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Abstract

Autophagy serves as an important recycling route for the growth and survival of eukaryotic organisms in nutrient-deficient
conditions. Since starvation induces massive changes in the metabolic flux that are coordinated by key metabolic enzymes,
specific processing steps of autophagy may be linked with metabolic flux-monitoring enzymes. We attempted to identify car-
bon metabolic genes that modulate autophagy using VIGS screening of 45 glycolysis- and Calvin—-Benson cycle-related genes in
Arabidopsis (Arabidopsis thaliana). Here, we report that three consecutive triose-phosphate-processing enzymes involved in
cytosolic glycolysis, triose-phosphate-isomerase (TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPC), and phosphoglyce-
rate kinase (PGK), designated TGP, negatively regulate autophagy. Depletion of TGP enzymes causes spontaneous autophagy
induction and increases AUTOPHAGY-RELATED 1 (ATG1) kinase activity. TGP enzymes interact with ATG101, a regulatory
component of the ATG1 kinase complex. Spontaneous autophagy induction and abnormal growth under insufficient sugar
in TGP mutants are suppressed by crossing with the atg107 mutant. Considering that triose-phosphates are photosynthates
transported to the cytosol from active chloroplasts, the TGP enzymes would be strategically positioned to monitor the flow of
photosynthetic sugars and modulate autophagy accordingly. Collectively, these results suggest that TGP enzymes negatively
control autophagy acting upstream of the ATG1 complex, which is critical for seedling development.

Introduction lipidation [phosphatidylethanolamine (PE) conjugation]

Macroautophagy (hereafter autophagy) is a conserved cata-
bolic process in eukaryotic cells for self-recycling through the
degradation of cellular components. Autophagy is activated
under starvation conditions. Eukaryotic cells employ
AUTOPHAGY-RELATED (ATG) proteins for autophagic pro-
cesses, from phagophore formation to fusion between autop-
hagosomes and the lysosome or vacuole. Processing and

of ATGS8 is the most fundamental step in autophagy
(Thompson et al. 2005; Chung et al. 2010). Autophagic
flux, which indicates cellular autophagic activity, can be as-
sessed by the lipidation state of ATG8 (Mizushima and
Yoshimori 2007; Loos et al. 2014). In the past decade,
numerous studies in mammals using sophisticated meth-
ods have shown that an autophagic flux is tightly regulated
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by the mammalian Target Of Rapamycin (mTOR) and
AMP-activated protein kinase pathways (Russell et al.
2014). Recent studies have suggested that the ATG1 kinase
complex serves as a converging point of multiple upstream
signaling pathways for the regulation of autophagic flux in
Arabidopsis (Arabidopsis thaliana), as observed in mammals
and yeast (Mizushima et al. 2010; Chen et al. 2017; Huang
et al. 2019). The ATG1 kinase complex consists of ATG1 ki-
nase, scaffold protein ATG11, regulatory subunit ATG13,
and ATG101 (Suttangkakul et al. 2011; Zhuang et al. 2018).
Except that in ATG101, loss-of-function mutations in the
components of the ATG1 kinase complex have been studied,
and the results suggested that the ATG1 kinase activity is re-
quired for autophagic body deposition under starvation con-
ditions (Suttangkakul et al. 2017; Li et al. 2014; Huang et al.
2019). Upon nutrient starvation, the phosphorylation status
of ATG1 and ATG13 can be altered by the activity of evolu-
tionarily conserved central metabolic regulatory kinases,
Target of Rapamycin (TOR), and SNF-related kinasel
(SnRK1). ATG1 kinase controls the initiation and growth of
autophagosomes, and phosphorylation/dephosphorylation
of the ATG1 complex controls the ATG1 activity
(Suttangkakul et al. 2011; Chen et al. 2017). Collectively, these
findings suggest that the upstream signaling pathways of
plant autophagy and the possible regulatory mechanisms
of the ATG1 complex depend on nutrient availability.
However, the details are still unclear about how autophagic
flux is regulated by nutrient availability in plants.

Glycolysis is an ancient metabolic pathway present in all
prokaryotes and eukaryotes. Glycolysis produces pyruvate
for the tricarboxylic acid cycle, ATP, reduced electron carriers,
and intermediates as precursors for diverse metabolic path-
ways (Plaxton 1996). As plant glycolysis occurs separately in
the cytosol and plastids, more isoforms of glycolytic enzymes
are present in plants than in other eukaryotes (Plaxton 1996;
Rosa-Tellez et al. 2018). Several isoforms of plastidial glycolytic
enzymes, such as triose phosphate isomerase (TPI),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
phosphoglycerate kinase (PGK), are also utilized in the
Calvin—Benson cycle. Cytosolic and plastidial isoforms cata-
lyze the same substrate in the cytosol and plastid, respectively.
TPI catalyzes the reversible interconversion of dihydroxyacet-
one phosphate (DHAP) and glyceraldehyde-3-phosphate
(GAP), thereby enabling DHAP to enter glycolysis (Chen
and Thelen 2010). GAPDH catalyzes the reversible phosphor-
ylation of GAP to 1,3-bisphosphoglycerate (1,3-BPG) in the
presence of inorganic phosphate (P;) and nicotinamide aden-
ine dinucleotide (NAD™) (Reis et al. 2013). PGK catalyzes re-
versible phosphoryl transfer from 1,3-BPG to ADP to
produce 3-phosphoglycerate (3-PG) and ATP, the first step
for ATP generation during glycolysis (Rosa-Tellez et al.
2018). The triose phosphates produced by photosynthesis
are translocated to the cytosol to enter the glycolysis and su-
crose biosynthesis pathways for energy production and trans-
portation to other body parts, respectively. Thus, these series
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of triose-processing enzymes play an important role in carbon
metabolism by connecting photosynthesis with cytosolic gly-
colysis and sucrose biosynthesis.

Recent studies have suggested that several glycolytic en-
zymes have noncanonical functions in addition to metabolic
functions. For example, mammalian aldolase (ALDO) regu-
lates AMP-activated protein kinase (AMPK) activity to sense
glucose availability (Zhang et al. 2017). PGK1 acts as a protein
kinase for phosphorylation of Beclin1 to regulate autophagy
(Qian et al. 2017). There are also examples of “moonlighting”
behaviors of several glycolytic enzymes in plants. Hexokinase
1 (HXK1), an isoform of the first enzyme in the glycolysis
pathway, acts as a glucose sensor and modulates the tran-
scription of sucrose-responsive genes (Cho et al. 2006).
Cytosolic GAPDH1 and 2 (GAPCs) respond to heat stress
by translocating into the nucleus and increasing the expres-
sion of heat-inducible genes (Kim et al. 2020). Furthermore,
there is a recent report that the stability of several cytosolic
glycolytic enzymes, including ALDO, TPI, and PCK, is modu-
lated by autophagy (Li et al. 2022). Autophagy also contri-
butes to adjusting metabolic homeostasis in plants,
indicating a close relationship between autophagy and me-
tabolism (Izumi et al. 2013; Masclaux-Daubresse et al. 2014;
Avin-Wittenberg et al. 2015). Finally, cytosolic GAPCs repress
the induction of autophagy, caused by reactive oxygen spe-
cies in Nicotiana benthamiana and Arabidopsis (Han et al.
2015; Henry et al. 2015). Collectively, these results suggest
the diversity and importance of noncanonical functions of
glycolysis enzymes and their possible involvement in the
regulation of autophagy (Michaeli et al. 2016).

In this study, we discovered the noncanonical functions of
three specific glycolytic enzymes in the control of autophagy.
The three glycolytic enzymes are cytosolic triose phosphate
isomerase (CyTPI), cytosolic phosphorylating glyceraldehyde-
3-phosphate dehydrogenase 1 and 2 (GAPCs), and phospho-
glycerate kinase 3 (PGK3), designated TGP enzymes. The TGP
enzymes catalyze the three consecutive steps in the cytosolic
glycolysis pathway, which is closely connected to photosyn-
thesis through the import of DHAP, GAP, and 3-PG from active
chloroplasts (Lee et al. 2017b). We performed virus-induced
gene silencing (VIGS) screening of carbon metabolic genes.
The subsequent analyses suggested that the TGP enzymes
negatively regulate autophagy through modulation of ATG1
kinase activity. Considering that plants mainly produce organic
carbon compounds via photosynthesis, the noncanonical func-
tions of these glycolytic enzymes may provide a novel strategy
to coordinate the autophagic activity with carbon availability.

Results

VIGS screening to identify glycolytic enzymes that
modulate autophagy

We performed VIGS screening using an Arabidopsis autop-
hagy reporter line (35Sp:GFP-ATG8a) to identify negative au-
tophagic regulators of glycolysis enzymes by monitoring the
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autophagic flux. Since the TOR kinase complex, which con-
sists of TOR, LST8, and RAPTOR, is a well-characterized nega-
tive regulator of autophagy (Liu and Bassham 2010; Pu et al.
2017), we performed VIGS using tobacco rattle virus (TRV)
amplicon with TOR, LST8, and RAPTOR genes as proof of con-
cept. Silencing of each TOR complex gene resulted in growth
retardation and premature senescence, most by TOR silen-
cing (Supplemental Fig. S1A). Silencing of the TOR complex
genes resulted in the spontaneous formation of GFP-ATG8a
puncta, approximately five times higher than that in the
TRV2-myc control, suggesting that VIGS is a reliable tool to
identify negative autophagic regulators (Supplemental Fig.
S1, B and Q).

We launched VIGS screening of 45 genes encoding glyco-
lytic enzymes in Arabidopsis (Supplemental Fig. S2; written
in red) and monitored GFP-ATG8a puncta levels after silen-
cing of each gene. We observed leaf epidermal cells of the
VIGS plants using fluorescence microscopy and ranked
them by GFP-ATGS8a puncta numbers (Fig. 1A). After VIGS
of 45 genes, only four genes encoding TGP enzymes in the
cytosolic glycolysis pathway showed statistically significant
GFP-ATGS8a puncta formation compared to the negative
control (TRV-myc) (Fig. 1, A and B). TGP enzymes include
cytosolic triose phosphate isomerase (CyTPI), cytosolic phos-
phorylating glyceraldehyde-3-phosphate dehydrogenase 1
and 2 (GAPC1 and 2), and phosphoglycerate kinase 3
(PGK3). We performed VIGS on selected genes for confirm-
ation of screening results. Silencing of CyTPI and PGK3 and
cosilencing of GAPCT and GAPC2 (GAPCs) resulted in re-
tarded plant growth (Supplemental Fig. S3A). The silencing
efficiency of each VIGS sample was determined using reverse
transcription quantitative PCR (RT-qPCR) (Supplemental
Fig. S3, B and C). The TGP enzymes catalyze the sequential
processing of triose phosphates, which are produced by the
cytosolic glycolysis pathway as well as by the Calvin—-
Benson cycle in chloroplasts and transported to the cytosolic
pathway (Fig. 1B). Based on the Z-stack projection of con-
focal microscopy images (Fig. 1C), the number of
GFP-ATG8a puncta was quantified (Fig. 1D). Compared
with that in the control TRV2-myc, depletion of the cytosolic
TGP enzymes (CyTPIl, GAPCs, and PGK3) by VIGS caused
statistically significant puncta formation, whereas VIGS of
the plastidial TGP enzymes (PdTPI, PGK1, and PGK2) or cyto-
solic cofactor independent phosphoglycerate mutases
(iPGAMs) had little effect (Fig. 1, C and D).

The autophagic flux is frequently measured through
GFP-ATGS8a cleavage, which results in the production of
free GFP (Li and Vierstra 2012). Based on immunoblotting
with an anti-GFP antibody, free GFP released from
GFP-ATG8a was visible in VIGS samples of the TGP enzymes
but not in TRV2-myc control or TRV2-Hexokinase 1 (HXK1),
suggesting that a deficiency of cytosolic TGP enzymes causes
an increase in the autophagic flux (Fig. 1E). Collectively, these
data suggest that serial TGP enzymes in the cytosol may act
as negative regulators of autophagy in plants.
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Cytosolic TGP enzymes interact with each other
Consecutive enzymes in a metabolic pathway frequently
form enzyme subcomplexes for substrate channeling and
more efficient regulation. Recent evidence suggests that
the glycolytic pathway in mammalian muscle cells consists
of several subcomplexes (Menard et al. 2014). To determine
whether cytosolic TGP enzymes interact with each other, we
performed yeast two-hybrid (Y2H) assays (Supplemental Fig.
S4A). GAL4 activating domain (AD)-fused CyTPI and GAL4
promoter binding domain (BD)-fused HXK1, CyTPI,
GAPC1, and PGK3 were coexpressed in yeast. Based on yeast
growth on selective media, CyTPl interacted with GAPC1 and
PGK3, particularly strongly with CyTPI itself (Supplemental
Fig. S4A). However, the expression of CyTPI with the BD
control or HXK1 did not support positive yeast growth,
suggesting no protein interaction. To confirm the interac-
tions between TGP enzymes in planta, we performed
bimolecular fluorescence complementation (BiFC). CFP"-
or Venus“-conjugated CyTPl, GAPC1, PGK3, and control
HXK1 were expressed in combination in N. benthamiana
leaves via agroinfiltration (Fig. 1F, Supplemental Fig. S4B).
Split fluorescent proteins, CFPN and VenusS, reconstitute
green fluorescence when their conjugated proteins interact
with each other (Gehl et al. 2009). Every combination of
CyTPIl, GAPC1, and PGK3 produced green fluorescence in
the cytosol, but the combination with HXK1 did not produce
any fluorescent signal. Collectively, these results suggest in-
teractions between the cytosolic TGP enzymes.

Cytosolic TGP enzyme mutants show abnormal
seedling growth depending on sucrose concentration
To confirm the results of VIGS, we analyzed T-DNA insertion
lines for HXK1, CyTPl, GAPC1, GAPC2, and PGK3
(Supplemental Fig. S5) and detected very low or undetect-
able levels of transcripts using RT-qPCR (Supplemental Fig.
S5). Before analyzing the autophagic flux in these mutants,
we observed the overall seedling growth in the MS medium
containing various sugar concentrations. Interestingly, the
cytosolic TGP enzyme mutants cytpi, gapc1/2 (gapci-1/
gapc2-1 double mutant), pgk3-1, and pgk3-2 all showed simi-
lar defects in leaf development near the shoot apical meri-
stem (SAM) under 15 mm sucrose concentration (Fig. 2A,
Supplemental Fig. S6). Compared to the wild-type (WT)
and hxk1-3, these mutants produced leaves with abnormal
thickness and shape, which suggested defective cell division
and expansion (Fig. 2A). The frequency of developmental ab-
normalities in the cytosolic TGP enzyme mutants was signifi-
cantly higher than that in WT and hxk1-3 mutants; the cytpi
and pgk3-2 mutants exhibited particularly high levels of ab-
normalities (Fig. 2B). However, the frequency of abnormal
development in the TGP mutants significantly and progres-
sively decreased under 30 and 60 mm sucrose (Fig. 2B,
Supplemental Fig. S6). These findings suggest that the defi-
ciency of cytosolic TGP enzymes causes seedling growth defects
depending on sugar concentration.
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Figure 1. Silencing of cytosolic TGP enzyme genes causes increased autophagic flux. A) Measurement of relative puncta numbers per frame com-
pared to TRV2-myc in fluorescent microscopic images. Enzymes are ordered from left to right by increasing relative puncta numbers. Error bars
represent SE from at least 3 independent observations. Statistical significance is assessed using linear regression analysis compared to TRV2-myc
(coefficient P-value; *, P < 0.05; ***, P < 0.001). The green bars represent the genes showing statistically significant differences (P < 0.001). The arrow
indicates TRV2-myc, the negative control of VIGS screening. The chloroplast enzymes (including the putative ones) were marked by “(cp)” after
enzyme names. B) A schematic diagram of a part of the cytosolic glycolysis pathway that shows three enzymes CyTPI, GAPDH, and PGK3 (marked
by boldface) and metabolites. Transport of triose phosphates GAP, DHAP, and 3-PG from chloroplasts to the cytosol is indicated by thick lines. The
full glycolysis pathway in the cytosol and the Calvin-Benson cycle in chloroplasts are shown in Supplemental Fig. S2. C) Confocal microscopy of
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Cytosolic TGP enzyme mutants have higher
autophagic flux than wild-type

To examine the autophagic flux in cytosolic TGP enzyme mu-
tants, we observed autophagosomes by following the fluores-
cence of GFP-ATG8a in WT and glycolytic mutants using
confocal microscopy (Fig. 2C). Mesophyll protoplasts were
prepared from the WT and mutant plants and transfected
with the GFP-ATG8a construct. The protoplasts were then
treated with the dimethyl sulfoxide (DMSO) control or
Concanamycin A (Con A) for 16 h. Con A blocks the vacuolar
degradation of autophagosomes by specifically inhibiting
vacuolar ATPase (Dettmer et al. 2006). The average number
of GFP-ATG8a puncta in the protoplast was higher in the
cytosolic TGP enzyme mutants than in the WT and hxk1-3
mutants, and the effect was more visible upon Con A treat-
ment (Fig. 2, C to E). Increased puncta numbers following
Con A treatment suggested that the formation of excessive
puncta in the TGP enzyme mutants was not caused by vesicle
trafficking defects. These observations, i.e. the increase in
ATGB8a-positive puncta formation in the cytosolic TGP en-
zyme mutants, were consistent with the results of VIGS
screening (Fig. 1, C and D).

Immunoblotting of LC3 (mammalian ATG8 homolog) can
be easily performed to result in a clear separation of bands for
LC3 and its lipidation form. However, in plants, more com-
plex methods—e.g. using membrane-enriched fraction and
6 m urea-gel—have been used to separate ATG8 and
ATG8-PE (phosphatidylethanolamine) in immunoblots. To
simplify the immunoblotting technique to detect ATGS8/
ATGB8-PE in plants, we modified the procedure, as described
in Materials and methods. To test the modified method, we
compared the band patterns of ATG8/ATGS-PE between
Col-0 and atg5-1 mutant seedlings (Supplemental Fig. S7A).
The modified immunoblotting method clearly detected
both ATG8 and ATG8-PE bands for quantification, and the
ATG8-PE/ATGS8 ratio was lower in atg5-1 than in Col-0
(Supplemental Fig. S7A). We further tested the modified
technique using plants under starvation conditions with in-
creased autophagic flux. 35Sp:GFP-ATG8a and WT seedlings
were grown in sugar-free media for 1 day in the dark and then
supplied with various concentrations of glucose (0 to 30 mm)

Figure 1. (Continued)
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for incubation in the dark for 1 day (Supplemental Fig. S7B).
Immunoblotting revealed that increasing glucose concentra-
tions progressively increased GFP-ATG8a levels and de-
creased ATG8-PE/ATGS ratio (Supplemental Fig. S7, C and
D). Notably, both immunoblotting showed conspicuous
changes in GFP-ATG8 and ATG8-PE levels upon 5 mm
glucose treatment. These results suggest that the modified
immunoblotting method is suitable for measuring the
ATG8-PE/ATGS ratio to monitor changes in the autophagic
flux. Thus, we examined the ATG8 band patterns using the
modified immunoblotting method in the TGP enzyme mu-
tants to confirm the increased autophagic flux in the
mutants. Immunoblotting using an anti-ATG8 antibody
showed a higher ATG8-PE/ATGS ratio in cytosolic TGP en-
zyme mutants than in the WT and hxk1-3 mutants, not
only after dark/starvation (DS) treatment for 2 days
(Supplemental Fig. S7E), but also under normal conditions
(Fig. 2F). Collectively, these results suggest that the depletion
of cytosolic TGP enzymes increases the autophagic flux.

Cytosolic TGP enzymes interact with ATG101

Upon nutrient starvation, energy signaling pathways such as
the TOR and SnRK1 pathways converge on the ATG1 kinase
complex to modulate autophagic flux (Chen et al. 2017; Pu
et al. 2017). As the autophagic flux is directly related to the
ATG1 kinase activity in eukaryotes, we examined the possible
interactions of glycolytic enzymes, including cytosolic TGP
enzymes, with the regulatory subunits of the ATG1 kinase
complex (ATG101, ATG13a, and ATG13b). To determine
these interactions, Venus"-fused glycolytic enzymes (HXK1,
CyTPl, PdTPl, GAPC1, GAPC2, PGK2, and PGK3) and
Venus“-fused ATG101 were coexpressed in N. benthamiana
leaves for BiFC assays. Confocal microscopy detected fluores-
cence in the cytosol of leaf epidermal cells expressing CyTP],
GAPC1, GAPC2, and PGK3, along with ATG101, suggesting
interactions between ATG101 and these enzymes. Among
these positive interactions, large fluorescent foci were ob-
served with CyTPl, GAPC1, and GAPC2 but not with PGK3
(Fig. 3A, upper). These BiFC results were confirmed by fusing
the constructs with Venus™ or Venus® in a reverse manner
(Fig. 3A, lower). Both BiFC experiments consistently showed

GFP-ATG8a fluorescence (Z-stack image projection) in leaf epidermal cells after VIGS of the glycolytic enzyme genes at 14 days after infiltration
(DAI). TRV2-myc was used as a control for VIGS. Silencing of CyTPI, GAPCs, and PGK3 led to spontaneous formation of GFP-ATG8a puncta.
VIGS using TRV2:GAPCs and TRV2:iPGAMs constructs caused cosilencing of GAPCT and GAPC2, and iPGAM1 and iPGAM?2, respectively. Scale
bar = 10 um. D) Puncta numbers per frame in the Z-stack of confocal microscopy images. Dots represent puncta numbers of individual observa-
tions. The box plot represents the 1st and 3rd quartiles, center line indicates the median, and whiskers include the min and max of the data points.
Letters above the boxes (a and b) indicate the results of one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05). E) Detection of
free-GFP release by autophagic breakdown of the GFP-ATG8a reporter. Total leaf extracts from VIGS plants were subjected to immunoblotting with
anti-GFP, anti-GAPC, and anti-PGK3 antibodies. The GFP-ATG8a fusion protein and free-GFP are indicated by arrowheads, respectively. The
anti-PGK3 antibody generated two protein bands, and the lower bands appeared to represent PGK3 enzyme. Ponceau S-stained rubisco large sub-
unit (rbcL) was used as the loading control. Relative band intensities of GFP-ATG8a are indicated below the anti-GFP image. F) BiFC analyses for
interactions between glycolytic enzymes. The CFPN-and Venus“-fusion constructs were coexpressed in N. benthamiana leaves via agroinfiltration.
Leaf epidermal cells were observed by confocal microscopy. Scale bar =50 um.
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Figure 2. The cytosolic TGP enzyme mutants show higher autophagic flux, accompanied by abnormal shoot growth in a sugar-dependent manner.
A) Representative close-up views of the shoot apical region in the glycolysis mutants grown in 15 mm sucrose. The whole pictures of the seedlings are
shown in Supplemental Fig. S6. Emerging abnormal leaves were visible in cytpi, gapc1/2, pgk3-1, and pgk3-2 mutants. Scale bars = 0.25 mm. B)
Frequency of abnormal shoot growth in the mutants. The bar graphs show percentages of defective seedlings out of total 20 seedlings in different
sucrose concentrations (15, 30, and 60 mm). Error bars represent SE from three biological replications. Statistical significance was assessed using
one-way ANOVA followed by Tukey’s multiple comparison test (¥ P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The statistical significances
compared to WT (Col-0) under the same sucrose concentration are marked at the top of the bars, while other comparisons are indicated by re-
spective brackets. C) Confocal microscopy of GFP-ATG8a fluorescence (Z-stack image projection) in Arabidopsis mesophyll protoplasts of the gly-
colysis mutants. Leaf protoplasts were transfected with the GFP-ATG8a construct, followed by treatment with DMSO (control) or 1um
concanamycin A (Con A). Scale bars =5 um. D, E) The GFP-ATG8a puncta in the protoplasts were counted in Z-stacked confocal microscopy
images after DMSO (D) or Con A (E) treatment. Puncta numbers per frame are shown in the Z-stack of confocal microscopy images. The box
plot represents 1st and 3rd quartiles, center line indicates the median, represented dots are outliers, and whiskers include the 10th to 90th percentile
of the data points. The number of biologically independent observations (n) is indicated at the top of the graph. Letters above the boxes (a—c)
indicate the results of one-way ANOVA followed by Tukey’s multiple comparison test (P < 0.05). F) Immunoblotting for monitoring ATG8-PE/
ATGS patterns in the glycolysis mutants. Twelve-day-old seedlings were incubated in the light in the liquid medium containing 30 mm glucose.
Protein extracts were subjected to immunoblotting with anti-PGK3, anti-GAPC, and anti-ATG8 antibodies. The atg5-1 autophagy mutant was
used as the positive control. The ATG8 and ATG8-PE are marked by open and closed arrowheads, respectively. The PGK3 protein band is marked
by the arrow. Relative band intensities of ATG8-PE/ATG8 are indicated below the anti-ATG8 image.
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that ATG101 interacts with GAPC1, GAPC2, CyTPIl, and
PGK3 but not with PdTPI and PGK2 and only weakly with
HXK1 (Fig. 3A; Supplemental Fig. S8). In addition, the
Venus“-fused GAPC1, GAPC2, CyTPI, and PGK3 yielded rela-
tively low levels of fluorescence when coexpressed with
Venus"-fused ATG13a and ATG13b (Supplemental Fig.
S9A). However, the expression of ATG13a or ATG13b in
the presence of HXK1, PdTPI, or PGK2 did not generate fluor-
escence. These results suggest that cytosolic TGP enzymes
interact with ATG101 and ATG13 in the cytosol as well as
in some foci.

To confirm the interactions between cytosolic TGP
enzymes and ATG101, we performed Y2H assays
(Supplemental Fig. S9B). AD-fused glycolytic enzymes and
BD-fused ATG101 were coexpressed in yeast. Positive yeast
growth in selective media suggested interactions between
TGP enzymes and ATG101, whereas combinations of HXK1
and ATG101 or AD control and ATG101 did not promote
yeast growth, i.e. no protein interaction (Supplemental Fig.
S9B), consistent with the results from BIiFC (Fig. 3A).
Finally, we performed a coimmunoprecipitation experiment
to detect protein interactions. HA-tagged glycolytic enzymes
(HXK1, CyTPIl, GAPC1, and PGK3) and Myc-tagged ATG101
were expressed together in N. benthamiana leaves.
Myc-ATG101 was immunoprecipitated using an anti-Myc
antibody-conjugated resin. Immunoblotting with an
anti-HA antibody revealed that HA-CyTPI, HA-GAPCT1, and
HA-PGK3 coimmunoprecipitated with Myc-ATG101 but
not with HA-HXK1 (Supplemental Fig. S9C). Collectively,
these results suggest that CyTPl, GAPCs, and PGK3 interact
with ATG101 in vivo and that those cytosolic TGP enzymes
may be involved in autophagic flux regulation.

CyTPIl and GAPC1 require their AIMs to interact with
ATGS8a and these AlMs are critical for interactions
between CyTPI/GAPC1 and ATG101 in large foci
PE-conjugated ATGS is associated with the autophagosomal
membrane (Li and Vierstra 2012). We tested whether the
large foci structures observed in the BiFC assays (Fig. 3A) co-
localized with ATG8. CFPS-ATG101 was coexpressed with
CFP"-fused CyTPI and GAPC1 and with mCherry-ATG8a in
N. benthamiana leaves. Protoplasts were then isolated from
the infiltrated leaves for observation under a confocal micro-
scope at different excitation wavelengths. Coexpression of
CFPS-ATG101 with CFPN-CyTPI or CFPN-GAPC1 caused
the formation of fluorescent focilike structures that coloca-
lized with the red fluorescence of mCherry-ATG8a, at least
partially (Fig. 3B).

As ATGS8-interacting proteins generally contain the
ATGS8-Interacting motif (AIM), we analyzed the amino acid
sequences of CyTPIl, GAPC1, GAPC2, PGK3, and ATG101 to
search for the consensus sequence of AIM (F/Y/W-X;-X,-L/
I/V) (Jia et al. 2019; Marshall et al. 2019). Interestingly, the
AIM consensus sequence was found in CyTPl, GAPC1, and
GAPC2 but not in PGK3 or ATG101 (Supplemental Fig.
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S9D), suggesting that ATGS interactions with these enzymes
may play a role in the formation of the large fluorescent foci.
Interestingly, the AIM sequences in the CyTPI and GAPC1
proteins were conserved in land plants, including dicots,
monocots, ferns, lycophytes, and bryophytes (Fig. 3C). We
disrupted AIM sequences in CyTPI™™ (F241A and 1244A)
and GAPC1™M™ (Y529A and 1262A), respectively. The
variants fused with VenusS were coexpressed with
Venus"-fused ATG8a for BiFC. Confocal microscopy for
Venus fluorescence revealed that wild-type CyTPl and
GAPC1 interacted with ATGS8a in the cytosol and some
foci (Fig. 3D). However, BiFC of CyTPI™™ and GAPC1™AM
variants with ATG8a did not generate fluorescence. We
next performed coimmunoprecipitation experiments
(Supplemental Fig. S10). GFP-tagged ATG8a was coexpressed
with HA-tagged wild-type or mutant enzymes in N.
benthamiana leaves. HA-tagged enzymes were immunopre-
cipitated with anti-HA  antibody-conjugated resin.
Immunoblotting with anti-GFP antibody showed that less
amounts of GFP-ATG8a were coimmunoprecipitated with
the AIM mutants of CyTPl and GAPC1, compared with
the wild-type enzymes. These data suggest that AIM se-
quences are critical for the interaction between CyTPI/
GAPC1 and ATGS8 (Fig. 3D, Supplemental Fig. S10). BiFC
assays also indicated that wild-type CyTPl and GAPC1 could
interact with ATG101 in the cytosol and foci; however, their
variants containing the mAIM sequences interacted with
ATG101 only in the cytosol (Fig. 3E). Collectively, these
results suggest that CyTPl and GAPCT1 require their AIMs
to interact with ATG8a and that the AlMs are also critical
for interactions between CyTPI/GAPC1 and ATG101 in
large foci.

Loss-of-function mutation of ATG101 results in plant
phenotypes similar to those of other ATG1 kinase
complex subunit mutations

The ATG1 complex, including the ULK1/2 kinase complex
homolog in mammals, regulates the autophagic flux during
nutrient starvation (Russell et al. 2013; Huang et al. 2019).
The functions of Arabidopsis ATG1 kinase complex compo-
nents in autophagic processes have been characterized, ex-
cept for those of ATG101. The atg11 single mutant, atg13a/
atg13b double mutant, and atglabct quadruple mutant
showed typical autophagy-deficient phenotypes, such as
hypersensitivity to nitrogen or carbon starvation and prema-
ture leaf senescence under short-day conditions
(Suttangkakul et al. 2017; Li et al. 2014; Huang et al. 2019).
We obtained a mutant line with a T-DNA insertion in the
3rd intron of ATG101, designated as atg101-1, which has re-
duced ATG1071 transcript levels than WT plants
(Supplemental Fig. S11). We next generated two independ-
ent atg1071-1 complementation lines, designated atg101-1
C-13 and atg101-1 C-14, with a construct containing the
YFP-ATG101 gene under the control of its own promoter
(ATG101p:YFP-ATG101).
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Figure 4. The atg1071-1 mutant shows the typical autophagy mutant phenotype and decreased autophagic flux. A) Carbon starvation phenotypes of
the ATG1 complex mutants and their complementation lines. Twelve-day-old seedlings were transferred to a fresh liquid medium lacking glucose
and incubated in the dark for 5 days. Subsequently, the seedlings were supplied with 30 mm glucose and grown in the light for 5 days. The atg101-1
C-13 and C-14 are two complementation lines of the atg107-1 mutant, expressing ATG101p:YFP-ATG101. The atg5-1 autophagy mutant was used as
the positive control. B) Nitrogen starvation phenotype of ATG1 complex mutants. Ten-day-old seedlings were transferred to media with nitrogen (N
+) or without nitrogen source (N-) and incubated for 5 days in the light. C, D) Total chlorophyll contents in the seedlings shown in (A) and (B). The
box plots represent the 1st and 3rd quartiles, centerline indicates median, and whiskers include the 10th to 90th percentile of the data points. The
number of biologically independent observations (n) is marked on the top of the graph. Letters above the boxes (a-c) indicate the results of one-way
ANOVA followed by Tukey’s multiple comparison test (P < 0.05). E, F) Immunoblotting for monitoring ATG8-PE/ATGS patterns in the ATG1 com-
plex mutants (E) and the atg101 complementation line (F). Twelve-day-old seedlings were subjected into immunoblotting with anti-ATG8 antibody.
The ATG8 and ATG8-PE are marked by open and closed arrowheads, respectively. The anti-YFP antibody detected the expression of YFP-ATG101 in
the atg101 C-13 and C-14 lines. Ponceau S-stained rubisco large subunit (rbcL) was used as the loading control. Relative band intensities of ATG8-PE/
ATGS are indicated below the anti-ATG8 image.

We performed a carbon-starvation recovery experiment to
examine the phenotypes of atg107-1 mutant and its comple-
mentation lines (C-13 and C-14) compared to those of the
WT. The WT seedlings (Col-0 and Col-3) generated green
leaves by recovering from carbon-starvation, whereas
atg101-1, atg13a/atgi3b, atgl1-1, and atg5-1 mutants did
not produce green leaves (Fig. 4A). Both C-13 and C-14 com-
plementation lines recovered similar green leaves as WTs,

suggesting that the atg107-1 mutant phenotype was rescued
by the expression of the YFP-ATG101 gene (Fig. 4A). The total
chlorophyll content was remarkably different between these
seedlings, which perfectly matched the visible phenotypes
(Fig. 4, A and C). We further examined plant phenotypes in
nitrogen-rich (N+) or nitrogen-deficient (N—) media
(Fig. 4B). All seedlings were severely affected by nitrogen de-
ficiency, but atg101-1, atgi3a/atgi3b, atgli-1, and atg5-1
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mutants contained much lower amounts of chlorophyll than
the WT and complementation lines, suggesting more severe
defects in autophagy mutants (Fig. 4, B and D).

Next, we analyzed the autophagic flux via immunoblotting
to visualize the ATG8-PE and free-ATG8 forms.
Immunoblotting using an anti-ATG8 antibody showed that
the free-ATG8 form (closed arrowhead) was more abundant
in the atg101-1 mutant than in the WT, as similarly observed
in atg13a/atg13b and atg11-1 (Fig. 4E). In contrast, the abun-
dance of the free-ATG8 form returned to the WT level in
the complementation lines (Fig. 4F). Next, we observed and
quantified ATG8a-positive autophagosomes in mesophyll pro-
toplasts of atg101-1, atg101-1 C-13, atg101-1 C-14, and atg13a/
atg13b lines, compared to those in the WT (Supplemental Fig.
S12). The average number of fluorescent puncta was lower in
atg101-1 and atg13a/atg13b mutants than in the WT and
atg101-1 C-13 and atg107-1 C-14, suggesting a reduced autop-
hagic flux in the autophagic mutants (Supplemental Fig. $12).
Collectively, these results revealed the function of ATG1071; its
deficiency delayed the progression of autophagy, as observed
with other mutations of the ATG1 complex.

Crossing with the atg107-1 mutant alleviates the
growth defects of the cytosolic TGP enzyme mutants
Since cytosolic TGP enzymes interact with ATG101 (Fig. 3),
we crossed glycolytic enzyme mutants with the atg107-1 mu-
tant to determine a possible genetic relationship. Seedlings
were observed for abnormality in growth under various sugar
concentrations (Fig. 5A; Supplemental Fig. S11). Both WT
and atg101-1 seedlings showed normal growth in media con-
taining 15 mm sucrose, as was also observed in hxk1-3 and
hxk1-3 atg101-1 double mutants (Figs. 5, A and B,
Supplemental Fig. S13). As shown in Fig. 2, a high percentage
of TGP mutant seedlings exhibited abnormal leaves near the
SAM with altered thickness and shape in 15 mm sucrose
(Fig. 5B). pgk3-2 seedlings showed a particularly high percent-
age of developmental defects. However, increasing sucrose
concentrations (30 and 60 mm) progressively suppressed
the abnormal growth of TGP mutants, including pgk3-2
(Fig. 5A, Supplemental Fig. S13). Interestingly, crossing with
the atg101-1 mutant significantly suppressed abnormal leaf
growth in these mutants under all sucrose conditions
(Fig. 5A, Supplemental Fig. S13). In addition, RT-qPCR de-
monstrated that the expression of SAUR15, EXP8, and PRE6,
which are cell elongation/growth-related genes under the
control of auxin and brassinosteroid, was downregulated in
the cytosolic TGP enzyme mutants but significantly in-
creased upon crossing with the atg101-1 mutant (Fig. 5C),
consistent with their improved growth (Fig. 5A,
Supplemental Fig. $13). Combined with the increased autop-
hagic flux in the mutants (Fig. 2), these genetic interactions
suggested that cytosolic TGP enzymes may play a role in
plant autophagy, possibly by modulating the activity of the
ATG1 complex. Interactions with ATG101 may contribute
to the noncanonical function of TGP enzymes.

Lee et al.

Deficiency of ATG101 suppresses the elevated
autophagic flux in the cytosolic TGP enzyme mutants
To determine whether altered autophagic flux contributes to
the abnormal growth of cytosolic TGP enzyme mutants, we
assessed the autophagic flux in cytosolic TGP enzyme mu-
tants and atg107-1-crossed double mutants. All dark/starva-
tion (DS) samples accumulated higher levels of ATG8-PE
than light/glucose (LG) samples, indicating that two days
of DS treatment could induce autophagy (Fig. 6, A and B).
The ATGS-PE adduct levels were higher in the cytosolic
TGP enzyme mutants cytpi, pgk3-1, pgk3-2, and gapc1/2
than in the WT and hxk1-3 mutants under LG and DS condi-
tions, suggesting an increased autophagic flux due to the de-
ficiency of TGP enzymes (Fig. 6, A and B), consistent with
previous data (Fig. 2F, Supplemental Fig. S7). Introduction
of atg107-1 mutation suppressed the increase in ATG8-PE le-
vels in the TGP enzyme mutants, indicating that ATG101
plays a role in increasing the autophagic flux of TGP enzyme
mutants.

Next, we observed autophagosomes by visualizing
GFP-ATGS8a puncta in leaf mesophyll protoplasts of the
WT, TGP enzyme mutants, and their atg101-1 cross lines
(Fig. 6C). The number of fluorescent puncta was higher in
the cytosolic TGP enzyme mutants than in their atg101-1
cross lines and WT (Fig. 6, C and D), which is consistent
with the elevation of ATG8 lipidation in the mutants
(Fig. 6, A and B). Thus, the atg107 mutation appears to sup-
press the formation of ATG8-PE adducts and autophagoso-
mal puncta in TGP enzyme mutants. Taken together, these
results suggest that cytosolic TGP enzymes can modulate au-
tophagic flux by acting upstream of the ATG1 complex, at
least partly through the ATG101 interaction.

Cytosolic TGP enzymes negatively regulate ATG1
kinase activity

Based on the genetic and biochemical relationship between
cytosolic TGP enzymes and ATG101, we hypothesized that
the stimulation of autophagic flux in cytosolic TGP enzyme
mutants might be caused by an increase in ATG1 kinase ac-
tivity. To address this hypothesis, we measured the kinase ac-
tivity of ATG1 in planta. Plant ATG6/Beclin/Vps30 (ATG6) is
a subunit of the phosphatidylinositol-3-kinase (PI3K) com-
plex that functions downstream of the ATG1 kinase complex
(Liu et al. 2005; Huang et al. 2019). Beclin, the mammalian
homolog of ATG, is a well-characterized downstream sub-
strate of ULK1/2 (Russell et al. 2013). We performed kinase
assays using immunoprecipitated YFP-ATG1a with purified
recombinant  MBP or MBP-ATG6 as the substrate
(Supplemental Fig. S14A). We first demonstrated the autop-
hosphorylation activity of YFP-ATG1a via autoradiography of
a phosphorylated protein band of correct size (Supplemental
Fig. S14B). We then examined whether YFP-ATG1a possesses
transphosphorylation activity toward MBP-ATG6. The kinase
assay showed that MBP-ATG6, but not MBP, was phosphory-
lated by YFP-ATG1a kinase, suggesting that ATG6 is a
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Figure 5. Abnormal growth phenotype of glycolytic enzyme mutants is rescued by crossing with the atg107-1 mutant. A) Frequency of abnormality
in the seedlings. The bar graphs show percentages of abnormal seedlings out of total 20 seedlings in 15, 30, and 60 mm sucrose. Error bars represent
SE from biological replications (n = 6). Statistical significance was assessed using one-way ANOVA followed by Tukey’s multiple comparison test (¥,
P < 0.05; ***, P < 0.001; ****, P < 0.0001). The statistical significances compared to WT (Col-0) are marked at the top of the bars, while other com-
parisons are indicated by respective brackets. B) Representative close-up views of the shoot apical regions of the seedlings shown in 15 mm sucrose.
Scale bar = 0.2 mm. C) RT-qPCR analyses of cell expansion-related genes in the seedlings shown in 15 mm sucrose. The box plots represent the 1st
and 3rd quartiles, centerline indicates median, represented dots are outliers, and whiskers include the 10th to 90th percentile of the data points.

Statistical significance was assessed from 4 biological replications using one-way ANOVA followed by Tukey’s multiple comparison test (¥, P < 0.05;
** P <0.01; *** P <0.0001).
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Figure 6. Deficiency of ATG101 suppresses increased autophagy flux in the glycolytic enzyme mutants. A, B) Immunoblotting to examine ATG8-PE/
ATGS patterns in the single glycolysis mutants and the double mutants (atg107-1 cross lines). Twelve-day-old seedlings were transferred to the liquid
medium containing 30 mm glucose and incubated in the light for 2 days (A; CTL) or in dark/starvation (DS) conditions for 2 days (B; DS + 2d). Then
immunoblotting was performed with anti-PGK3, anti-GAPC1, and anti-ATG8 antibodies. Ponceau S-stained rubisco large subunit (rbcL) was used as
the loading control. The ATG8 and ATG8-PE are marked by open and closed arrowheads, respectively. The PGK3 protein band is marked by the
arrow. Relative band intensities of ATG8-PE/ATGS are indicated below the anti-ATG8 image. C) Observation of the GFP-ATG8a fluorescence
(Z-stack image projection) in the mesophyll protoplasts of single and double mutants. Leaf protoplasts were transfected with the GFP-ATG8a con-
struct, followed by Con A (1 um) treatment. Then, GFP-ATG8a puncta in the protoplasts were observed under a confocal microscope. Scale bars =
5 um. D) The GFP-ATG8a puncta in the protoplasts were counted in Z-stacked confocal microscopy images after Con A treatment. The box plot
represents the 1st and 3rd quartiles, centerline indicates median, represented dots are outliers, and whiskers include the 10th to 90th percentile of
the data points. The number of biologically independent observations (n) is indicated on top of the graph. Statistical significance was evaluated using
one-way ANOVA followed by Tukey’s multiple comparison test (****, P < 0.0001). The statistical significances compared to WT (Col-0) are marked
at the top of the bars, while other comparisons are indicated by respective brackets.
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Figure 7. Silencing of cytosolic TGP enzymes results in increased ATG1 kinase activity. A) Autophosphorylation activity of ATG1a. YFP-ATG1a pro-
tein was immunoprecipitated by GFP-Trap agarose resin after VIGS of the glycolytic enzyme genes in 355p:YFP-ATG1a line. In vitro kinase assay was
performed with immunoprecipitated YFP-ATG1a. The autoradiograph images indicate autophosphorylation levels of YFP-ATG1a in different VIGS
plants. Immunoblotting using anti-GFP antibody showed the level of immunoprecipitated YFP-ATG1a in each sample. Three independent experi-
ments yielded similar results and representative images are shown. B) Quantification for relative autophosphorylation levels of YFP-ATG8a shown in
(A). Autoradiograph band intensities were divided by immunoblotting band intensities of YFP-ATG1a, and the ratio is presented relative to the
TRV2-myc control. Error bars represent SE from 3 biological replications. Statistical significance was calculated by linear mixed effect modeling; let-
ters above the boxes (a and b) indicate the results of Tukey’s post hoc test (P < 0.05). C) Transphosphorylation activity of ATG1a toward ATG6. In
vitro kinase assay was performed with immunoprecipitated YFP-ATG1a from VIGS plants and purified recombinant MBP-ATG6 protein.

(continued)
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substrate of ATG1a in plants, findings similar to those re-
ported in mammals (Supplemental Fig. S14, C and D).
Next, to examine whether the ATG1 kinase activity is related
to the autophagic flux of cytosolic TGP enzymes, we per-
formed kinase assays using immunoprecipitated
YFP-ATG1a after VIGS of TGP enzymes and control genes
in 35Sp:YFP-ATG1a line (Supplemental Fig. S14E). The TGP
VIGS samples showed increased phospho-band intensity in
ATG1a autophosphorylation and ATG6 phosphorylation
compared to the TRV2-myc control (Fig. 7, A to D). Thus,
the deficiency of cytosolic TGP enzymes stimulates the
ATG1 kinase activity, subsequently increasing the autophagic
flux. Taken together, these data suggest that cytosolic TGP
enzymes negatively regulate autophagy by modulating the
ATG1 kinase activity (Fig. 7E).

Discussion

Nutrient availability is a weighting factor for the balance be-
tween catabolism and anabolism (Gonzalez et al. 2020). As
most phototrophic organisms mainly produce energy and
carbonic materials via photosynthesis, the mechanisms of au-
tophagy regulation via carbon starvation may be different
from those of heterotrophic organisms. Recent evidence sug-
gests that plants may regulate autophagy differentially in re-
sponse to carbon and nitrogen starvation (Huang et al. 2019).
For example, plants induce autophagy upon nitrogen starva-
tion only through ATG1 kinase, but in response to carbon
starvation, use both ATG1-dependent and -independent me-
chanisms (Huang et al. 2019). These complex regulations in-
dicate that plants may have evolved to manage autophagy
more flexibly in response to carbon depletion because of
their photoautotrophic nature. Plants accumulate starch
during the daytime and consume it at nighttime. It has
been previously proposed that autophagy may also contrib-
ute to supplying energy during nighttime or etiolation (Izumi
et al. 2013; Avin-Wittenberg et al. 2015). We hypothesized
that plants might have specific mechanisms for monitoring
carbon availability to modulate the autophagic flux.

To address this hypothesis, we performed VIGS screening;
subsequent analyses suggested that the autophagic flux is
modulated by consecutive TGP enzymes (CyTPl, GAPC1/2,
and PGK3) in the cytosolic glycolysis pathway (Fig. 1, A
and B). Indeed, carbohydrates produced from the Calvin—
Benson cycle in chloroplasts are transported to the cytosol

Figure 7. (Continued)

Lee et al.

in a triose phosphate form by a triose-phosphate/phosphate
translocator (TPT) located in the chloroplast envelope
(Walters et al. 2004). Structural analysis revealed that only
3rd carbon-phosphorylated trioses (ie. DHAP, GAP, and
3-PG) and inorganic phosphate are preferentially transported
by the TPT antiporter (Lee et al. 2017b). These triose phos-
phates, transported from chloroplasts through TPT, can be-
come substrates of TGP enzymes in the cytosol. Moreover,
these three enzymes interact with each other in the cytosol,
possibly forming a protein complex (Fig. 1F, Supplemental
Fig. S4). TGP interactions are also found in pull-down frac-
tions by mitochondrial outer membrane protein, VDAC
(voltage-dependent anion channel), and in pan-plant protein
complex mass-spectrometry results (Graham et al. 2007;
McWhite et al. 2020). Moreover, there is recent supportive
evidence for forming glycolytic enzyme subcomplexes in
plants. Zhang et al. (2020) suggested that a phosphoglycerate
mutase and enolase form a substrate-channeling metabolon
associated with pyruvate kinase. Taken together, the three
TGP enzymes seemed to be located at a strategic point in
the cytosolic glycolysis pathway to monitor photosynthetic
efficiency by sensing the availability of their substrates
(Fig. 1B, Supplemental Fig. S2).

In this study, we identified novel interactions between TGP
enzymes and the ATG1 regulatory subunits ATG101 and
ATG13 (Fig. 3A, Supplemental Fig. S9). Considering the upre-
gulated ATG1a kinase activity in the TGP VIGS plants (Fig. 7),
the cytosolic TGP enzymes can negatively regulate autophagy
by repressing the activity of the ATG1 complex and possibly by
blocking access to its downstream components. Triose phos-
phates transported from chloroplasts may play a role in the
repression of autophagy by binding to TGP enzymes as
substrates, thereby maintaining the active conformation of en-
zymes in the cytosol. Therefore, the interactions between cyto-
solic TGP enzymes and ATG101/ATG13 may connect the
photosynthetic efficiency to autophagy induction. ATG101 of-
ten interacts with CyTPl and GAPCs in large foci structures in
an AIM sequence-dependent manner (Fig. 3). Interestingly, the
AIM sequences in CyTPl and GAPCs were highly conserved in
most land plants, including ferns, lycophytes, and bryophytes
(Fig. 3C). Considering that these land plants also possess all
the components of the ATG1 complex, including ATG101,
the mechanism of autophagy regulation by TGP enzymes
may be conserved in most land plants. During the formation
of early preautophagosomal structures in yeast, ATG1

The autoradiograph image indicates phosphorylated MBP-ATG6 by YFP-ATG1a. Coomassie Brilliant Blue (CBB) staining shows input levels of
MBP-ATG6 proteins. Four independent experiments yielded similar results and representative images are shown. D) Quantification for relative
phosphorylation levels of MBP-ATG6 shown in (C). Autoradiograph band intensities were divided by CBB-stained MBP-ATG6 intensities, and
the ratio is presented relative to the TRV2-myc control. Error bars represent SE from 3 biological replications. Statistical significance was calculated
by linear mixed effect modeling; letters above the boxes (a—c) indicate the results of Tukey’s post hoc test (P < 0.05). E) A schematic model of au-
tophagy regulation mechanisms by cytosolic TGP enzymes. The TGP enzymes (CyTPIl, PGK3, and GAPC1/2) in the cytosolic glycolysis pathway,
which use triose phosphates transported from chloroplasts via a TPT antiporter, play a role in autophagy regulation. The enzymes interact with
ATG101 and ATG13 subunits of the ATG1 kinase complex that controls the initiation and growth of autophagosomes and suppress an increase

in autophagic flux by inhibiting the ATG1 kinase activity.
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complex components undergo phase separation. Phase separ-
ation of the ATG1 complex facilitates activation of ATG1 ki-
nase activity and is negatively controlled by TOR kinase
through phosphorylation of ATG13 (Fujioka et al. 2020).
Although it has not been revealed that the plant ATG1 kinase
activity is regulated through phase separation of the ATG1
complex, the interactions between TGP enzymes and ATG
proteins could be important to modulate the phase separ-
ation processes of ATG1 complex components. Future re-
search would reveal the underlying mechanism of how TGP
enzymes affect the ATG1 kinase activity through interaction
with ATG101. Collectively, our results revealed a plant-specific
mechanism of autophagy regulation, which employs three
consecutive triose phosphate-processing glycolytic enzymes.
In addition, when our article was about to be submitted,
Guan et al. (2022) reported that GAPCs and PGK3 are involved
in the regulation of autophagy by heightening the inhibition of
ATG3-ATGS8e and ATG6-VPS34 interactions by phosphatidic
acid. Thus, TGP enzymes are shown to be involved in the regu-
lation of autophagy, responding to photosynthetic activity
and the second messenger molecules, but detailed mechan-
isms behind these regulations remain to be uncovered.

The mutants of the TGP enzyme genes exhibited sugar-
dependent abnormalities in the leaf development near shoot
apical meristem (SAM) (Fig. 2). Activation of SAM relies on
both light signaling and photosynthesis-driven nutrient sens-
ing, and both pathways converge at the activation of TOR ki-
nase (Pfeiffer et al. 2016; Li et al. 2017). Considering that the
active TOR kinase firmly inhibits nutrient starvation-induced
autophagy (Pu et al. 2017), the cellular state of the autopha-
gic flux may influence stem cell maintenance/differentiation,
depending on nutrient availability. Indeed, a recent study re-
vealed that autophagy contributes to root meristem size
regulation in a glucose-dependent manner (Huang et al.
2019). In potato, GAPCs are involved in controlling
cold-induced sweetening and apical dominance of tubers
(Liu et al. 2017). Potato GAPCs interact with ATG3, suggest-
ing that the occurrence of cell death in tuber apical bud mer-
istems could be induced by autophagy through interaction
with ATG3 (Liu et al. 2017). Furthermore, cell elongation is
regulated by the stability of BRASSINAZOLE RESISTANT 1
(BZR1) and BRI-EMS SUPPRESSOR1 (BES1) transcription fac-
tors via selective autophagy (Nolan et al. 2017; Yang et al.
2017). BZR1 and BES1 are ubiquitinated and docked in the
autophagic body via DOMINANT SUPPRESSOR OF KAR2
(DSK2), an autophagic adaptor protein (Nolan et al. 2017).
Moreover, BZR1/BES1-related selective autophagy is modu-
lated by the TOR pathway, which controls cell elongation ac-
cording to nutrient availability (Zhang et al. 2016).
Accordingly, the cell division/elongation defects of the cyto-
solic TGP enzyme mutants at low sucrose concentrations
(Fig. 2) may be related to the uncontrolled degradation of
unidentified target proteins via increased autophagic flux.
Indeed, the leaf developmental defect of the TGP mutants
was alleviated upon crossing with atg101-1 or increasing su-
gar concentrations (Fig. 5). The atg101-1 mutant exhibited
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typical autophagy-deficient phenotypes, similar to other sub-
units of the ATG1 complex (Fig. 4). Taken together, our re-
sults suggest that CyTPl, GAPCs, and PGK3 not only
regulate autophagy, acting epistatically upstream of the
ATG1 complex but may also coordinate cell division/elong-
ation through autophagy regulation. Identifying further in-
teracting partners of CyTPI, GAPCs, and PGK3 may help
explain how plants modulate growth via autophagy accord-
ing to nutrient availability.

Materials and methods

Plant materials and growth conditions

All the seed information is described in Supplemental
Table S1. Briefly, 355p:GFP-ATG8a and atg13a/atg13b lines
were kindly provided by Dr. Taijoon Chung (Pusan
University, Korea) and Dr. Fagiang Li (South China
Agricultural University, China), respectively. All T-DNA inser-
tion mutant lines were obtained from the Arabidopsis
Biological Resource Center. The double mutants hxk1-3 X
atg101-1, cytpi X atg101-1, gapc1/2 X atg101-1, pgk3-1 X
atg101-1, and pgk3-2 X atg101-1 were generated by crossing
between the mutants, and T3 homozygous seeds were
used in this study. Complementation lines for atg101-1
were generated using pCAMBIA-ATG101p(-628 bp):
YFP-ATG101 construct via Agrobacterium tumefaciens-
mediated transformation, and two independent T3 homozy-
gous lines (C13 and C14) were used in this study.

For VIGS and transient expression, Arabidopsis
(Arabidopsis thaliana) and N. benthamiana plants were
grown in soil in a growth chamber (22 °C, 60% humidity,
100 to 120 umol m~*s~" light intensity using light bulbs
[Philips  TLD36W/865/FL40SS/36/EX-D], and 16-h-light/
8-h-dark cycle). For the liquid culture, Arabidopsis seeds
were surface-sterilized with 70% (v/v) ethanol, incubated at
4 °C for 1 day for stratification, and then sown in 6-well or
12-well plates containing 1 or 0.5 mL of liquid medium (1/
2 MS basal salt medium [Duchefa, M0221], pH 5.7 adjusted
by KOH), respectively. After germination, seedlings were
grown in 1/2 MS liquid medium containing 30 mm glucose,
which was changed every other day. For the analysis of
growth phenotype, Arabidopsis seeds were surface-sterilized
and imbibed and then grown in plates (1/2 MS basal salts, pH
5.7 adjusted by MES-KOH, and 0.6% (w/v) phytoagar
[Duchefa, P1001]) containing various sugar concentrations.

Virus-induced gene silencing

Target gene sequences of AtTOR complex genes and 45
metabolic genes (Supplemental Table S2) were amplified
by PCR with gene-specific primers (Supplemental Table S3)
and then cloned into pTRV2 vector (Burch-Smith et al.
2006) using In-Fusion cloning (Takara) (Supplemental
Table S4). Both pTRV1 and pTRV2 vectors were introduced
into A. tumefaciens (GV3101 strain). pTRV2-Myc was used
as a negative control for VIGS. VIGS was performed in


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad439#supplementary-data

1812 | PLANT PHYSIOLOGY 2023: 193; 1797-1815

Arabidopsis as described previously (Lee et al. 2017a), using
soil-grown seedlings at two to four true-leaf stages. For
VIGS, we used the constructs containing 265, 330, 567, 591,
and 500 bp cDNA sequences of HXK1, CyTPI, PGK3, GAPC1,
and GAPC2, respectively.

Visualization of phagosomes

Leaves from VIGS plants were observed by a fluorescence
microscope (Olympus, BX51) and a confocal laser scanning
microscope (Carl Zeiss, LSM 880) for initial screening and
Z-stacked image processing (Maximum Intensity
Z-projection), respectively. Puncta numbers were counted
by Fiji software.

Bimolecular fluorescence complementation

BiFC was performed using the multicolor bimolecular fluores-
cence complementation system, as previously described (Gehl
et al. 2009). Coding sequences (CDSs) of HXK1, CyTPI, GAPCT,
GAPC2, PGK3, ATG101, ATG13A, ATG13B, PdTPI, PGK2, and
PGK3 were cloned into Fu79 entry vector (Wang et al. 2013)
or Fu79"™ entry vector (without stop codon) by Infusion clon-
ing (Supplemental Table S4). AIM motif mutated CyTPl ™M
and GAPCT™™ was generated by site-directed mutagenesis
(Supplemental Table S3). All entry vectors were used for sub-
cloning into destination vectors as indicated in Supplemental
Table S4 (ThermoFisher Scientific, 11791100). Agrobacterium
tumefaciens GV3101 strains containing the VYNE (and/or
SCYNE), VYCE (and/or SCYCE), and 35Sp:p19 construct
were coinfiltrated at the adjusted ODgq as 0.7:0.7:1 into leaves
of 3-week-old N. benthamiana plants. BiFC signals were mon-
itored 36 to 48 h after infiltration in the abaxial side of the leaf
epidermis using a confocal laser scanning microscope (Carl
Zeiss, LSM 700). To combine colocalization and BiFC, A. tume-
faciens  GV3101 strains containing SCYNE, SCYCE,
pCAMBIA1390-355p:mCherry-ATG8a, and 35S:p19 constructs
were coinfiltrated at the adjusted ODgqg as 0.7:0.7:0.2:1 into
leaves of N. benthamiana plants.

Reverse transcription quantitative PCR

Total RNA was extracted using the 1Qeasy Plus Plant RNA
Extraction Mini kit (INtRON Biotechnology; Korea) accord-
ing to the manufacturer’s instructions. The cDNA synthesis
was performed with 1 ug of total RNA using the RevertAid
First Standard cDNA synthesis kit (ThermoFisher Scientific,
K1622) and oligo(dT) primers, according to the manufac-
turer’s instructions. RT-qPCR was performed in a 96-well
plate using diluted ¢cDNAs (1:100), RealHelix gPCR kit
(NANOHELIX; Korea), and the StepOnePlus Realtime PCR
System (Applied Biosystems, 4376600) with specific primer
sets (Supplemental Table S3). Normalization was performed
as described in the figure legends, using PP2AA3
(AT1G13320) mRNA as a reference gene.

Immunoblotting for ATG8/ATGS8-PE detection
To measure the autophagic flux, immunoblotting was per-
formed with 12-day-old seedlings grown in the liquid culture.
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Homogenized samples were resuspended in the same vol-
ume of the protein extraction buffer (50 mm Tris-HCl pH
7.5, 150 mm NaCl, 1% (v/v) NP-40, 0.1% (w/v) SDS, 0.5%
(w/v) sodium deoxycholate, 2 mm NasVO, 2 mm NaF,
20 mm B-glycerophosphate, and complete protease inhibitor
cocktail [Roche, 11836170001]). After centrifugation,
NuPAGE LDS sample buffer (ThermoFisher Scientific,
NP0007) was added for incubation at 70 °C for 10 min.
Twenty-five micrograms of total protein was subjected to
cooled SDS-PAGE (4% to 20% gradient gel) with low voltage
(100 V). The gel was divided into upper (>30 kDa) and lower
(<30 kDa) parts and then separately transferred to 0.45 and
0.20 um pore-size polyvinylidene difluoride membranes, re-
spectively. Immunoblotting was performed with the rabbit
polyclonal anti-ATG8 (Agrisera, AS14 2769; 1:5,000),
anti-GAPC1/2  (Agrisera, AS15 2894; 1:10,000), and
anti-PGK3 (produced from rabbits by repeated injection
using recombinant His-PGK3 protein; 1:10,000, GW Vitek,
Korea) antibodies and mouse monoclonal anti-GFP antibody
(Roche, 11814460001; 1:5,000). Signals were detected by
Imagequant LAS 4000 (GE Healthcare).

Protoplast isolation and transfection

Arabidopsis mesophyll protoplasts were isolated, as de-
scribed previously (Yoo et al. 2007). Briefly, leaves from
4-week-old Arabidopsis plants (grown in 16 h light/8 h
dark) were cut into strips and then incubated in the digestion
solution (20 mm MES-KOH pH 5.7, 1.5% (w/v) Cellulase R-10
[Yakult; Japan], 0.4% (w/v) Macerozyme R-10 [Yakult; Japan],
0.4 m mannitol, 20 mm KCl, 10 mm CaCl,, and 0.1% (w/v)
BSA) for 3 h in the dark. The protoplasts were washed using
W5 buffer (2 mm MES-KOH pH 5.7, 154 mm NaCl, 125 mm
CaCl,, and 5 mm KCI) and collected by centrifugation at
100 g for 2 min. For autophagosome observation, protoplasts
(10° cells) were transfected with 10 ug of p326-sGFP-ATG8a
plasmid DNA for 16 h in WI solution (4 mm MES-KOH pH
5.7, 0.5 m mannitol, and 20 mm KCl). For Concanmycin A
(APExBio, A8633) treatment, 1 uM Con A was treated for
16 h along with transfection.

In vitro kinase assay using immunoprecipitated
ATG1a
The full length of ATG6 CDS was cloned into the pMal-C2X
vector for MBP fusion using infusion cloning (Takara). The
constructs were transformed into Escherichia coli BL21
(DE3) strain. MBP-fusion proteins were expressed by
0.25 mm lIsopropyl-B-D-thiogalactopyranosid treatment at
37 °C to an ODgyq of 0.4 and purified using Amylose resin
(New England Biolabs, E8021), following the manufacturer’s
instruction with a purification buffer (20 mm Tris-HCl and
200 mm NaCl). After purification, proteins were concen-
trated using Amicon Ultracel 30 K (Merck, UFC503096) ac-
cording to the manufacturer’s instructions.

Kinase assay was performed as previously described with
minor modifications (Sanchez-Wandelmer et al. 2017).
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YFP-ATG1a protein was expressed in N. benthamiana leaves
or Arabidopsis stable transgenic line (35Sp:YFP-ATG1a).
Total proteins were extracted in buffer A (100 mm
Tris-HCl, pH 7.5, 300 mm NaCl, 10 mm EDTA, 10 mm EGTA,
1% (v/v) NP-40, 10 mm NasVO, 10 mm NaF, 1 mm phenyl-
methylsulfonylfluoride, 10% (v/v) glycerol, and protease in-
hibitor cocktail [Roche, 11836170001]). YFP-ATG1a
proteins were collected by GFP-Trap agarose resin
(Chromotek, gta-10) for 4 h at 4 °C and washed 4 times
with buffer A without glycerol, followed by washing twice
with buffer B (20 mm MOPS, pH 7.5, T mm EGTA, 10 mm
Naz;VO, and 15 mm MgCl,). Kinase assay was performed
with 2 uGi [y->>P]-ATP, immunoprecipitated YFP-ATG1a,
and 5 ug recombinant substrate proteins in 20 uL buffer B
for 20 min at 30 °C. After subjecting SDS-PAGE, the gel was
stained and then dried using a gel dryer. Radioactivity was de-
tected using a phosphorimager (BAS-2500, Fujifilm).
Immunoblotting of immunoprecipitated YFP-ATG1a was
performed with the anti-GFP  antibody (Roche,
11814460001).

Statistical analysis

GraphPad PRISM 9.0 and R & Bioconductor (Ver. 4.1.2) were
used for most data analyses and visualization. Outliers were
determined and removed using the ROUT test, performed
in GraphPad PRISM. Two-sided unpaired t-test and one-way
ANOVA were implemented in GraphPad PRISM and R &
Bioconductor. Post hoc tests following the ANOVA were spe-
cified in the figure legends.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
AT3G55440 (CyTPI), AT3G04120 (GAPC1), AT1G13440
(GAPC2), AT1G79550 (PGK3), and AT5G66930 (ATG101).
The accession numbers of all genes used in this study are
listed in Supplemental Table S2.
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