1 h). This dye is a cationic lipophilic
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Fig. 4 Accumulation of inactive mitochondria in cells of atg5 and phrl
mutants damaged by UV-B. (a) Fourteen-day-seedlings of transgenic
plants stably over-expressing mitochondrial matrix MT-GFP (Mt-WT,
Mt-atg5, and Mt-phrl) were non-irradiated or exposed to UV-B (1.5 W
m~2 for 1 h), then co-stained with mitochondrial membrane potential
indicator TMRE 24 h later. Laser-scanning confocal microscope images
of leaf mesophyll cells are shown. Green, mitochondria; orange, mito-
chondria stained with TMRE (active mitochondria); magenta, chloro-
phyll. (b) Number of mitochondria (MT-GFP dots) and number of active
mitochondria (MT-GFP dots merged with TMRE-signal dots) per cell
were counted with Imaris software. (Number of inactive mitochondria =
total mitochondrial number — number of active mitochondria.) Images
from four independent plants were used for calculation. Data represent
means + SE (n > 20 cells). Asterisks denote significant differences based
on two-way ANOVA (*p < 0.05, ***p < 0.001). ns, not significant.
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compound that accumulates in active mitochondrial mem-
branes. The stained cells were observed by LSCM. Prior to
UV-B-radiation, more than 80% of MT-GFP signals were clearly
co-localized with TMRE signals in all lines tested (Fig. 4).
However, at 24 h after UV-B exposure, there were significantly
more GFP-fluorescent dots that were not merged with TMRE-
fluorescent dots (hereafter, ‘inactive mitochondria’) than were
merged (hereafter, ‘active mitochondria’) in mesophyll leaf
cells. The percentages of inactive mitochondria were signifi-
cantly higher in Mt-atg5 and Mt-phr1 than in Mt-WT (Mt-WT:
50%, Mt-atg5: 71%, Mt-phrl: 69%). Thus, dysfunctional mito-
chondria remained in the cells of Mt-atg5 and Mt-phri
mutants at 24 h after UV-B exposure. In Mt-atg5, UV-B
irradiation reduced the number of active mitochondria even
though the total number of mitochondria increased. Thus, a
larger proportion of the increased number of mitochondria in
Mt-atg5 was dysfunctional.

Next, we examined whether mitochondrial fragmentation
or dysfunction also occurred following UV-B exposure in the
AtPHR1o0x line, which has a UV-B-resistant phenotype. To
answer this question, we generated an AtPHR1ox line (Mt-
AtPHR10x). In this Mt-AtPHR1lox line, ProIDH-GFP was
expressed as a mitochondrial matrix marker under the control
of the native IDH promoter, instead of Pro35S. to minimize
the effects of gene silencing.*” In plants grown in a chamber,
the CPD removal rates in nuclei and mitochondria were higher
in Mt-AtPHR1o0x than in Mt-WT (ESI Fig. 4}). At 10 h following
UV-B exposure (1.5 W m™> for 1 h), the number of mitochon-
dria in Mt-AtPHR1ox was significantly increased compared
with the pre-exposure level; and by 24 h the number had
decreased although it was still significantly higher than the
pre-exposure level (Fig. 5). Thus, the mitochondrial dynamics
of the Mt-AtPHR1ox line were similar but not identical to
those of Mt-phr1 (Fig. 2b). Compared with their respective
non-irradiated controls, Mt-AtPHR10x contained more mito-
chondria at 24 h after UV-B exposure (Fig. 5b), while Mt-phr1
contained fewer mitochondria at 24 h after UV-B exposure
(Fig. 2b). The number of inactive mitochondria was similar
between UV-B-irradiated plants and non-irradiated plants in
Mt-AtPHR1ox (ESI Fig. 51) but was significantly increased in
Mt-phr1 at 24 h after UV-B exposure (Fig. 4b). The CPD level at
2 d after UV-B exposure was significantly lower in AtPHR1ox
than in phr1 (Fig. 1d), providing further evidence that UV-B-
induced CPD accumulation induces cell death. However, the
finding that mitochondrial fragmentation occurred in both
UV-B-irradiated Mt-phr1 and Mt-AtPHR1ox plants strongly
indicates that mitochondrial fragmentation induced by UV-B
was caused independently of CPD accumulation. The loss of
mitochondrial function due to the UV-B-induced CPD accumu-
lation can be interpreted from the result that many active mito-
chondria remained in the AtPHR1lox plants after UV-B
exposure, in comparison to UV-B-irradiated Mt-WT.

Because UV-B-induced fragmented mitochondria were
removed by autophagic degradation in Arabidopsis, we won-
dered whether UV-B radiation activated the expression of auto-
phagy-related genes. To answer this question, the transcript
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Fig. 5 Changes in mitochondrial number and volume in Arabidopsis PHR1-overexpressing line (Mt-AtPHR1ox) following UV-B irradiation. (a) Laser-
scanning confocal microscopy image of leaf mesophyll cells in WT and Arabidopsis PHR1 (AtPHR1)-overexpressing transgenic seedlings expressing
MT-GFP (Mt-WT and Mt-AtPHR1ox) that were non-irradiated (control) or exposed to UV-B (1.5 W m~2 for 1 h). Images were taken at 10 and 24 h
after UV-B treatment. Green, mitochondria; red, chlorophyll. Scale bars, 20 pm. (b, c) Number of mitochondria per cell (b) and volume of individual
mitochondria (c) before UV-B exposure and 10 h and 24 h after UV-B exposure. Mitochondrial number and volume were determined as described in
Fig. 2b and c. Images from three different replicates were used for calculations. Data are means + SE (n > 40 cells). Asterisks denote significant
differences based on two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). ns, not significant.

levels of autophagy-related genes in the ATG2, 5, 7, 10, 184,
and ATGS8 families were monitored in UV-B-exposed WT
Arabidopsis plants (Fig. 6a). ATGS8 family proteins play a role in
autophagosome formation and are essential in the execution
of autophagy. Among the ATG8 genes, ATGSA is a common
autophagy marker.”® Except for the ATGS gene family
members ATG8C and ATGSF, all the autophagy-related genes
examined here showed significantly higher transcript levels in
UV-B-irradiated than in non-irradiated WT plants, with ATG8A
showing the largest change in transcript levels (the level in
UV-B-irradiated plants was 19 times that in non-irradiated
plants). Next, to understand the relationship between CPD
accumulation and induction of the autophagy marker gene
ATG8A, we analyzed its transcript levels in WT, phri, and
AtPHR10x seedlings exposed to UV-B (0.5 W m™> or 1.5 W m >
for 1 h). At 2 d after UV-B exposure, ATGSA transcript levels
were increased in all genotypes, with the largest increase in
phril despite it being a PHR1-deficient mutant (Fig. 6b). To
confirm the autophagic activity caused by UV-B exposure, we
performed a DALGreen-staining assay of root cells of trans-
genic Arabidopsis plant over-expressing mitochondria-targeted
yellow fluorescent protein (MtY-WT) (ESI Fig. 61). DALGreen is
an autophagosome-specific dye that is useful for monitoring

1724 | Photochem. Photobiol. Sci., 2020, 19, 1717-1729

late-phase autophagy in HeLa cells.*>*® To test whether this

assay can also be used in plant cells, we performed this assay
using the root of MtY-WT treated with CCCP. A weak
DALGreen fluorescent signal indicative of autophagosomes
was detected in the non-treated root cells of MtY-WT. In con-
trast, by staining for 4 h after CCCP treatment, there were
strong DALGreen fluorescent signals in the root cells of
MtY-WT. These results would mean that these signals indicate
autophagosomes. When the seedlings including roots of
MtY-WT were exposed to UV-B radiation (1.5 W m~> for 1 h),
strong DALGreen fluorescent signals were appeared in the root
cells of MtY-WT by staining for 4 h after UV-B exposure. These
results indicate that UV-B radiation induces autophagy-related
genes and activates autophagy, and that this induction or acti-
vation by UV-B exposure is independent of CPD accumulation.

Plants have a UV-B-specific photoreceptor, UV RESISTANCE
LOCUS 8 (UVRS), which regulates the expression of many
genes related to photomorphogenic UV-B responses and UV-B
protection.””**> To test whether UVR8 also regulates auto-
phagy-related genes, we investigated the effect of UV-B
irradiation (1.5 W m™> for 1 h) on the transcript levels of
ATG8A in the UVRS8-deficient Arabidopsis mutant, uvr8-6
(Fig. 6¢).** The transcript levels of ATG8A at 2 d after UV-B

This journal is © The Royal Society of Chemistry and Owner Societies 2020
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Fig. 6 Relative transcript abundance of autophagy-related genes in
UV-B-irradiated Arabidopsis seedlings. (a) Transcript levels of auto-
phagy-related genes in ATG2, 5, 7, 10, 18A, and ATG8 families (ATG8A,
ATG8B, ATG8C, ATG8D, ATGS8E, ATG8F, ATG8G, ATG8H, and ATG8I) in
Arabidopsis WT seedlings before and 2 d after UV-B-exposure (1.5 W
m~2 for 1 h). (b) Transcript levels of ATG8A in WT, phrl, and AtPHR1ox
seedlings at 2 d after 0.5 or 1.5 W m~2 of UV-B exposure. (c) ATG8A tran-
script levels in uvr8-6 plants before and at 2 d after UV-B exposure (1.5
W m~2 for 1 h). Data are means + SE (n = 3). Asterisks denote significant
differences in transcript levels between non-irradiated and UV-B irra-
diated plants based on two-way ANOVA (*p < 0.05, **p < 0.01, ***p <
0.001). ns, not significant.

exposure were similar in WT (Fig. 6a) and wvrs-6 (Fig. 6c¢), indi-
cating that UV-B induces the expression of at least one auto-
phagy-related gene, ATG84, independently of the UVRS signal-
ing pathway.

Discussion

High doses of UV-B damage the biological components of
plant cells, decreasing plant growth." We previously demon-
strated that both CPD photorepair”** and autophagy® play
important roles in UV-B resistance in plants. Here, to under-
stand the role of autophagy in UV-B protection in plant cells,
we focused on the mitochondrial dynamics and UV-B-induced
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CPD accumulation in WT, atg5, phr1, atg5 phri, and AtPHR10x
plants. For the mitochondrial dynamics experiments, we ana-
lyzed WT, atg5, phr1, and atg5 phr1 lines expressing MT-GFP
and constructed an AtPHR10x line expressing IDH-GFP.

Before discussing the relationship between mitochondrial
dynamics and CPD accumulation in mitochondria of
Arabidopsis, we should discuss the function of PHR1 in mito-
chondria of Arabidopsis because it is unclear whether AtPHR1
is localized/active in mitochondria in Arabidopsis. Draper and
Hays demonstrated the blue light-dependent removal of CPDs
from mitochondrial DNA in Arabidopsis leaves.® By contrast,
Kaiser et al. demonstrated that GFP fused to AtPHR1 (AtPHR1::
GFP) was localized exclusively in the nuclei, and was not trans-
ported into mitochondria in green protoplasts prepared from
an Arabidopsis mesophyll cell culture.*® Previously, we identi-
fied a mitochondrial targeting signal sequence (MTS) in
OsPHR1, which functions in nuclei, mitochondria, and chloro-
plasts, and found that the MTS of OsPHR1 is highly conserved
among class-II CPD photolyases including AtPHR1.*> In this
study, a site-specific assay for detecting CPDs showed that
light-dependent removal of UV-B-induced CPD in mitochon-
drial DNA occurred in leaves of WT Arabidopsis, but not in
those of the AtPHR1-deficient mutant (phri1) (ESI Fig. 21). In
addition, CPDs in mitochondrial DNA were more effectively
removed in the AtPHR1ox line (ESI Fig. 41). These results
strongly indicate that AtPHR1 functions in mitochondria in
Arabidopsis.

In all the lines used for mitochondrial dynamics experi-
ments, a UV-B treatment increased the number of mitochon-
dria per cell while decreasing the volumes of individual mito-
chondria observed as GFP-fluorescent dots in the cells at 10 h
after UV-B exposure (Fig. 2 and 5). However, the number of
mitochondria in plants with autophagy function recovered
fully (Mt-WT and Mt-phri) or partially (Mt-AtPHR10x) to pre-
UV-B exposure levels at 24 h after UV-B exposure (Fig. 2 and 5).
These results indicate that UV-B induces mitochondrial frag-
mentation in the plant cells. Mitochondrial fragmentation
occurs in response to various genotoxic stresses, including
UV-B, in a dose-dependent manner in mammals,*®*® and also
occurs in response to the accumulation of oxidized mitochon-
drial components (DNA, proteins, and phospholipids), or
instability of mitochondrial DNA.**">' However, our results do
not clarify whether the UV-B-induced mitochondrial fragmen-
tation is caused by accumulation of DNA damage other than
CPD on mitochondrial or nuclear DNA, or by oxidized mito-
chondrial components. In any case, our results suggest that
CPD accumulation is not directly involved in UV-B-induced
mitochondrial fragmentation in Arabidopsis.

Interestingly, in the autophagy-deficient Mt-atg5 mutant,
the number of mitochondria continued to increase between
10 h and 24 h after UV-B exposure (Fig. 2b). By differentiating
between inactive and active mitochondria with TMRE staining
(Fig. 4), we found that great portion of those increased mito-
chondria were inactive in Mt-atg plants at 24 h after UV-B
exposure compared with pre-exposure levels. These results
indicate that UV-B damages mitochondria, and the resultant
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dysfunctional mitochondria are removed by autophagy in
Arabidopsis. Our findings suggest that UV-B-induced damage
activates mitophagy in Arabidopsis as previously shown for
other organelles that are degraded under different stresses. For
example, autophagy can remove photo-damaged chloroplasts
(chlorophagy),"® oxidized peroxisomes,”*>> and stressed endo-
plasmic reticulum.’® A mitophagy deficiency leads to the
accumulation of ROS, mutations in mitochondrial DNA, and
consequently cell death, or cancer initiation and progression
in human cells.>”*® Thus, the UV-B-sensitive phenotype of the
atg5 mutant that accumulated dysfunctional mitochondria
suggests that mitophagy might be one of the important
responses to UV-B induced damage.

In the case of the PHR1-deficient mutant, Mt-phr1, which
cannot repair CPDs by photoreactivation, the number of mito-
chondria was even lower at 24 h after UV-B exposure than
before UV-B exposure (Fig. 2b). Although the number of inac-
tive mitochondria per cell was increased in both Mt-WT and
Mt-phr1 at 24 h after UV-B exposure, there were significantly
fewer active mitochondria per cell in Mt-phr? than in Mt-WT
(Fig. 4). Thus, at 24 h after UV-B exposure, the ratio of active
mitochondria to total mitochondria in cells was lower in Mt-
phr1 than in Mt-WT (Fig. 4). By contrast, at 24 h after UV-B
exposure, many active mitochondria still remained in the
UV-B-irradiated Mt-AtPHR1o0x line (ESI Fig. 5t). These results
indicate that CPD accumulation caused a significant loss of
mitochondrial functionality, and that some of the damaged
mitochondria were removed by autophagy in the Mt-phri
mutant. As shown in Fig. 2 and 3, some other dysfunctional
mitochondria, which appeared to aggregate, remained in cells
of the MT-phr1 mutant, despite it retaining autophagy func-
tion. Autophagy might not be able to remove such aggregated
dysfunctional mitochondria. Therefore, accumulation of dys-
functional mitochondria, which cannot be removed by auto-
phagy, might contribute to the UV-B-sensitive phenotype of
phr1 plants.

All the tested autophagy-related genes in the ATG2, 5, 7, 10,
184 and ATGS gene families, except for ATG8C and ATGSF,
were strongly expressed in WT plants following UV-B exposure
(Fig. 6a). Activation of ATGSA expression occurred even in the
absence of the UVR8-dependent signaling pathway (Fig. 6c).
UVRS is a UV-B-specific photoreceptor that responds to UV-B
at low fluence rates (<1 pmol m~ s~' UV-B). In this experi-
ment, we measured the transcript levels of ATG8A in the uvr8-6
mutant in response to 1.5 W m~> UV-B. This intensity is more
than enough to activate the UVR8 photoreceptor, and is
sufficient to induce ROS and DNA damage. Therefore,
expression of ATG8A in response to 1.5 W m~> UV-B was not
dependent on UVRS, but rather on ROS and/or DNA damage.
The expression of autophagy-related genes was up-regulated by
UV-B exposure, suggesting that mitophagy is activated in
response to UV-B damage in Arabidopsis, as we observed pre-
viously for chlorophagy.’® Numerous studies on human cells
have reported that induction of autophagy, mainly mitophagy,
by UV-B is associated with ROS generation and DNA
damage,**® although the mechanistic details remain unclear.
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In yeast, animals, and plants, high doses of UV-B cause mole-
cular damage within cells directly and/or indirectly via the pro-
duction of ROS and DNA damage, and can induce the
expression of genes involved in damage and stress responses
via signaling pathways. The ROS can cause genomic instability
through direct damage to DNA (e.g., formation of 7,8-dihydro-
8-oxo-guanine (8-oxo-G) residues).®® The accumulation of DNA
damage such as 8-oxo-G in mitochondrial DNA was shown to
trigger autophagy in human cells.”® In addition, in human
cells, the transcription factors p53 and E2F1, which regulate
the expression of numerous DNA damage response genes
involved in cell cycle progression and apoptosis, can activate
autophagy after DNA damage, including the formation of
UV-B-induced CPDs.®’"®* Autophagy is positively regulated by
the recognition of UV-B-induced CPDs or pyrimidine pyrimi-
done (6-4) photoproducts in mouse embryonic fibroblasts
(MEF) cells.®® However, our results suggest that UV-B-induced
mitochondrial fragmentation and autophagy occur indepen-
dently of CPD accumulation, and therefore, may be regulated
by factors other than CPDs. Taken together, our results indi-
cate that the severe UV-B-sensitive phenotype of the atg5 phri
double mutant compared with the atg5 and phri mutants is
caused by the additive effect of deficiency in two independent
machineries for UV-B protection mechanism, i.e., autophagy
and CPD photorepair, in Arabidopsis.

Conclusions

Plants use sunlight as the energy source for photosynthesis
and are inevitably exposed to harmful UV-B. As sessile organ-
isms, plants are at risk of UV-B-induced damage, which
reduces growth and productivity. We have previously shown
that chlorophagy is activated and chloroplasts damaged by
sunlight are removed to vacuoles in Arabidopsis plants grown
under natural sunlight.'® The results of the current study show
that irradiation with a high dose of UV-B leads to the inacti-
vation and fragmentation of mitochondria, which are removed
by mitophagy in Arabidopsis. Our results also show that the
functions of CPD photorepair and autophagy play important
and independent roles in resistance to UV-B. Considerable pro-
gress has been made in autophagy studies on yeast and
mammals, in which a selective mitophagy process has been
shown to be mediated by phosphatase, a tensin homolog
(PTEN)-induced putative kinase (PINK1), and an E3 ubiquitin
ligase known as Parkin.®®®® Homologs of these two proteins
have been found in most of the animals tested, including flies,
worms, and mice, but not in bacteria or plants.®® Therefore,
plants likely have a different mitophagy mechanism to that in
yeast and animals; this mechanism requires further
exploration.
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