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Zinc (Zn) is an essential micronutrient for plant growth. Accordingly, Zn deficiency (2Zn) in agricultural fields is a serious
problem, especially in developing regions. Autophagy, a major intracellular degradation system in eukaryotes, plays important
roles in nutrient recycling under nitrogen and carbon starvation. However, the relationship between autophagy and deficiencies
of other essential elements remains poorly understood, especially in plants. In this study, we focused on Zn due to the property
that within cells most Zn is tightly bound to proteins, which can be targets of autophagy. We found that autophagy plays a
critical role during 2Zn in Arabidopsis (Arabidopsis thaliana). Autophagy-defective plants (atg mutants) failed to grow and
developed accelerated chlorosis under 2Zn. As expected, 2Zn induced autophagy in wild-type plants, whereas in atg
mutants, various organelle proteins accumulated to high levels. Additionally, the amount of free Zn21 was lower in atg
mutants than in control plants. Interestingly, 2Zn symptoms in atg mutants recovered under low-light, iron-limited conditions.
The levels of hydroxyl radicals in chloroplasts were elevated, and the levels of superoxide were reduced in2Zn atgmutants. These
results imply that the photosynthesis-mediated Fenton-like reaction, which is responsible for the chlorotic symptom of 2Zn, is
accelerated in atg mutants. Together, our data indicate that autophagic degradation plays important functions in maintaining Zn
pools to increase Zn bioavailability and maintain reactive oxygen species homeostasis under 2Zn in plants.

Plant essential nutrients, defined as those elements
indispensable for optimal plant growth, are classified
as macronutrients or micronutrients according to the
amounts required. Thus, the macronutrients are carbon,
hydrogen, oxygen, nitrogen, phosphorus, potassium,
sulfur, calcium, and magnesium, whereas the micronu-
trients are iron (Fe), manganese, zinc (Zn), copper (Cu),
nickel, molybdenum, chlorine, and boron. Carbon and
oxygen can be obtained from air, and hydrogen from
water, but the other nutrients must be absorbed from
the soil through the roots.

In this study, we focused on Zn, a metallic element
that is essential for all living organisms. Most cellular
Zn is tightly bound to proteins; thus levels of free Zn
ions are quite low within cells. Zn serves as a catalytic
or structural cofactor in a large number of enzymes
including alcohol dehydrogenase, superoxide dismutase
(SOD), and regulatory proteins such as transcription
factors containing Zn-finger domains (Vallee and Auld,

1990; Maret, 2009). Therefore, Zn deficiency (2Zn) dis-
turbs cellular homeostasis. In the context of agriculture,
2Zn is a serious problem because it dramatically de-
creases the quality and quantity of crop commodities,
especially in developing regions. Previous research on2
Zn in plants has focused primarily on uptake of Zn by
transporters (Grotz et al., 1998) and gene regulation by
transcription factors that function under2Zn (Assunção
et al., 2010). By contrast, relatively few studies have fo-
cused on the redistribution of intracellular Zn (Eguchi
et al., 2017) and the detailed mechanisms of the onset of
2Zn symptoms remains unclear.

Autophagy is a major intracellular degradation
mechanism that is conserved throughout the eukary-
otes. During autophagy, degradation targets are sur-
rounded by an isolationmembrane and encapsulated in
an autophagosome (AP). The outer membrane of the
AP fuses with the vacuolar membrane, and the inner
membrane of the AP and its contents (i.e. degradation
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targets) are released into the vacuolar lumen. This sin-
gle membrane-bound vesicle inside the vacuole is called
the autophagic body (AB). The AB is rapidly degraded
by vacuolar lipases and proteases, and the contents are
recycled for use as nutrients.
Autophagic processes are driven by a number of

autophagy-related (ATG) proteins (Mizushima et al.,
2011). The ATG genes were first discovered in yeast
(Saccharomyces cerevisiae), and many ATG genes are
highly conserved in plants (Hanaoka et al., 2002;
Yoshimoto, 2012). In Arabidopsis (Arabidopsis thali-
ana), transfer DNA insertions that disrupted ATG
genes were identified and themutants were shown to be
defective in autophagy (Doelling et al., 2002; Hanaoka
et al., 2002; Yoshimoto et al., 2004; Thompson et al.,
2005). These mutants, referred to as atg (e.g. atg2 and
atg5), exhibit accelerated senescence under normal con-
ditions, but complete the normal life cycle and form
seeds for the next generation.
The physiological significance of autophagy in plants

has been gradually clarified by analyses of atgmutants.
For example, it has become clear that autophagy sup-
presses salicylic acid (SA) signaling. When NahG, a SA
hydroxylase, is overexpressed in an atg5 plant, the level of
endogenous SA is reduced and SA signaling is inhibited,
resulting in suppression of senescence and immunity-
related programmed cell death (PCD). Additionally, a
knockout mutant of SALICYLIC ACID INDUCTION
DEFICIENT2, a gene for a SA biosynthetic enzyme,
suppresses senescence and PCD in the atg2 mutant.
These data suggest that excessive SA signaling causes
accelerated PCD during senescence and immunity in
atg mutants (Yoshimoto et al., 2009).
Nitrogen or carbon starvation induces autophagy in

Arabidopsis (Thompson et al., 2005; Izumi et al., 2010;
Merkulova et al., 2014), as in yeast and mammals.
However, the relationship between autophagy and de-
ficiencies in many other essential elements remains

poorly understood, especially in plants. In yeast, 2Zn
induces autophagy and plays important roles in adap-
tation to2Zn. The transcription factor Zap1, the master
regulator of the 2Zn response in yeast, does not di-
rectly control 2Zn-induced autophagy. Zn is thought
to be supplied by bulk degradation of cytoplasm via
nonselective autophagy (Kawamata et al., 2017). The
association between autophagy and Zn has also been
examined in cultured mammalian cells (Liuzzi et al.,
2014). These studies have revealed, for example, that
N,N,N9,N9-tetrakis(2-pyridylmethyl)ethylenediamine, a
Zn-specific–chelating agent that can cross biological
membranes, inhibits autophagy, whereas the addition
of Zn promotes autophagy (Liuzzi and Yoo, 2013).
In this study, we sought to characterize the relation-

ship between 2Zn and autophagy in plants. For this
purpose, we established an experimental system for
inducing micronutrient deficiency in hydroponic cul-
ture, and grew atg mutants under these conditions. Us-
ing various cell biological, biochemical, histochemical,
and physiologicalmethods,we analyzed the phenotypes
of atg mutants under2Zn. Our results indicated that 2
Zn-induced autophagy improves Zn bioavailability
in plants, as it does in yeast. In addition, we found
that autophagy suppresses the symptoms of 2Zn in
a photosynthesis-dependent manner. Our findings
regarding the mechanism bywhich plants respond to
2Zn should contribute to methods aimed at pre-
venting 2Zn in crops and help to solve important
agricultural problems.

RESULTS

atg Mutants Exhibit Accelerated 2Zn Symptoms

To evaluate the relationship between 2Zn and au-
tophagy in plants, we grew wild-type Arabidopsis
Columbia (Col) and two autophagy-defective mutants,
atg2 and atg5, under2Zn conditions. Col was used as a
control for normal autophagic activity. First, we sowed
seeds on solid media and grew the seedlings for 14 d. In
the presence of sufficient Zn (1Zn), the atg mutants
grewas rapidly asCol (Fig. 1A, lower).On the other hand,
as shown in the upper representations of Figure 1A, the
atg mutants exhibited severe symptoms under 2Zn:
Chlorophyll contents and main root length were signifi-
cantly lower in the atg mutants than in Col (Fig. 1B), and
the levels of chloroplastic proteins, such as D1 protein
of PSII (PsbA) and Rubisco, were much lower in the
atg5 mutant than in Col 10 d after sowing on 2Zn
media (Fig. 1C). These results suggested that autoph-
agy has an important function in adaptation to 2Zn.
However, these phenotypes could be explained by

lower Zn contents in atg mutant seeds. If autophagy is
involved in remobilization of Zn ions from leaves to
seeds, the level of Zn could have been lower in the seeds
of atg mutants than in Col seeds, leading to a growth
defect on media lacking Zn. To exclude this possibility,
we next conducted hydroponic transplant experiments.
Plants were first grown in 1Zn hydroponic media for
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Figure 1. Autophagy-defective plants exhibit accelerated 2Zn symptoms. A, Phenotypes of Col, atg2, and atg5 plants on solid
media, grown vertically for 14 d after sowing under long-day conditions. 2Zn: Zn deficiency (0 mM); 1Zn: normal media
containing a sufficient amount of Zn (1 mM). Scale bars 5 1 cm. B, Values of 2Zn/1Zn ratios of chlorophyll concentration (left)
and main root length (right) shown in (A). n 5 3, *P , 0.05 Student’s t test, error bars show SD. C, Protein levels in Col and atg5
plants under 1Zn and 2Zn conditions. PsbA was detected by western blot. Total proteins were separated by SDS-PAGE and
stained with Coomassie Brilliant Blue (CBB). Approximate molecular mass (kilodalton) is displayed on the left. Equal amount of
total protein was loaded in each lane. D, Phenotypes of Col, atg5, and atg2 plants in hydroponic transplant experiments. Twenty-
one days after sowing on1Zn media, plants were transplanted to2Zn or1Zn media. Images were acquired at 0, 3, and 7 DAT.
Scale bar5 2 cm. E, Quantified data of (D). Percentages of damaged (chlorotic) leaves (upper) and dead (completely dried) leaves
(lower) in a time-coursemanner. n5 4. Error bars show SD. F, Seedweight of Col, atg2, and atg5 plants. Seedswere harvested from
soil-grown plants and 500 seeds were counted and weighted. Individual seed weight was calculated by dividing the total weight
by 500. n5 4. Error bars show SD. No significant differencewas detected among the three samples in Student’s t test (P. 0.05). G,
Zn contents per 1 mg of seeds of Col, atg2, and atg5 plants. Quantification was performed by ICP-MS. n5 4. Error bars show SD.
No significant difference was detected among the three samples in Student’s t test (P . 0.05). N.S., not significant.
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21 d. After the roots were washed well in 2Zn media,
the plants were transferred to2Zn and then grown for
another 32 d. The results revealed that atgmutants had
2Zn phenotypes even in transplant experiments.
Under 2Zn conditions, the leaves of atg mutants
started to yellow at 3 d after transplanting (DAT); and
at 7 DAT, many of the mutant leaves were dead
(Fig. 1D). We quantified the changes in leaf pheno-
types under 2Zn conditions. The peak percentage of
damaged (yellow) leaves occurred at 12 DAT in Col
versus 5 DAT in the atg mutants (Fig. 1E, top). In
addition, the percentage of completely dead leaves
was elevated earlier in the atgmutants, and the rate of
the increase was also more rapid (Fig. 1E, bottom).
These data suggested that a difference in seed Zn level
is not responsible for the 2Zn-sensitive phenotype of
atg mutants. Indeed, neither seed weight (Fig. 1F) nor
seed Zn content (Fig. 1G) differed between atgmutants
and Col.

Excessive SA Signaling in atg Mutant Plants Is Not a Main
Cause of 2Zn-Induced Chlorosis

SA is a phytohormone involved in defense against
pathogens and senescence, and autophagy negatively
regulates SA signaling. We previously showed that atg
mutants exhibit accelerated PCD during senescence
and immunity. When NahG is overexpressed, leading

to suppression of SA signaling, the early PCD pheno-
type in atg mutants is suppressed (Yoshimoto et al.,
2009). To determine whether excessive SA signaling
is the cause of 2Zn-induced chlorosis in atg mutants,
we compared NahG and NahG atg5 plants. In hydro-
ponic transplant experiments, NahG atg5 plants
exhibited more severe2Zn symptoms (chlorosis) than
NahG plants. InNahG atg5 plants, chlorosis occurred at
5 DAT, and the progression of symptoms was also
much faster than in NahG plants (Fig. 2). This suggests
that the defect in autophagy is a major factor in 2Zn-
induced chlorosis, independent of SA signaling. Because
the severe chlorosis phenotype of atgmutants under2Zn
causes difficulties for sampling enough materials, we
usedNahG plants as a control andNahG atg5 plants as an
autophagy defective plant for further experiments.

2Zn Induces Bulk Autophagy

Starvation of nitrogen or carbon induces autophagy
in Arabidopsis. To determine whether2Zn also induces
autophagy in plants, we observed APs using plants
expressing GFP-fused AUTOPHAGY-RELATED PRO-
TEIN8a (GFP-ATG8a). ATG8 is a lipid-conjugated
protein localized to ATG membrane structures such
as the AP (Kirisako et al., 1999; Kabeya et al., 2000;
Yoshimoto et al., 2004). GFP-ATG8a–expressing plants
grownon1Zn solidmedia for 7 dwere transferred to2Zn

Figure 2. Phenotypes of NahG and
NahG atg5 plants under 2Zn. A, Phe-
notypes of Col, atg5,NahG, andNahG
atg5 plants in hydroponic transplant
experiments. Twenty-one days after
sowing on 1Zn media, plants were
transplanted to 2Zn media. Images
were acquired at 0, 3, 5, 7, 9, 11, 13,
15, 17, 19, and 21 DAT. Scale bar 5 2
cm. B, Quantified data of (A). Temporal
changes in the percentages of damaged
leaves and dead leaves were shown in
the same manner as in Fig. 1E. n 5 3.
Error bars show SD.
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or1Znmedia, and then their cotyledons and roots were
observed by confocal laser scanning microscopy. At
18 h after transplanting, plants under 2Zn exhibited
more dots labeled with GFP-ATG8a in both cotyledon
and root cells than plants under 1Zn (Fig. 3, A–C).
Temporal changes in the number of APs in roots under
1/2Zn are shown in Supplemental Figure S1.

To further confirm the autophagy induction by2Zn,
we checked autophagy flux using a V-ATPase inhibiter,
concanamycin A (ConA). When roots are treated with
ConA, vacuolar acidification is inhibited, leading to ac-
cumulation of ABs inside vacuolar lumens if autophagy
is activated. Under 2Zn, AB numbers were signifi-
cantly increased compared to under1Zn (Supplemental
Fig. S2, A and B). In addition, we quantified autophagic
degradation activity by a GFP-ATG8 processing as-
say. In GFP-ATG8 plants, amounts of free GFP were
increased inside the vacuole along with the activa-
tion of autophagy. Therefore, the activity of autoph-
agy can be estimated by detecting the ratio of free
GFP against GFP-ATG8 by western blot analysis using
anti-GFP antibody. As expected, under2Zn, the GFP/
GFP-ATG8 ratio was increased compared to 1Zn
conditions (Supplemental Fig. S3). These data indicate
that autophagy activity was upregulated by 2Zn.

Furthermore, we checked autophagy activity in roots
using a split-root assay. After splitting a root of a GFP-
ATG8 plant, two roots were transplanted to a1Zn- and

2Zn-separated media plate (2Zn/1Zn plate) as
shown in Supplemental Figure S4A and incubated for
18 h under continuous light conditions. Then, we
quantified the number of APs using a confocal micro-
scope. The result showed that the 2Zn side root had
significantly higher autophagy activity than that of the
control (1Zn/1Zn plate). On the other hand, the 1Zn
side of the 2Zn/1Zn plate did not show an increase
of APs (Supplemental Fig. S4B), implying that au-
tophagy is induced locally at the 2Zn site, such as at
organ or tissue levels.

In yeast, it has been suggested that induction of au-
tophagy by 2Zn is not a selective process (Kawamata
et al., 2017). To investigate the degradation targets of
plant autophagy under 2Zn, we conducted western
blot analyses. Using antibodies against representative
organelle marker proteins, we compared the amount of
each organelle protein in NahG and NahG atg5 leaves
under2Zn and1Zn at 3 and 5 DAT. We reasoned that
if2Zn conditions induced selective autophagy, specific
organelles fated for degradation would accumulate to
higher levels inNahG atg5 than inNahG plants under2
Zn. ADP-ribosylation factor1 (ARF1), cytochrome oxi-
dase subunit II (COXII), catalase (CAT), sterol methyl-
transferase1 (SMT1), and PsbA were used as markers
for Golgi apparatus, mitochondrion, peroxisome, en-
doplasmic reticulum, and chloroplast, respectively.
Ribosomes are complexes of proteins and RNAs, and

Figure 3. Zinc starvation induces autophagic degradation of many targets in plants. A, GFP-ATG8a–labeled dots indicate APs.
Images of main root cells (left) and cotyledon cells (right) were acquired at 18 h after transplanting to1/2Zn conditions. Under
1Zn, APs were barely observed (lower), but under 2Zn, many APs were observed in both roots and cotyledons (upper). Rep-
resentative APs are indicated bywhite arrowheads. Scale bars5 20mm. B andC,Quantified data of (A). Number of APs per image
in roots (B) and cotyledons (C) at 18 h after transplant to1/2Zn media. n5 4, **P, 0.01, Student’s t test, error bars show SD. D,
Various organelle proteinswere compared bywestern blot under1/2Zn. Proteinswere extracted from leaves ofNahG andNahG
atg5 plants at 3 and 5 DATunder1/2Zn. Antibodies used in this experiment are indicated on the right. The lower representation
shows a CBB-stained gel confirming equal protein loading. Approximate molecular mass (kilodaltons) is displayed on the right.

1288 Plant Physiol. Vol. 182, 2020

Shinozaki et al.

http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01522/DC1


several ribosomal proteins, such as RPL37, are Zn-
binding proteins (Klinge et al., 2011). In addition, be-
cause ribosomes can be degraded by ribophagy, a form
of selective autophagy (Kraft et al., 2008; Floyd et al.,
2015; Bassham and MacIntosh, 2017), we performed
western blot using antibodies against 40S ribosomal
protein S14-1 (RPS14) and 60S ribosomal protein L13-
1 (RPL13), along with the other organelle markers.
Under 1Zn, the levels of each protein were almost
equal inNahG atg5 andNahG plants, with the exception
of CAT. Higher accumulation of CAT is consistent with
our previous report that peroxisomes constantly accu-
mulate in atg mutant leaves (Yoshimoto et al., 2014).
However, under 2Zn, many organelle markers accu-
mulated to higher levels in NahG atg5 than in NahG
plants (Fig. 3D). RPS14, RPL13, ARF1, COXII, and CAT
were significantly more abundant in NahG atg5 plants,
especially at 5 DAT. Even at 3 DAT, RPS14, ARF1, and
CAT were present in NahG atg5 plants at higher levels
than in the control. These data suggest that autophagy
degrades various targets (proteins and organelles) as2
Zn progresses.

Oxidative Stress Mediated by Light and Fe Is a Cause of
2Zn-Induced Chlorosis in atg Mutant Plants

The severity of2Zn symptoms in plants depends on
light intensity (Cakmak, 2000). As shown in Figure 2,
atg5 and NahG atg5 plants developed –Zn-induced
chlorosis at 3 and 5 DAT, respectively, under normal
light intensity. To investigate the influence of light in-
tensity on the onset of 2Zn symptoms in atg mutant
plants, we performed the same transplant experiment
under low light intensity. For this experiment, plants
were grown under normal light intensity for 21 d
in 1Zn, and then transferred to low light conditions
simultaneously with transplantation to 2Zn or 1Zn
media. 2Zn -induced chlorosis in the atg mutant
plants was observed later under low light intensity
than under normal light (Fig. 4A): atg5 mutants de-
veloped 2Zn-induced chlorosis at 7 DAT, and NahG
atg5 plants did not exhibit chlorosis even at 7 DAT.
These data indicate that severe2Zn symptoms in atg5
mutants were induced in a light-dependent manner,
as in crops (Cakmak, 2000).
Because the onset of –Zn-induced chlorosis was de-

pendent on light intensity, we next investigated the
mechanism underlying light-dependent chlorosis by
comparing oxidized protein levels in leaves. To detect
oxidized proteins, we performed anti–2,4-dinitrophe-
nol (DNP) western blot. When extracted proteins are
treatedwith 2,4-dinitrophenylhydrazine, DNP is added
to their carbonylation sites, andDNP-modified proteins
can be detected by western blot with anti-DNP antibody
(Romero-Puertas et al., 2002). Because ATG-knockdown
plants accumulate oxidized proteins at a certain level
even under normal conditions (Xiong et al., 2007), we
anticipated that it would be difficult to detect differ-
ences in oxidized protein levels between1Zn and2Zn

conditions. Therefore, for these experiments, we used
NahG and NahG atg5 plants because inhibition of SA
signaling in atg mutants by NahG decreases oxidative
stress and prolongs life (Yoshimoto et al., 2009). Under
normal light intensity, 2Zn induced the accumulation
of higher levels of oxidized proteins inNahG atg5 plants
compared to NahG plants, but this difference was not
observed under 1Zn (Fig. 4B). As expected, under low
light intensity, the oxidized protein levels in NahG atg5

Figure 4. 2Zn symptoms are promoted by light and Fe ions. A, Phe-
notypes of Col, atg5,NahG, andNahG atg5 plants at 0, 3, and 7 DAT in
hydroponic transplant experiments under low light conditions (17mmol
m22 s21). Plants grown for 21 d on 1Zn under normal light intensity
were transplanted to 2Zn or 1Zn media and grown under low light
intensity. Scale bar 5 2 cm. B, Detection of oxidized protein levels by
western blot with anti-DNP antibody. Proteins were extracted from
leaves at 3 DAT under normal or low light intensity. Upper representa-
tion shows the result of western blot. Lower representation shows a
CBB-stained gel (loading control). C, Phenotypes of NahG and NahG
atg5 plants in hydroponic transplant experiments under Fe-limited
conditions. Plants grown for 21 d on 1Zn media were transplanted to
the following: 2Zn, Fe-limited; 2Zn, 1Fe; 1Zn, Fe-limited; or 1Zn,
1Fe. Photographs were taken at 0, 3, and 10 DAT. Scale bar 5 2 cm.
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plants were not high evenunder2Zn; Thiswas almost the
same accumulation pattern observed in the control (1Zn
and low light). Thesedata indicate that the appearance of2
Zn symptoms depends on oxidative stress levels.

Next, because Fe contents are elevated in aerial tis-
sues under 2Zn (Cakmak, 2000), we focused on the
effect of Fe under2Zn. To investigate the relationships
between 2Zn phenotypes in atg mutant plants and Fe
nutrition, we performed transplant experiments as de-
scribed above, using media that were Zn-deficient and
Fe-limited. In media containing 1% of the normal level
of iron (Fe/100), 2Zn-induced chlorosis in NahG atg5
plants was suppressed (Fig. 4C). The phenotype in
NahG atg5 plants in 2Zn Fe/100 was similar to that
in NahG plants, and 2Zn-induced chlorosis was
not apparent. On Zn-deficient and Fe-sufficient media
(2Zn, 1Fe), NahG atg5 plants exhibited intense chlo-
rosis throughout all leaves at 10 DAT. Additionally,
NahG atg5 plants did not exhibit an obviously different
phenotype compared to NahG plants under Fe starva-
tion alone (1Zn Fe/100; Fig. 4C). These data suggest
that Fe is an important determinant of 2Zn-induced
chlorosis in atg mutant plants, and that autophagy
does not affect Fe starvation resistance in plants.

Reactive Oxygen Species Production and Homeostasis Are
Not Controlled in atg Mutant Plants under 2Zn

Because oxidative stress is enhanced under 2Zn, we
next sought to determine the levels of reactive oxygen
species (ROS) in atgmutant plants under2Zn. First, we
detected hydroxyl radicals ($OH) in leaves by fluores-
cence of 39-(P-hydroxyphenyl) fluorescein (HPF). HPF
produces fluorescein when it is oxidized by ROS, es-
pecially by $OH, with quite high specificity. At 3 DAT
inNahG atg5 plants under2Zn, we detected fluorescein
fluorescence colocalized with autofluorescence of
chlorophyll (Fig. 5A). In NahG plants or in NahG atg5
plants under 1Zn, no such fluorescence was detected.
Additionally, there was no fluorescence in leaves trea-
ted with N,N-dimethylformamide (DMF), which served
as a control for the HPF solvent. Quantification of
fluorescence intensity clearly showed that $OH levels
were significantly elevated in NahG atg5 plants under
2Zn (Fig. 5B).

In atg5 mutants under 2Zn, we observed marked
elongation of stromules (stroma-filled tubules;
Supplemental Fig. S5, A and B). Stromules elongate
under various environmental stresses (Brunkard et al.,
2015), suggesting that the chloroplasts in atg mutant
plants under 2Zn were experiencing stress. This result
suggests that chloroplasts are responsible for stress
development in the atg mutants under 2Zn.

Next, we detected two other ROS species, superoxide
($O2

2) and hydrogen peroxide (H2O2), using nitro blue

Figure 5. Changes of ROS under2Zn in autophagy-defective plants. A,
Detection of $OH was performed using HPF. Fluorescence of fluores-
cein, generated from HPF by reaction with $OH, is shown in green;
autofluorescence of chlorophylls is shown in magenta. Merged images
are shown in the right representations. Fluorescein fluorescence was
increased in NahG atg5 plants at 3 DAT (from 1Zn to 2Zn), and was
colocalizedwith chloroplasts. DMF, the solvent for HPF, was used as the
negative control. Scale bars 5 50 mm. B, Quantified data from (A).
Relative intensity of green fluorescence was measured using the
software ImageJ. Columns with the same letter are not significantly
different (P , 0.01, Student’s t test). n 5 4. Error bars show SD. C and
D, Results of NBT (C) and DAB (D) staining of NahG and NahG atg5
leaves at 3 DAT under 2/1Zn. Left show whole leaves digitally
extracted from the images taken by stereo microscope and shown on
a white background. Right shows higher magnifications of the left.
For each magnification, the left column shows the lower leaves, and

the right column shows the upper leaves. Scale bars 5 5 mm (left,
showing whole leaves) and 1 mm (right).
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tetrazolium and 3,39-diaminobenzidine (DAB) staining,
respectively (Doke, 1983; Thordal-Christensen et al.,
1997). $O2

2 accumulated at higher levels in NahG atg5
than inNahGplants under1Zn,whereas under2Zn, the
level of $O2

2 was dramatically lower inNahG atg5 plants
(Fig. 5C). NahG atg5 plants contained slightly higher
levels ofH2O2 thanNahG plants (Fig. 5D), consistentwith
our previous report (Yoshimoto et al., 2009). These data
suggest that changes in ROS production—specifically,
reduced $O2

2 and elevated $OH—are responsible for the
more severe 2Zn symptoms in atg mutant plants.

Autophagy Maintains Zn Pools under 2Zn

Finally, using the Zin-Pro Capture reagent (Funakoshi;
Miki et al., 2016), we investigated how autophagy affects
the level of free Zn ions in individual plants.When bound
to mobile Zn ions, Zin-Pro Capture can react with pro-
teins and bind fluorescein (Supplemental Fig. S6). We
extracted proteins from plants infiltrated with Zin-Pro
Capture, subjected them to SDS-PAGE, and observed
the resultant gels on a fluorescence scanner. The levels of
mobile Zn ions in NahG and NahG atg5 plants were esti-
mated based on the levels of fluorescently labeled en-
dogenous proteins. As shown in Figure 6A, the level of
fluorescently labeled proteins was lower in NahG atg5
than inNahG plants, indicating that the level of mobile
Zn ions inside plants was increased by autophagy
under 2Zn conditions.
Next, we investigated the activity of SODs, as rep-

resentative Zn-requiring metalloenzymes. Plants have
Cu/ZnSODs that require both Zn and Cu, as well as
FeSODs and MnSODs that require Fe and Mn, respec-
tively, for their enzyme activities and/or maintenance
of enzyme structures. The activities of Cu/ZnSODs and
other SODs were measured separately using potassium
cyanide (KCN), which is an inhibitor of Cu/ZnSOD.
Cu/ZnSOD activities were calculated by subtraction of
MnSOD and FeSOD activities, which were measured in
reaction solutions with KCN, from total SOD activities.
Under 1Zn, the SOD activity in NahG atg5 plants was
similar to that in NahG plants. By contrast, under 2Zn,
the activity of Cu/ZnSOD was dramatically lower in
NahG atg5 than in NahG plants (Fig. 6B). Under 2Zn,
the abundance of Cu/ZnSOD proteins was rather
higher in NahG atg5 than in NahG plants (Supplemental
Fig. S7), indicating that a change in protein level was not
the cause of the reduction in Cu/ZnSOD activity. These
results indicate that an increase in Zn bioavailability,
mediated by autophagy, helps maintain the activity of
Zn-requiring enzymes under 2Zn.

DISCUSSION

Zn Remobilization and Autophagy

Autophagy is involved in nitrogen remobilization in
Arabidopsis (Guiboileau et al., 2012), rice (Oryza sativa;
Wada et al., 2015), and maize (Zea mays; Li et al., 2015).

In addition, the efficiency of Fe remobilization from
leaves to seeds is reduced in Arabidopsis atg5 mutants
(Pottier et al., 2019). Those facts led us to hypothesize
that autophagy also contributes to Zn remobilization to
seeds, as suggested in Pottier et al. (2019). That study
reported that the Zn content in seed normalized against
the Zn content in the whole plant is lower in atg5 mu-
tants than in Col. By contrast, our data showed that
seed weight and Zn content did not differ among atg2,
atg5, and Col plants (Fig. 1, F and G). The discrepancy
can be explained by the fact that the number of seeds
per individual plant is smaller in atg mutants than in
Col and that the Zn content of leaves and stems is
higher in atg mutants than in Col (Pottier et al., 2019).

Relationships between SA and 2Zn-Induced Chlorosis

Our biochemical and histochemical analyses revealed
that oxidative stress is enhanced by the increase in ROS
under2Zn (Figs. 4B and 5). SA induces ROSproduction,
and ROS activates SALICYLIC ACID INDUCTION
DEFICIENT2, a SA synthetase, through ENHANCED
DISEASE SUSCEPTIBILITY1, thereby promoting SA
biosynthesis during senescence and pathogen-induced
PCD (Hofius et al., 2009; Yoshimoto et al., 2009).
This SA-ROS amplification loop may function even
under 2Zn conditions. Indeed, as shown in Figure 2,
overexpression of NahG is effective in suppressing
–Zn-induced chlorosis. The symptoms of NahG atg5
plants were less severe than those of the atg5 single
mutant: Chlorosis was observed starting at 3 DAT in
atg5mutants, but at 5 DAT inNahG atg5 plants (Fig. 2).

Figure 6. Decrease of mobile Zn levels in atg mutant plants causes
decay of Zn-requiring enzyme activity. A, Proteins were extracted from
Zin-Pro Capture (ZPC)-treated plants (NahG and NahG atg5, 3 DAT to
2Zn), and subjected to SDS-PAGE; fluorescence was detected in-gel.
The lower representation shows a CBB-stained gel, confirming equal
protein loading. Approximate molecular mass (kilodaltons) is shown on
the right. B, SOD activities of NahG and NahG atg5 plants at 5 DAT to
2/1Zn. Gray parts indicate Cu/ZnSOD activities, and white parts in-
dicate MnSOD and FeSOD activities. n 5 4. Error bars show SD.
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This implies that the expression of NahG itself plays a
role in suppressing chlorosis, consistent with the ob-
servation that NahG plants developed chlorosis later
than Col plants. Zinc deficiency increases ROS levels,
and SA further enhances this effect. Although au-
tophagy functions as a suppressor of SA signaling,
considering that there was a marked difference in
–Zn-induced chlorosis between NahG and NahG atg5
plants, we concluded that SA is not the main cause of
2Zn symptoms in atg mutant plants. When we mea-
sured SA contents in leaves and compared them
among Col, atg5, NahG, and NahG atg5 plants under
2/1Zn conditions, the SA contents of NahG atg5
plants under2Znwasmuch lower than those ofCol under
2Zn and even under 1Zn (Supplemental Fig. S8), sup-
porting our conclusion that excessive SA signaling is
not a main cause of 2Zn symptoms in the atg mutant.

Autophagic Defects Cause Damage to Chloroplasts
under 2Zn

In plants, 2Zn symptoms manifest primarily as chlo-
rosis, i.e. a reduction in the level of chlorophyll. This
chlorosis was further enhanced in the atg mutants under
2Zn, suggesting that chloroplasts are damaged and be-
come less abundant in atg mutants (Fig. 1, A–C). Addi-
tionally, the levels of SMT1 and PsbA were decreased in
NahG atg5 plants under 2Zn (Fig. 3D). There are two
possible reasons why these proteins might be less abun-
dant in NahG atg5 plants. First, because Zn is important
for transcriptional and translational activities, the ex-
pression of these proteins might decrease under 2Zn.
Second, 2Zn might cause these proteins to be damaged
so that they are broken down by non-autophagic path-
ways or cannot react with the antibodies we used. The
second possibility is consistentwith the data in Figure 1D,
which show that chloroplasts were damaged and the
levels of chloroplastic proteins were reduced in atg5 mu-
tants under2Zn. The localization of $OH in chloroplasts
(Fig. 5A) is consistent with the idea that chloroplasts are
the main onset place of 2Zn symptoms.

As shown in Supplemental Figure S5, A and B,
stromules significantly elongated under 2Zn in atg5
plants. There are two possible causes for this pheno-
type. First, the chloroplasts could be experiencing
stress. Consistent with this, stromule elongation is in-
duced by various environmental stresses (Brunkard
et al., 2015). Alternatively, partial degradation of chlo-
roplasts may be promoted by2Zn. Rubisco-containing
bodies (RCBs), small chloroplast-derived vesicles
containing stromal proteins, have been proposed to
be pinched off from stromules through sequestration
by isolation membranes (Ishida et al., 2008); conse-
quently, defects in autophagy promotes elongation of
stromules. In other words, stromule elongations in
atg5 mutants under 2Zn mean that the RCB degra-
dation pathway is activated under 2Zn. To investi-
gate whether such partial chloroplast degradation is
induced under2Zn, we examined RCB accumulation

inside vacuoles after treating plants expressing stroma-
targeted GFP with ConA. Because ConA inhibits vac-
uolar acidification, RCB-derived vesicles (ABs) can be
detected inside vacuolar lumens if autophagy is acti-
vated. Under dark, long-day, and Suc-added condi-
tions, we detected no difference in accumulation of
RCB-derived vesicles, irrespective of the presence or
absence of Zn (Supplemental Fig. S9). These results
suggest that chloroplast degradation by the RCB
pathway is not enhanced under 2Zn, in contrast to
carbon starvation (Izumi et al., 2010). Based on these
observations, we conclude that chloroplasts in the atg
mutant plants are exposed to intense stress under2Zn.

Zinc deficiency-induced chlorosis in the atg mutant
plants was suppressed under low light conditions
(Fig. 4A). Additionally, oxidative stress in atg mutant
plants was enhanced under 2Zn in a light intensity-
dependent manner (Fig. 4B). These results led us to
hypothesize that2Zn symptoms in atg mutant plants
were caused by light-dependent ROS production,
which is largely a consequence of photosynthesis and
photorespiration. To determine whether photorespira-
tion is responsible for ROS production under 2Zn, we
grew plants under high CO2, which suppresses photo-
respiration (Reumann and Weber, 2006). We reasoned
that if photorespiration is the source of ROS under2Zn,
chlorosis should be suppressed under high CO2. How-
ever, when NahG and NahG atg5 plants were grown in
1Zn media under ambient CO2 conditions (400 mL L21)
for 21 d, and then transferred to2Zn media under high
CO2 conditions (3,000mL L21),2Zn symptomswere still
observed in NahG atg5 plants (Supplemental Fig. S10).
Indeed, the chlorosis inNahG atg5 plants was slightly
accelerated relative to that observed in plants of the
same genotype grown in ambient CO2 (Fig. 2A).
These data suggest that the main cause of 2Zn-
induced chlorosis is photosynthesis-derived ROS.
This is consistent with our observation that chloro-
plasts were significantly damaged (Fig. 1B, left, and
C) and that $OH accumulated exclusively in chloro-
plasts (Fig. 5A).

Bulk Autophagy Resupplies Zn in Plants under 2Zn

Here, we propose a model of how autophagy helps
plants tolerate 2Zn (Fig. 7). When plants sense 2Zn,
they induce autophagy. This 2Zn-induced autophagy
seems to be bulk autophagy. Western blot analysis
using antibodies against organelle marker proteins
(Fig. 3D) revealed that multiple organelles and pro-
teins are targets for autophagic degradation under
2Zn. In yeast, bulk autophagy is induced under 2Zn
(Kawamata et al., 2017); therefore, it is reasonable that the
2Zn- induced autophagy in plants is also bulk autoph-
agy. In contrast to yeasts, however, plants are multicel-
lular organisms, and may have different mechanisms for
achieving selectivity in a tissue- or organ-specific man-
ner. Therefore, future studies should investigatewhether
selective autophagic degradation occurs under 2Zn.
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Zn-bindingproteins orZn-includingorganelles enclosed
by the APs are transported to the vacuole to be de-
graded to release Zn ions. Because .5% of proteins
bind Zn, the degradation of these intracellular compo-
nents increases the level of free Zn ion (Fig. 6A), thereby
alleviating 2Zn. In other words, bulk autophagy pro-
motes Zn bioavailability under 2Zn.
Zinc supplied by autophagy is redistributed where it

is needed. Cu/ZnSOD, a representative Zn-requiring
enzyme, plays an important role in oxidative stress re-
sponses. Under 2Zn, despite the high protein levels of
Cu/ZnSOD in the atgmutant plants (Supplemental Fig.
S7), the activity of Cu/ZnSOD was lower in atgmutant
plants than in control plants (Fig. 6B), suggesting
that the resupply of Zn to Zn enzymes by autophagy
is important for resistance to 2Zn.

2Zn Symptoms Are Due To a Fenton-like Reaction in atg
Mutant Plants

Due to their reduced efficiency of Zn utilization, atg
mutants exhibit more severe 2Zn symptoms (Fig. 1,
A–E). Cakmak (2000) predicted that Fe-mediated $OH
formation reactions are responsible for the symptoms
of2Zn. We speculated that this reaction was facilitated
by a defect in autophagy. The upper part of Figure 7
shows the possible reactions in the chloroplast that
could produce ROS responsible for 2Zn-induced
chlorosis in an Fe- and light intensity-dependent man-
ner. Under2Zn, Fe ions promote the Fenton-like reaction
that generates $OH from H2O2. In this reaction, Fe21 is
oxidized to Fe31. As shown in Figure 5A, $OH is

produced in chloroplasts. On the other hand, Fe31 is
reduced to Fe21 by oxidation of $O2

2 to oxygen. The
marked reduction in the level of $O2

2 in the atgmutant
plants under 2Zn (Fig. 5C) supports this model. The
suppression of chlorosis by Fe limitation under 2Zn
(Fig. 4C) suggests that the main cause of 2Zn symp-
toms is $OH production in chloroplasts via this loop
involving Fe21 and Fe31. Furthermore, the suppres-
sion of chlorosis by reduced light intensity (Fig. 4A)
suggests that this reaction occurs during photosyn-
thesis. Therefore, we propose that 2Zn-induced
chlorosis is caused by chloroplast damage due to
ROS production via this photosynthesis-dependent
Fenton-like reaction.

CONCLUSION

In this study,we developed a hydroponic system that
can precisely control nutrient conditions. Because Suc
was not added in the media in this system, plants
photosynthesize like they do in normal field conditions,
allowing us to analyze only the effects of 2Zn on
phenotypes under more natural conditions. Addition-
ally, the use of NahG atg5 plants allowed us to analyze
true 2Zn phenotypes excluding the effects of SA-
dependent senescence and constitutive ROS accumula-
tion in atgmutant plants. Thus, we clearly demonstrated
that intracellular self-degradation by plant autophagy
resupplies Zn ions from proteins and organelles to in-
crease usable Zn under2Zn. Furthermore, here we also
demonstrated the importance of the relationship be-
tween Zn and Fe. Namely, the main cause of 2Zn-
induced chlorosis is $OH production mediated by Fe
(Fenton-like reaction), which occurs in chloroplasts in
a light-dependent manner. This was clearly demon-
strated experimentally using autophagy-defective
plants that show reduced Zn bioavailability. Our
current findings would shed light on further mecha-
nisms for plants to grow robustly under unfavorable
soil environments.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col) was used in this
study. Details of atg2 (SALK_076727), atg5 (SAIL_129_B07), NahG, and NahG
atg5 plants were described in our previous report (Yoshimoto et al., 2009).
Plants were grown under long-day conditions (16-h light/8-h dark) at 22°C.
Light intensity was 60 and 17mmolm22 s21 in normal and low-light conditions,
respectively. For high CO2 conditions, plants were grown under 3,000 mL L2

1 CO2 (LPH-411SPC; NK System). Seeds were surface-sterilized, chilled at 4°C
for 3 d in the dark, and then sown on solid media (for plate cultures) or rock-
wool (for hydroponic cultures). Plant growth media were based on MGRL
media (Fujiwara et al., 1992). Media for 2Zn were prepared without ZnSO4.
Media for Fe limitation were prepared by reducing [FeSO4] to 0.086 mM and
[Na2-EDTA] to 0.67 mM. Solid media plates were prepared by addition of 0.7%
(w/v) agarose (A9539; Sigma-Aldrich) and 1.0% (w/v) Suc to MGRL liquid
media. In hydroponic transplant experiments, the roots of plants grown for 21 d
on 1Zn media with aeration were well rinsed with 2Zn media, and then
transferred to 2Zn media; images were acquired every day after transplanta-
tion. Two liters of liquidmedia were used per 12 individual plants. Hydroponic

Figure 7. Model of autophagy-mediated 2Zn tolerance mechanism in
plants. During2Zn, autophagy is induced and supplies mobile Zn ions
by degrading various proteins and organelles. This increases Zn bioavaila-
bilityandalleviates2Zn. $OHis generated in a light-dependentmanner via
the Fe-mediated Fenton-like reaction in chloroplasts. Production of $OH is
responsible for 2Zn-induced chlorosis. IM, isolation membrane.
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media were changed weekly. In the split-root assay, plants were vertically
grown for 4 d under continuous light conditions on a1Zn plate gelled by 0.4%
(w/v) Gelrite (075-05655; Fujifilm Wako Pure Chemical), then the main root
was cut under the hypocotyl. Five d after cutting the root, split roots were
transplanted to 2Zn/1Zn-separated solid media gelled with agarose.

Measurements of Chlorophyll Contents

The fresh weight of shoots of plants grown for 14 d on agarose plates was
measured. The shootswere immersed inDMFandplaced at 4°C overnight in the
dark. The absorbance of the resultant DMF solutions was measured at 664, 647,
and 750 nm on a spectrophotometer (DS-111; DeNovix) using glass cells
(596492; Beckman Coulter), and the total amount of chlorophyll a and chloro-
phyll b was calculated by the equation of Porra (Porra et al., 1989). Finally, the
amount of total chlorophyll per fresh weight (chlorophyll concentration) was
calculated.

Measurements of Metal Contents

Contents of Zn in seeds weremeasured by inductively coupled plasmamass
spectrometry (ICP-MS). Five-hundred seeds were counted and weighed after
drying in a desiccator. Sample processing and metal measurements were per-
formed as described in Horie et al. (2017).

Measurements of SA Contents

Freeze-dried samples (2–20 mg) were placed in 2-mL tubes and ground to
powder with 3-mm zirconia beads using a tissue lyser (Qiagen). The samples
were extracted with 1 mL of 80% (v/v) acetonitrile containing 1% (v/v) acetic
acid and 5 ng of D6-SA (Isotec) for 2 h at 4°C in the dark. After centrifugation of
the samples at 15,000g for 5 min, supernatants were transferred to fresh tubes
and precipitates were extracted again with 1 mL of 80% (v/v) acetonitrile
containing 1% (v/v) acetic acid for 2 h at 4°C in the dark. After centrifugation of
the samples at 15,000g for 5 min, supernatants were combined with the first
extracts and dried under a stream of N2 gas. The dried extracts were dissolved
in 1 mL of water containing 1% (v/v) acetic acid and then applied to an Oasis
WAX Column (1 cc; Waters), which had been pretreated with 1 mL of aceto-
nitrile, 1 mL of KOH (0.1 N) and 1 mL of water containing 1% (v/v) acetic acid.
The columns were washed with 1 mL of water containing 1% (v/v) acetic acid
and then with 1 mL of 80% (v/v) acetonitrile containing 1% (v/v) acetic acid.
Fractions containing SA were eluted with 2 mL of 80% (v/v) acetonitrile con-
taining 5% (v/v) formic acid and dried under a stream of N2 gas. The dried
samples were dissolved in 50 mL of water containing 1% (v/v) acetic acid and
analyzed with liquid chromatography tandem-mass spectrometry as described
in Kanno et al. (2016).

Immunoblot Analysis

Total protein lysates were prepared as described in Yoshimoto et al. (2004).
Western blot using anti-PsbA, -ARF1, -COXII, -CAT, and -SMT1 antibodies was
performed as described in Yoshimoto et al. (2014). Anti-RPS14 (AS12 2111),
anti-RPL13 (AS13 2650), and anti-Cu/ZnSOD2 (CSD2; AS06 170) were ac-
quired from Agrisera (Vännäs). Anti-GFP antibody (3H9-100) was acquired
from Chromotek. The secondary antibodies were horseradish peroxidase–
conjugated goat anti–rabbit IgG antibody (cat. no. 111-035-003; Jackson
ImmunoResearch) and anti–rat IgG antibody (cat. no. 112-035-003; Jackson
ImmunoResearch). Protein extraction, 2,4-dinitrophenylhydrazine treatment,
and anti-DNP western blot for detection of oxidized protein were performed
using the Oxidized Protein Western Blot Detection Kit (cat. no. ab178020;
Abcam). Blots were visualized by chemiluminescence using ECL substrate (cat.
no. 1705062, Clarity Max Western ECL Substrate; Bio-Rad) and recorded using
a charge-coupled device imager (model no. LAS-4000; Fujifilm).

Fluorescence Microscopy

GFP fusion proteins, autofluorescence of chlorophyll, and fluorescein were
visualized using a confocal laser scanning microscope (model no. FV1000;
Olympus). Details of GFP-ATG8a and stroma-targeted GFP expressed plants
were described in Yoshimoto et al. (2004) and Izumi et al. (2010). To observe
RCB accumulation, 10 mM ofMES-KOH at pH 5.7 containing 1 mM of ConA and
100 mM of E-64d were infiltrated into leaves of 3 DAT plants with a syringe and

incubated for 20 h at 22°C. In Suc-added conditions, excised leaves were in-
cubated inMGRLmedia containing 3% (w/v) Suc. For HPF treatments, a 5-mM

stock solution of HPF (cat. no. H36004; Molecular Probes) was diluted in 10 mM

of MES-KOH at pH 5.7 to prepare a 10-mM working solution. The solution was
infiltrated into leaves with a syringe and incubated for 1.5 h in a growth
chamber. The fluorescence intensities of HPF were quantified using the soft-
ware ImageJ (National Institutes of Health; Schneider et al., 2012).

Histochemical Staining

For NBT staining, detached leaves from 3 DAT plants were submerged in
10 mM of KPO4 (K2HPO4 and KH2PO4) buffer (pH 7.8) containing 10 mM of
NaN3, and then vacuum-infiltrated three times at 0.09 MPa for 20 s. Next, the
buffer was removed, 0.1% (w/v) NBT (cat. no. 24720-01; Nacalai Tesque) in
10 mM of KPO4 buffer was added, and the leaves were incubated at room
temperature for 30 min. For DAB staining, DAB (cat. no. 046-26861; Fujifilm
Wako Pure Chemical) was added towater at 1mg/mL and heated to 60°C,with
addition of HCl to promote dissolution. After dissolution, NaOHwas added to
adjust the pH of the DAB solution, which was then cooled on ice. Detached
leaves were vacuum-infiltrated with DAB solutions. Then, the solution was
discarded, and the leaves were rinsed with tap water and incubated at room
temperature for 7 h in the dark. After NBT and DAB staining, decolorization of
chlorophyll was performed by boiling leaves with solutions containing 7% (v/
v) lactate, 13% (v/v) glycerol, 7% (v/v) phenol, and 67% (v/v) ethanol for
2 min. Pictures were taken with a stereomicroscope.

Detection of Mobile Zn Ions in Plants by Zin-Pro Capture

A stock solution of Zin-Pro Capture (cat. no. FDV-0013A; Funakoshi) was
prepared at 1 mM by dissolving in dimethyl sulfoxide. The working solution
was 1 mM in 3 mM of MES-KOH at pH 7.0. The same amount of dimethyl
sulfoxide was used as a control. The solution was vacuum-infiltrated into
shoots of plants grown for 2 d under2Zn,whichwere then incubated at 22°C in
the dark for 24 h. The samples were frozen in liquid nitrogen, homogenized in
50 mM of Tris-HCl at pH 7.5, and then centrifuged at 21,900 g for 5 min at 4°C to
recover the supernatant. Protein concentration was measured using the BCA
Protein Assay Kit (cat. no. 23227; Thermo Fisher Scientific), and equal quantities
of proteins were subjected to SDS-PAGE. After electrophoresis, gels were
scanned at 488 nm on a fluorescence imager (Fluorimager 595; Molecular Dy-
namics). Subsequently, CBB-R250 (Thermo Fisher Scientific) staining was per-
formed, and a transmitted light image was acquired to confirm equal protein
loading.

Measurements of SOD Activities

Leaves of 5 DAT plants were frozen in liquid nitrogen and homogenized in
50 mM of Tris-HCl (pH 7.5) containing 2% (w/v) polyvinylpolypyrrolidone,
and then centrifuged at 14,000g for 10 min at 4°C. The supernatant was used for
measurement of SOD activities using the SOD Assay Kit-WST (cat. no. S311;
Dojindo). KCN was added to the samples at 10 mM to inhibit Cu/ZnSOD ac-
tivities. After samples were aliquoted into a 96-well plate and reagents were
added, they were incubated at 22°C for 20 min, and then absorbance was
measured at 450 nm on a microplate reader (Epoch 2; BioTek). The inhibition
rate was calculated from absorbance and used as an index of SOD activities
(arbitrary unit). The inhibition rate is a measure of SOD activity because SOD
inhibits the color reaction facilitated by $O2

2.

Statistical Analyses

Statistical analysis was performed with the software Microsoft Office Excel
2016. Student’s t test was used to compare samples as indicated in the figure
legends.

Accession Numbers

Genetic information in this article can be obtained from The Arabidopsis
Information Resource (https://www.arabidopsis.org/) under the following
accession numbers: ARF1, AT1G23490; ATG2, AT3G19190; ATG5, AT3G51830;
ATG8a, At4g21980; CAT, AT4G35090; COXII, ATMG00160; Cu/ZnSOD2,
AT2G28190; PsbA, ATCG00020; RPL13, AT3G49010; RPS14, AT2G36160;
SMT1, AT5G13710.
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SUPPLEMENTAL DATA

The following supplemental information is available.

Supplemental Figure S1. Temporal changes in the number of APs under
2Zn.

Supplemental Figure S2. Accumulation of ABs under 2Zn.

Supplemental Figure S3. Increase of autophagic degradation activity un-
der 2Zn.

Supplemental Figure S4. Autophagy is induced in the 2Zn side but not in
the 1Zn side in the split-root assay.

Supplemental Figure S5. Marked elongation of stromules in atg5 mutants
under 2Zn.

Supplemental Figure S6. Visualization of mobile Zn ion contents in plants
by Zin-Pro Capture.

Supplemental Figure S7. Cu/ZnSOD protein levels in NahG and NahG
atg5 leaves.

Supplemental Figure S8. SA levels of Col, atg5, NahG, and NahG atg5
leaves under 2/1Zn conditions.

Supplemental Figure S9. Zinc deficiency does not affect RCB
accumulation.

Supplemental Figure S10. Zinc deficiency induces chlorosis even under
high CO2 conditions.
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